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Preface

Virology is currently one of the most dynamic areas of
clinical medicine. Challenges related to novel viruses,
changing epidemiologic patterns, new syndromes, unmet
vaccine needs, antiviral drug resistance, and threats of
bioterrorism are balanced against improved insights into
viral pathogenesis, better diagnostic tools, novel immu-
nization strategies, and an expanding array of antiviral
agents. The demands on clinicians, public health work-
ers, and laboratorians will continue to increase as will the
opportunities for effective intervention. This text, now in
its fourth edition, is designed to inform scientists and
health care professionals about the medically relevant
aspects of this rapidly evolving field.

Clinical Virology has two major sections. The first ad-
dresses infections and syndromes related to particular
organ systems, as well as the fundamentals of modern
medical virology, including immune responses and vac-
cinology, diagnostics, and antivirals. The second provides
agent-specific chapters that detail the virology, epidemi-
ology, pathogenesis, clinical manifestations, laboratory
diagnosis, and prevention and treatment of important
viral pathogens. In a multiauthored text like Clinical Vi-
rology, the selection of authors is key. The senior authors
for individual chapters were chosen because of their in-

ternationally recognized expertise and active involve-
ment in their respective fields. In addition, common
templates for the syndrome-specific and separately for the
agent-specific chapters allow the reader to readily access
material. Since publication of the third edition in 2009,
all of the chapters have been extensively revised to in-
corporate new information and relevant citations. The
timeliness and presentation of the fourth edition have
been enhanced by publication of chapters online as they
have become available and by the increased numbers and
incorporation of color figures into the text. New chapters
on Bornaviruses and Anelloviruses have been added, and
the rapidly expanding field of antiviral drugs demanded
dividing the subject into four chapters.

We have been particularly fortunate in receiving in-
valuable help from our administrative assistants, Mayra
Rodriguez, Dunia Ritchey, and Lisa Cook. In addition, we
express our appreciation for the enthusiastic professional
support provided by Christine Charlip, Lauren Luethy,
and Larry Klein of ASM Press.

DOUGLAS D. RICHMAN
RICHARD J. WHITLEY

FREDERICK G. HAYDEN
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Important Notice (Please Read)

This book is intended for qualified medical professionals
who are aware that medical knowledge is constantly
changing. As new information becomes available,
changes in treatment, diagnostic procedures, equipment,
and the use of drugs and biologicals become necessary.
The editors, authors, and publisher have, as far as it
possible, taken care to ensure that the information is up-
to-date but cannot guarantee that it is.

Consequently, readers are strongly advised to confirm
that the information, especially with regard to drug usage,
complies with the latest legislation and standards of
practice. The authors, editors, and publisher make no
warranty, expressed or implied, that the information in
this book is accurate or appropriate or represents the
standard of care for any particular facility or environment
or any individual’s personal situation.
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Introduction
DOUGLAS D. RICHMAN, RICHARD J. WHITLEY, AND FREDERICK G. HAYDEN

1
Clinical virology incorporates a spectrum of disciplines and
information ranging from the x-ray crystallographic structure
of viral proteins to the global socioeconomic impact of dis-
ease. Clinical virology is the domain of molecular biologists,
geneticists, pharmacologists, microbiologists, vaccinologists,
immunologists, practitioners of public health, epidemi-
ologists, and clinicians, including both pediatric and adult
health care providers. It encompasses events impacting his-
tory that range from pandemics and Jennerian vaccination
to the identification of new pathogens, mechanisms of dis-
ease, and modern countermeasures like antiretrovirals. For
example, since the previous edition of this text, sequencing
techniques from human specimens have led to the identifi-
cation of numerous new members of several virus families,
including polyomaviruses, orthomyxoviruses, and bunyavi-
ruses (1–3). New viral pathogens have emerged or been
recognized, including a camel-associated coronavirus caus-
ing the SARS-like Middle East respiratory syndrome, the
tick-borne zoonotic orthomyxovirus (Bourbon virus) (2),
the bunyaviruses (severe fever with thrombocytopenia virus)
(3) and Heartland virus (4, 5), and newly emerged avian and
swine influenza viruses causing zoonotic infections (H7N9,
H5N6, H6N1, H10N8, H3N2v) (6–10). A bornavirus, be-
longing to a virus family known to cause disease in animals
but with an unproven role in human disease, has been iso-
lated in a cluster of encephalitis cases (11). Well-recognized
pathogens like Chikungunya and Zika viruses have spread
geographically to cause major outbreaks in the Western
Hemisphere (12, 13). The political and social consequences
of vaccine denialism have delayed the eradication of polio
and measles globally and resulted in re-emerging outbreaks
of measles in Europe and North America. Most dramatically,
the pattern of relatively limited, albeit lethal, outbreaks of
Ebola virus in central Africa over the past 40 years changed
in 2014 with the West African outbreak that caused over
28,000 infections leading to over 11,000 fatalities, including
more than 500 health care workers, before coming under
apparent control in 2016 (http://www.who.int/csr/disease/
ebola/en/).

On the positive side, the development of new diagnostic
technologies has provided dramatic advances for the de-
tection of new pathogens and the diagnosis and manage-
ment of virus infections in the clinic. Human “virome”
projects based on high-throughput serologic screening, se-

quencing, and other technologies have documented the
frequent but individually unique patterns of infection that
we have with these microbes (14–16). Since the previous
edition we have seen the revolutionary impact of combi-
nation antiviral therapy for HIV, with approximately 15
million people under treatment globally in 2015, followed by
the development of 8- to 12-week interferon-free regimens
for hepatitis C, with cure rates of over 95%. Modified viruses
have become therapeutic tools in treating some forms of
malignancy (e.g., herpes simplex virus for glioblastoma) (17,
18). In addition, promising new antiviral drugs and vaccines
are in development for many other virus infections. The
editors hope that the fascinating breadth and importance of
the subject of clinical virology will be conveyed by this text.
In this fourth edition, the editors have attempted to update
and expand upon the information in the previous edition,
while making the content more accessible with Internet-
based technology.

A few words about nomenclature are necessary. Students
(among others) are plagued by virus classification. Histor-
ically, classification reflected the information available from
general descriptive biology. Viruses were thus classified by
host (e.g., plant, insect, murine, avian), by disease or target
organ (e.g., respiratory, hepatitis, enteric), or by vector (e.g.,
arboviruses). These classifications were often overlapping
and inconsistent. Molecular biology now permits us to
classify viruses by genetic sequence and biophysical struc-
ture, which can be quantitative and evolutionarily mean-
ingful. Table 1, which shows the taxonomy of human
viruses, is derived from the comprehensive Ninth Report of
the International Committee on Taxonomy of Viruses (19).

The list in Table 1 represents viruses known to infect
humans. Many of the agents are primarily animal viruses that
accidentally infect humans: herpesvirus B, rabies, the Are-
noviridae, the Filoviridae, the Bunyaviridae, and many
arthropod-borne viruses. The role of intraspecies transmission
of viruses is becoming increasingly appreciated. Although its
contribution to zoonotic infections like H5N1 and antigenic
shift of influenza A virus is well documented, the role of
intraspecies transmission is a major consideration in the
“emerging” diseases caused by Sin Nombre virus and related
hantaviruses, Nipah virus, Ebola virus, arenavirus, hemor-
rhagic fevers, variant bovine spongiform encephalopathy,
and most importantly, the human immunodeficiency viruses.

doi:10.1128/9781555819439.ch1
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TABLE 1 Taxonomy of human viruses

Family Subfamily Type species or example Morphology Envelope Chapter

Genus
DNA viruses
dsDNA viruses
Poxviridae Pleomorphic + 19

Chordopoxvirinae
Orthopoxvirus Vaccinia virus, variola
Parapoxvirus Orf virus
Molluscipoxvirus Molluscum contagiosum virus
Yatapoxvirus Yaba monkey tumor virus

Herpesviridae Icosahedral +
Alphaherpesvirinae
Simplexvirus Human herpesvirus 1 and 2 20

Cercopithecine herpesvirus 1 (herpesvirus B) 21
Varicellovirus Human herpesvirus 3 22
Betaherpesvirinae
Cytomegalovirus Human herpesvirus 5 23
Roseolovirus Human herpesvirus 6 and 7 24
Gammaherpesvirinae
Lymphocryptovirus Human herpesvirus 4 25
Rhadinovirus Human herpesvirus 8 26

Adenoviridae Mastadenovirus Human adenoviruses Icosahedral – 27
Polyomaviridae Polyomavirus JC virus Icosahedral – 28
Papillomaviridae Papillomavirus Human papillomaviruses Icosahedral – 29

ssDNA viruses
Parvoviridae Icosahedral –

Parvovirinae 30
Erythrovirus B19 virus
Dependovirus Adeno-associated virus 2a

Bocavirus Human bocavirus
Anelloviridae Alphatorquevirus Torque teno virusa Icosahedral – 31

DNA and RNA reverse
transcribing viruses
Hepadnaviridae Orthohepadnavirus Hepatitis B virus Icosahedral with envelope + 32
Retroviridae Spherical +
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Deltaretrovirus HTLV 1 and 2 33
Lentivirus Human immunodeficiency viruses 1 and 2 34
Spumavirus Spumavirus (foamy virus)a

RNA viruses
dsRNA viruses

Reoviridae Icosahedral –

Orthoreovirus Reovirus 3a

Orbivirus Kemerovo viruses 35
Coltivirus Colorado tick fever virus 35
Seadornavirus Banna virus 35
Rotavirus Human rotavirus 36

Negative-stranded ssRNA viruses
Paramyxoviridae Spherical +

Paramyxovirinae
Respirovirus Human parainfluenza viruses 37
Morbillivirus Measles virus 38
Rubulavirus Mumps virus 39
Henipavirus Nipah virus 40
Pneumoniavirinae
Pneumovirus Human respiratory syncytial virus 37
Metapneumovirus Human metapneumovirus 37

Rhabdoviridae Bacilliform + 41
Vesiculovirus Vesicular stomatitis virus
Lyssavirus Rabies virus

Filoviridae Filovirus Ebola virus Bacilliform + 42
Orthomyxoviridae Spherical + 43

Influenzavirus A Influenza A virus
Influenzavirus B Influenza B virus
Influenzavirus C Influenza C virus

Bornaviridae Bornavirus Borna disease virus Spherical + 57
Bunyaviridae Amorphic + 44

Orthobunyavirus Bunyamwera virus, LaCrosse virus
Hantavirus Hantaan virus, Sin Nombre virus
Nairovirus Congo-Crimean hemorrhagic fever virus
Phlebovirus Rift Valley fever virus

Arenaviridae Arenavirus Lymphocytic choriomeningitis virus Spherical + 45

(Continued on next page)
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TABLE 1 Taxonomy of human viruses (Continued)

Family Subfamily Type species or example Morphology Envelope Chapter

Positive-stranded ssRNA viruses
Picornaviridae Icosahedral –

Enterovirus Polioviruses 46
Rhinovirus Human rhinoviruses 47
Hepatovirus Hepatitis A virus 48

Caliciviridae Calicivirus Norwalk virus Icosahedral – 49
Hepeviridae Hepevirus Hepatitis E virus Icosahedral - 50
Astroviridae Mamastrovirus Human astrovirus 1 Icosahedral – 51
Coronaviridae Coronavirus Human coronavirus Pleomorphic + 52
Flaviviridae Spherical +

Flavivirus Yellow fever virus 53
Hepacivirus Hepatitis C virus 54

Togaviridae Spherical +
Alphavirus Western equine encephalitis virus 55
Rubivirus Rubella virus 56

Subviral agents: satellites,
viroids, and agents
of spongiform encephalopathies
Subviral agents
Satellites (single-stranded RNA) Deltavirus Hepatitis delta (D) virus Spherical + 58
Prion protein agents Creutzfeld-Jakob agent ? – 59

aHuman virus with no recognized human disease.
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Although not a documented risk, the theoretical threats of
organ transplants from primates and pigs prompted a section
on xenotransplantation in the chapter on transplantation. In
addition, a number of human viruses have not been recog-
nized to cause human disease, including spumaretroviruses,
reoviruses, anelloviruses, and the adeno-associated parvovi-
ruses. The text does not elaborate on these viruses in detail,
but the editors did elect to include a chapter on Torque teno
virus and related anelloviruses, despite any proven disease
association, because of their remarkably high prevalence in
human populations globally and the remarkably high titers
achieved in blood. We have also added a new chapter on
bornaviruses, which may represent either a newly recognized
zoonosis or an emerging infection.

In order to provide a comprehensive yet concise treat-
ment of the diverse agents and diseases associated with hu-
man viral infections, the editors have chosen to organize the
textbook into two major sections. The first provides infor-
mation regarding broad topics in virology, including immune
responses, vaccinology, laboratory diagnosis, and principles
of antiviral therapy, and detailed considerations of important
organ system manifestations and syndromes caused by viral
infections. The second section provides overviews of specific
etiologic agents and discusses their biology, epidemiology,
pathogenesis of disease causation, clinical manifestations,
laboratory diagnosis, and management. We have attempted
to ensure that the basic elements are covered for each of the
viruses of interest, but it is the authors of each of these
chapters that have done the real work and to whom we owe
our gratitude and thanks.
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Respiratory Infections
JOHN J. TREANOR

2
Respiratory viral infections have a major impact on health.
Acute respiratory illnesses, largely caused by viruses, are the
most common illness experienced by otherwise healthy
adults and children. Data from the United States, collected
in the 1992 National Health Interview Survey, suggest that
such illnesses are experienced at a rate of 85.6 illnesses per
100 persons per year and account for 54% of all acute con-
ditions exclusive of injuries (1). A total of 44% of these
illnesses require medical attention and result in 287 days of
restricted activity, 94.4 days lost from work, and 182 days lost
from school per 100 persons per year. The morbidity of acute
respiratory disease in the family setting is significant. The
Tecumseh study, a family-based surveillance study of respi-
ratory illness, estimated that approximately one-quarter of
respiratory illnesses result in consultation with a physician
(2). Illness rates for all acute respiratory conditions are
highest in young children, and children below the age of 9
have been estimated to experience between five and nine
respiratory illnesses per year (3).

Mortality due to acute viral respiratory infection in oth-
erwise healthy individuals in economically developed
countries is rare, with the exception of epidemic influenza
and possibly respiratory syncytial virus. However, acute res-
piratory infection is a major cause of childhood mortality in
low- and middle-income countries (4), and it is estimated
that 4.5 million children under 5 years of age die annually
from acute respiratory infection. Viruses are estimated to
play a contributing role in approximately 20% to 30% of
these deaths (4). In response, the World Health Organ-
ization has undertaken a major new initiative, the Battle
against Respiratory Viruses (or BRaVe) to foster research on
these pathogens (5).

Both RNA and DNA viruses are responsible for these
infections, producing clinical syndromes ranging in severity
from merely uncomfortable to life threatening. Each of these
viruses may be responsible for different clinical syndromes
depending on the age and immune status of the host. Fur-
thermore, each of the respiratory syndromes associated with
viral infection may be caused by a variety of specific viral
pathogens (Table 1; also see Table 1 in Chapter 52). This
chapter describes the clinical syndromes of respiratory virus
infection, the spectrum of viruses associated with these
syndromes, and the pathophysiology of these illnesses.
Specific features of the virology and pathophysiology of

disease induced by individual viral agents are described in
greater detail in each of the virus-specific chapters.

SEASONAL PATTERNS OF RESPIRATORY
VIRUS INFECTION
Many of the viruses associated with acute respiratory disease
display significant seasonal variation in incidence (Fig. 1).
Although the exact seasonal arrival of each virus in the
community cannot be predicted with precision, certain
generalizations are useful diagnostically and in planning
control strategies. For example, both influenza and respira-
tory syncytial virus epidemics occur predominantly in the
winter months, with a peak prevalence in January to March
in the northern hemisphere. Although the periods of peak
incidence for these two viruses usually do not coincide, there
is often overlap between the two seasons. Parainfluenza virus
type 3 (PIV-3) infections show a predominance in the
spring, while types 1 and 2 (PIV-1 and PIV-2) cause out-
breaks in the fall to early winter. Rhinoviruses may be iso-
lated throughout the year, with increases in frequency in the
spring and fall. The peak prevalence of enteroviral isolations
is in late summer and early fall, while adenoviruses are iso-
lated at roughly equal rates throughout the year. The her-
pesviruses do not show significant seasonal variation in
incidence, except for varicella, which occurs throughout the
year, but more commonly in late winter and early spring.

COMMON COLDS
Clinical Features and Syndrome Definition
Common colds are familiar to most adults and are usually
self-diagnosed. Most observers consider colds to include
symptoms of rhinitis with variable degrees of pharyngitis; the
predominant associated symptoms include nasal stuffiness,
sneezing, runny nose, and sore throat. Patients often report
chills, but significant fever is unusual. Cough and hoarseness
are variably present and may be more frequent in the elderly
(6). Headache and mild malaise may occur. Although a
multitude of viruses may be associated with this syndrome,
the pattern of symptoms associated with colds does not ap-
pear to vary significantly among agents. Physical findings are
nonspecific and most commonly include nasal discharge and

doi:10.1128/9781555819439.ch2
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pharyngeal inflammation. More severe disease, with higher
fever, may be seen in children.

Overall, colds are one of the most common of disease
experiences. Adults average 6 to 8 colds per 1,000 person-
days during the peak cold season and from 2 to 4 colds per
person per year (7). Rates of colds are higher in children,
who average 6 to 8 colds per year. Adults with children at
home have a higher frequency of colds, and women are
generally affected more often then men.

Colds are self-limited, with a median duration of illness of
approximately 9 to 10 days in adults (8) and longer in
children (9). Recognized complications of colds include
secondary bacterial infections of the paranasal sinuses and
middle ear and exacerbations of asthma, chronic bronchitis,
and emphysema. Involvement of the middle ear is common,
and changes in middle ear pressures have been documented
following both experimentally induced as well as naturally
occurring rhinovirus (10) and influenza virus (11) infection.
These abnormalities are likely due to eustachian tube dys-
function and probably account for the frequency with which
otitis media complicates colds. Colds are associated with
symptomatic otitis media in approximately 2% of cases in
adults (12) and in a higher proportion in young children
(13). Rhinoviruses and other common cold viruses have
been detected in middle ear fluids in approximately 20% to
40% of cases of otitis media with effusion in children (14).
Infections with RSV, influenza, and adenoviruses are often
also associated with otitis media (13).

Colds are also associated with detectable abnormalities of
the paranasal sinuses that may or may not be evident clin-
ically. Mucosal thickening and/or sinus exudates have been

observed by computerized tomography in as many as 77% of
subjects with colds (15, 16). However, clinically manifest
acute sinusitis is seen only in a small (0.5% to 5%) pro-
portion of adults with naturally occurring colds.

Clinical colds in atopic individuals may be more severe or
more likely to result in wheezing than in normal individuals,
and rhinoviruses have been identified as major causes of
asthma exacerbations in children and adults (17). The
mechanism of this increased susceptibility is unclear but may
be related to an altered immune response to infection.
Rhinovirus colds may increase asthma by augmenting airway
allergic responses such as histamine release and eosinophil
influx after antigen challenge. Rhinoviruses have also been
identified as important causes of exacerbations of chronic
obstructive pulmonary disease (18, 19).

Etiology and Differential Diagnostic Features
The majority of common colds are associated with infection
with rhinoviruses or other picornaviruses, particularly when
very sensitive techniques, such as reverse-transcriptase-
polymerase chain reaction (RT-PCR), are used for diagnosis
(8). Other agents frequently associated with common colds
include coronaviruses and nonprimary infections with par-
ainfluenza and respiratory syncytial viruses, with a variety of
other agents implicated occasionally (Table 1).

The differential diagnosis of individuals presenting with
typical signs and symptoms is limited. However, in the
presence of additional signs or symptoms which are not part
of this clinical description, such as high, persistent fever,
signs of respiratory distress, or lower respiratory tract disease,
alternative diagnoses should be sought. Allergic causes

TABLE 1 Estimated frequencya with which individual viral respiratory syndromes are caused by specific common viral pathogens

Pneumonia

Virus Colds Pharyngitis Tracheobronchitis Croup Bronchiolitis Childrenb Adults
Immuno-

compromised

RNA viruses
Influenza virus
Type A +b ++ +++ ++ + ++ ++++ ++
Type B + ++ ++ + + + ++ +

Parainfluenza virus
Type 1 + ++ + ++++ +
Type 2 + ++ + ++ +
Type 3 + ++ + +++ ++ +++ + +

Respiratory syncytial virus ++ + ++ ++++ ++++ ++ ++
Human metapneumovirus + ++ ++ + –
Measles virus + + + + +
Rhinovirus ++++ ++ + + +++ ++ ++ +
Enterovirus ++ ++ + + –
Coronavirus ++ + ++ + + +

DNA viruses
Adenovirus ++ + ++ ++ ++ ++ ++
Herpes simplex virus + – + + ++
Varicella virus + + +
Epstein-Barr virus ++ – +
Cytomegalovirus + ++ – +++
aThe relative frequency of causation is graded semiquantitatively as follows: – , rarely if ever reported, occasional case reports; +, causes some cases (1%-5% of cases); ++;

fairly common cause, (5%-15% of cases); +++; common cause, (15%-25% of cases); ++++, major cause ( > 25% of cases)
bIndividuals under the age of 5.
cIn affected regions during outbreaks.
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should be considered in individuals who present with re-
current symptoms restricted to the upper respiratory tract.

Pathogenesis
Studies of the pathogenesis of the common cold have largely
focused on rhinoviruses, the most commonly implicated
viral etiology. Transmission of most of the viruses responsible
for the common cold is by direct contact, with inoculation of
virus into the upper respiratory tract. In situ hybridization
studies of nasal biopsy specimens from rhinovirus-infected
subjects demonstrate that infection is largely confined to
relatively small numbers of ciliated nasal mucosal epithelial
cells (20), although occasional non-ciliated cells are also
infected (20). Sloughing of these epithelial cells is seen in
naturally occurring colds, but the epithelial lining remains
intact, with structurally normal cell borders (21). Infection is
not associated with significant increases in the numbers of
lymphocytes in the nasal mucosa (22), but increases in the
numbers of polymorphonuclear leukocytes have been de-
tected in nasal mucosa and secretions, probably due to
elaboration of IL-8 by infected cells (23). Although rhino-
viruses are not able to grow efficiently at core body tem-
perature, virus can be detected within cells of the lower
airway even in uncomplicated colds in healthy subjects (24).

In general, the number of infected cells appears to be
quite limited, even in fairly symptomatic individuals (20).
Such findings suggest that virus-induced cellular injury is not
the direct cause of symptoms in rhinovirus colds and that
inflammatory mediators and neurogenic reflexes play im-
portant roles. The nasal secretions during the initial response
to rhinovirus infection are predominantly the result of in-
creased vascular permeability, as demonstrated by elevated

levels of plasma proteins in nasal secretions (25). Glandular
secretions (lactoferrin, lysozyme, and secretory IgA) pre-
dominate later in colds (25). Similar observations have been
made in allergic rhinitis. However, in contrast to the sit-
uation in allergic rhinitis, histamine does not appear to play
a role in the induction of symptoms in colds, because nasal
histamine levels do not increase, and therapy with selective
(nonsedating) H1 antihistamines is not effective (26–28).

Local cytokine production is associated with symptoms in
colds. Nasal secretion of kinin, IL-1, IL-6, and IL-8 levels
increases during colds, and kinin and IL-8 concentrations
correlate with symptoms (26). The low IL-6 production
polymorphism has been associated with greater symptom
magnitude following experimental rhinovirus challenge in
susceptible adults (29) while polymorphisms in I-L10 or
TNFa do not have a discernable effect. Intranasal admin-
istration of bradykinin mimics the induction of signs and
symptoms in the common cold, including increased nasal
vascular permeability, rhinitis, and sore throat (27, 30).
Enhanced synthesis of proinflammatory cytokines and cell
adhesion molecules in the middle ear may also contribute to
the pathogenesis of otitis media associated with colds (31).

Treatment and Prevention
Treatment of colds in clinical practice is directed toward
alleviation of symptoms. Symptoms of sneezing and rhinor-
rhea can be alleviated with nonselective antihistamines
such as brompheniramine, chlorpheniramine, or clemastine
fumarate, at the cost of some sedation (32, 33). The effect
is probably due to the anticholinergic properties of these
drugs because, as mentioned earlier, treatment with selec-
tive H1 inhibitors is not effective. Topical application of

FIGURE 1 Many of the viruses that affect the respiratory tract exhibit a seasonal variation in prevalence. In this figure, numbers of virus
isolates from children seen in private pediatric practices in Rochester, NY, are plotted by month of isolation. Data represent the 6-year average
from 1990 to 1995 and are expressed as the percentage of all isolates of that virus that occurred in the given month.
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vasoconstrictors such as phenylephrine or ephedrine pro-
vides temporary relief of nasal obstruction but may be asso-
ciated with a rebound of symptoms upon discontinuation if
used for more than a few days. Studies of pseudoephedrine
have demonstrated measurable improvements in nasal air
flow consistent with a decongestant effect (34, 35). Non-
steroidal anti-inflammatory drugs such as naproxen moder-
ate the systemic symptoms of rhinovirus infection (36).
Symptomatic therapy with systemic anticholinergic drugs or
anticholinergic-sympathomimetic combinations has not
been shown to confer any benefit and to be associated with
significant side effects (37). In particular, the use of the
decongestant phenylproponolamine has been shown to be
associated with an increased risk of hemorrhagic stroke (38,
39), and this drug has been removed from over-the-counter
cold remedies. However, topical application of ipratropium,
a quaternary anticholinergic agent that is minimally ab-
sorbed across biologic membranes, reduces rhinorrhea sig-
nificantly in naturally occurring colds (40). This agent
probably exerts its major effect on the parasympathetic
regulation of mucous and seromucous glands.

As expected, there is no benefit in treatment of colds
with antibacterial agents, although they are frequently pre-
scribed in colds, particularly in children. Echinacea has been
suggested as having efficacy in colds, but a recent random-
ized trial showed no benefit (41), and administration of this
remedy is not associated with a shorter duration of symptoms
(42). Zinc gluconate may slightly reduce the duration of
colds but does not reduce symptom severity and is associated
with a high frequency of adverse events (43).

Clinical Features and Syndrome Definition
Pharyngitis is a common complaint of both adults and
children and is one of the more common reasons for seeking
outpatient medical care. In general, this syndrome refers to
individuals who present with the primary complaint of sore
throat and should probably be reserved for those individuals
who manifest some objective evidence of pharyngeal in-
flammation as well. The clinical manifestations of phar-
yngitis are dominated by the specific causative agent and
can be divided into those cases in which nasal symptoms
accompany pharyngitis, which are predominantly viral in
nature, and those cases without nasal symptoms, which have
a somewhat more diverse spectrum of etiologic consid-
erations, including both group A and nongroup A strepto-
cocci, chlamydia (strain TWAR), mycoplasma, and other
agents (44).

Etiology and Differential Diagnostic Features
Viral pathogens associated with acute pharyngitis are sum-
marized in Table 1. Rhinovirus colds are frequently accom-
panied by pharyngitis, although objective signs of
pharyngeal inflammation are uncommon. Adenovirus in-
fections are frequently associated with pharyngitis, and a
specific syndrome of pharyngoconjunctival fever, consisting
of fever, pharyngitis, and bilateral conjunctivitis is associated
with adenovirus types 3 and 7. A variety of enteroviral se-
rotypes are associated with febrile pharyngitis. Herpangina is
a specific coxsackievirus-induced pharyngitis in which small
(1 to 2 mm) vesicular lesions of the soft palate rupture to
become small white ulcers. Pharyngitis is a typical compo-
nent of acute influenza in which individuals experience the
sudden onset of systemic symptoms of fever, myalgias, and
malaise accompanied by upper respiratory signs and symp-
toms including pharyngitis. Primary oral infection with
herpes simplex virus may present with pharyngitis, typically

with vesicles and shallow ulcers of the palate, and cervical
lymphadenopathy.

Pharyngitis will be a significant complaint in approx-
imately one-half of cases of the acute mononucleosis syn-
drome due to Epstein-Barr virus (45). Pharyngitis in this
syndrome is generally exudative and is accompanied by
cervical and generalized lymphadenopathy, as well as fever,
hepatosplenomegaly, and other systemic symptoms. The
heterophile antibody test is typically positive in the second
week of illness. Cytomegalovirus can cause an identical
syndrome that is monospot-negative and may be associated
with pharyngitis more commonly in children than in adults.
An acute mononucleosis-like syndrome with pharyngitis
may also be the presenting manifestation of primary HIV
infection. Viruses associated with hemorrhagic fever, such as
Ebola, Marburg, or Lassa, produce an acute pharyngitis that
occurs early in the disease, before skin lesions appear.

The differential diagnosis of acute pharyngitis generally
centers upon the differentiation of streptococcal from viral
etiologies. Features suggestive of streptococcal pharyngitis
include tonsillar swelling, moderate to severe tenderness on
palpation, enlargement of lymph nodes, presence of scarla-
tiniform rash, and absence of coryza (46). The bacterium
Fusobacter necrophorum has also been recognized as fre-
quently associated with acute pharyngitis in adults and has a
clinical presentation similar to that of streptococcal phar-
yngitis (47).

The presence of nasal symptoms or of conjunctivitis fa-
vors a viral etiology, and as described above, some viral
syndromes may present with distinguishing characteristics
that help in their identification. Generally, acute pharyngitis
in children less than 3 years of age is predominantly viral in
origin. The presence of exudate is suggestive of bacterial
etiology, but exudates may also be seen with adenovirus or
EBV. Rapid diagnostic tests for the office identification of
group A streptococci are widely available and are indicated
in most cases where the etiology is uncertain. When highly
sensitive tests are used, backup cultures are generally not
necessary (48).

Pathogenesis
The pathophysiology of those virus infections for which
pharyngitis is part of the clinical presentation is described in
the individual virus-specific chapters of this book. As de-
scribed above, pharyngitis in the common cold is probably
the result of chemical mediators of inflammation, which are
potent stimulators of pain nerve endings. Potentially similar
mechanisms may account for pharyngitis in other viral
syndromes as well. Direct viral damage and other host in-
flammatory responses may also contribute.

Treatment and Prevention
The treatment of most cases of viral pharyngitis is sympto-
matic, as noted in the section on common colds. Patients
suspected of having influenzal pharyngitis who are seen
within the first 2 days of illness can be treated with antiviral
therapy (see Chapters 14 and 43). In immunosuppressed
patients with chronic herpetic pharyngitis or normal hosts
with primary gingivostomatitis, acyclovir therapy is recom-
mended (see the discussion on herpes simplex virus).

Treatment of group A streptococcal infections with an-
timicrobial agents is generally initiated to prevent rheuma-
tologic complications of this infection and is associated with
more rapid resolution of symptoms, although the absolute
benefits are rather modest (49). Rapid diagnostic tests are
widely available for the office identification of group A
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streptococci and are indicated in most cases where the eti-
ology is uncertain. Antibiotic treatment based on only
positive rapid test or throat culture results can reduce un-
necessary use of antibiotics for treatment of pharyngitis (50).

CROUP (ACUTE
LARYNGOTRACHEOBRONCHITIS)
Clinical Features and Syndrome Definition
Croup, or viral laryngotracheobronchitis, is a clinically dis-
tinct illness that predominantly affects children under the age
of three. The illness typically begins with upper respiratory
tract symptoms of rhinorrhea and sore throat, often with a
mild cough. After 2 or 3 days, the cough deepens and de-
velops a characteristic brassy, barking quality, which is similar
to a seal’s bark. Fever is usually present, generally between
38º and 40ºC, although those with croup due to respiratory
syncytial virus may have normal temperatures. The child may
appear apprehensive and most comfortable sitting forward in
bed. The respiratory rate is elevated but usually not over 50;
this contrasts with bronchiolitis, in which more severe ta-
chypnea is often seen. Chest wall retractions, particularly in
the supraclavicular and suprasternal areas, may be observed.
Children with this finding on presentation have a higher risk
of hospitalization or of requiring ventilatory support.

The characteristic physical finding of croup is inspiratory
stridor. Inspiration is prolonged, and in very severe cases,
some degree of expiratory obstruction may also be seen.
Rales, rhonchi, and wheezing, which reflect the character-
istic involvement of the lower respiratory tract, may be heard
on physical examination. A fluctuating course is typical, and
the child may appear to worsen or improve within an hour.
Hypoxemia occurs in 80% of children with croup severe
enough to require hospitalization. The degree of hypoxia is
generally difficult to ascertain clinically, but continuous
monitoring of pulse oximetry does not correlate with respi-
ratory distress and may lead to increased hospitalization rates.

Children who develop respiratory insufficiency as a result
of increasing fatigue also may have elevations in PaCO2.
Other routine laboratory assays are generally unremarkable.
Children with croup characteristically exhibit subglottic
narrowing of the tracheal air shadow on PA films of the
neck, the so-called “steeple” sign (Fig. 2). This finding may
be useful in differentiating croup from epiglottitis. Chest X-
rays may reveal parenchymal infiltrates which are part of the
characteristic involvement of the lower respiratory tract in
this syndrome.

Croup is predominantly a disease of young children, with
a peak age incidence in the second year of life. In the Seattle
virus watch family study, the annual incidence of croup was
5.2 per 1,000 in the first 6 months of life, 11.0 per 1,000 in
the second 6 months, 14.9 per 1,000 in the second year of
life, and 7.5 per 1,000 in those 2 to 3 years of age, with a
marked drop after that age (51). Boys are somewhat more
likely to be affected than girls (52).

Etiology and Differential Diagnostic Features
Overall, viruses are recovered from croup cases more fre-
quently than from other types of respiratory illnesses. An
estimate of the relative importance of individual infectious
agents in croup is shown in Table 1. The parainfluenza vi-
ruses are the most common viruses responsible for croup,
accounting for about 75% of cases (52). Of the parainfluenza
viruses, types 1 and 2 are most commonly associated with
croup (52), and the seasonal incidence of croup reflects the

seasonal variations in parainfluenza virus incidence (Fig. 1).
Less common causes of croup include respiratory syncytial
virus, influenza A or B viruses, rhinoviruses, and adeno-
viruses, as well as Mycoplasma pneumoniae. Recent studies
have also shown a strong association with the novel coro-
navirus NL63 (53). Measles is a relatively less common cause
of croup but is associated with especially severe disease (54).
Mycoplasma pneumoniae and influenza viruses tend to be
isolated more commonly from older children with croup
(52). Parainfluenza virus type 2 and influenza A viruses are
associated with more severe disease (55), but generally the
clinical presentation of the croup syndrome due to in-
dividual agents is similar. Specific viral diagnosis is not
routinely performed since the clinical syndrome is sufficient
for diagnosis, and management generally does not depend on
identification of the specific agent.

The majority of cases of inspiratory stridor in children are
caused by viral croup. However, it is critical to distinguish
these syndromes from other, potentially more serious causes
of airway obstruction such as bacterial epiglottitis and tra-
cheitis early in clinical management. Epiglottitis is an acute
cellulitis of the epiglottis and surrounding structures. Pa-
tients present with acute respiratory distress and drooling,
but the barking cough of croup is absent. Epiglottitis in
children is usually caused by Hemophilus influenzae type b
(Hib). The incidence of invasive Hib infections has de-
clined remarkably since the introduction of polysaccharide-
conjugate vaccines, and the incidence of epiglottitis in
children has also declined considerably (56). In adults, and
rarely in children, epiglottitis may be caused by a variety of
other bacterial agents such as Haemophilus parainfluenzae or
b-hemolytic streptococci, which may spread from a con-
tiguous focus of infection. Bacterial tracheitis is a relatively
rare syndrome that mimics croup. Abundant purulent spu-
tum is often present. Bacterial tracheitis is usually caused
by Staphylococcus aureus or Hib; other bacteria such as b-
hemolytic streptococci and Streptococcus pneumoniae have
also been associated with this syndrome. Other infectious
causes of stridor, including peritonsillar or retropharyngeal

FIGURE 2 Posteroanterior roentgenogram of the neck of a child
with viral croup that shows the characteristic narrowing of the air
shadow of the trachea in the subglottic area. (Courtesy of Dr.
Carolyn B. Hall, University of Rochester)
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abscess or diphtheria, and noninfectious causes of stridor
such as trauma or aspiration of a foreign body, should be
considered.

Direct visualization of the epiglottis may be necessary to
exclude bacterial etiologies, and facilities and personnel for
this procedure and for emergency airway management
should be available. Lateral neck radiographs may show
edema of the epiglottis in epiglottitis (Fig. 3) or thickening
of the retropharyngeal space in individuals with retro-
pharyngeal abscess. However, radiographs are limited in
accuracy and should be performed with caution in in-
dividuals with respiratory distress. It may be useful to ad-
minister racemic epinephrine, because a rapid response is
suggestive of croup.

Pathogenesis
The severity of clinical symptoms in viral croup appears to
be directly related to the level of virus replication (57). This
results in inflammation in both the upper respiratory tract
and the lung parenchyma. The classic signs of croup, in-
cluding the barking cough and inspiratory stridor, arise
mostly from inflammation occurring in the larynx and tra-
chea. Inflammatory changes are seen by histology in the
epithelial mucosa and submucosa of the larynx and trachea.
The cellular infiltrate includes histiocytes, lymphocytes,
plasma cells, and polymorphonuclear leukocytes. The in-
flammation and obstruction are greatest at the subglottic
level, which is the least distensible part of the airway because
it is encircled by the cricoid cartilage. Consequently, lo-
calized inflammation and edema lead to obstruction of air-
flow. The impeded flow of air through this narrowed area
produces the classic high-pitched vibration. Obstruction is
greater during inspiration because the narrowing occurs in
the extrathoracic portion of the airway and is enhanced in
small children because the walls of the airways in these in-
dividuals are relatively compliant and can collapse to a
greater extent. Obstruction of airflow results in an initial
decline in tidal volume, which is compensated by an in-
crease in respiratory rate to maintain adequate alveolar
ventilation. However, if the obstruction increases, the work
of breathing may increase until the child tires, and as the
respiratory rate declines, the child develops hypercarbia and
respiratory failure.

Involvement of the lower respiratory tract is integral to
the pathophysiology of croup (Fig. 4) (58). Inflammatory
changes are noted throughout the respiratory tract, includ-
ing the linings of the bronchi, bronchioles, and even the
alveoli. Consistent with these findings, hypoxemia is de-
tected in about 80% of children hospitalized with croup.
Although some degree of hypoxia can be explained on the
basis of hypercarbia, the major pathophysiologic mechanism
is ventilation-perfusion mismatching. Pulmonary edema
may complicate severe croup and upper airway obstruction
(59). The onset of pulmonary edema often occurs immedi-
ately following intubation. Pulmonary edema in these cases
does not appear to be due to pulmonary artery hypertension
but to local hypoxia and increased alveolar-capillary trans-
mural pressure.

Treatment and Prevention
Because the majority of hospitalized children are hypoxic,
oxygen is the mainstay of treatment for severe disease and
should be given to all hypoxemic patients. Humidified air or
mist therapy is commonly used and has several potential
roles. Desiccation of the inflamed epithelial surfaces is de-
creased, and the viscosity of the exudate is reduced. How-
ever, the value of mist therapy has not been proven, and
removal of the child from the parents and placement in a
mist tent can be more distressing to the child than beneficial.

Corticosteroids have been shown to confer significant
benefits in the management of mild, moderate, and severe
croup, including more rapid improvement in symptoms, re-
duced length of hospital stay, and reduced rates of intubation.
Administration of a single dose of 0.6 mg/kg dexamethasone

FIGURE 3 Lateral neck films of the neck in a child with epi-
glottitis demonstrates the characteristic thickening of the epiglottis
in this disease and may be helpful in distinguishing this illness from
croup or retropharyngeal abscess. (Courtesy of Dr. Caren B. Hall,
University of Rochester)
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FIGURE 4 Pathophysiology of croup. Both mechanical ob-
struction of airflow and ventilation-perfusion mismatching due to
parenchymal infection of the lung are responsible for the hypoxia
and respiratory distress of croup. (Modified from Hall, Reference
206, with permission)
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intramuscularly (60), an oral dose of between 0.6 to 0.15 mg/
kg orally (61), or of 2 mg of budesonide by nebulizer (62) are
all effective, and comparative trials have shown all three
strategies to be equally effective (63, 64). Administration of
single-dose corticosteroid therapy in this setting has not been
associated with significant side effects and should probably be
used in most patients with significant illness (65).

Administration of nebulized racemic epinephrine gen-
erally gives rapid, symptomatic relief in croup (66). It is
believed that a-adrenergic stimulation by this drug causes
mucosal vasoconstriction, leading to decreased subglottic
edema. Several randomized trials have demonstrated a rapid
beneficial effect on airway obstruction (67, 68). The onset of
action is rapid, often within minutes, but the duration of
relief is also limited, lasting 2 hours or less. Therefore, treated
subjects should be observed closely for clinical deterioration.
While symptomatic relief is considerable, use of epinephrine
is not associated with improvements in oxygenation, prob-
ably because the defect in oxygen is associated with ven-
tilation-perfusion mismatching due to lower respiratory tract
involvement. In addition tachycardia may occur. Thus, in-
haled epinephrine is generally reserved for children who fail
to respond to more conservative management (69). Oxygen
mixed with helium (heliox) has been suggested as an in-
tervention to reduce the work of breathing; however, its role
in the routine management of croup remains undetermined
(70).

Antiviral agents effective against some of the viruses re-
sponsible for croup are available but have not been tested for
efficacy in this situation. However, the potential benefit of
the use of antiviral agents in the typical self-limited course of
croup would likely be limited. Since croup is a viral illness,
antibiotic therapy is of no benefit.

BRONCHIOLITIS
Clinical Features and Syndrome Definition
Bronchiolitis is a characteristic syndrome of infants whose
presenting symptoms are dominated by the major patho-
physiologic defect, obstruction to expiratory airflow (71).
The onset of lower respiratory symptoms is usually preceded
by rhinitis, often with nasal congestion and discharge. More
severe symptoms characteristically occur 2 to 3 days later but
in some cases are concurrent with the onset of upper respi-
ratory symptoms. In many instances, there may be a history
of exposure to an adult or sibling with a cold or other minor
respiratory illness or history of exposure to other cases of
bronchiolitis in the daycare setting.

The hallmark of disease is wheezing, which can be quite
marked, with flaring of the nostrils and use of accessory
muscles of respiration. Cough may or may not be prominent
initially, and when cough is present, it may be paroxysmal in
nature. Slight cyanosis is often observed, but the presence or
absence of cyanosis is not a reliable indicator of the degree of
oxygenation or of the severity of disease. Physical findings are
generally confined to the chest, with development of rales,
which are usually musical in the beginning and then become
more moist. Hyper-resonance of the chest may be observed,
and the liver may be displaced downward due to hyper-
inflation. The respiratory rate is elevated, with rates of 50 to
80 breaths per minute. Fever is frequently present at the
beginning of the illness but may no longer be present at the
time lower respiratory tract involvement develops. Among
hospitalized infants, one-third or more are afebrile, despite
marked lower respiratory tract disease. Thus, the presence or

absence of fever does not indicate the severity of the child’s
illness. Mild conjunctivitis is noted in about a third of cases,
with pharyngitis of varied severity in about half, and otitis
media in 5% to 10%. The hospital course is variable, but
most infants will show improvement in 3 to 4 days (72).

Radiologic findings are generally nonspecific, with re-
ported findings including air trapping, consolidation, and
collapse (73). Air trapping is particularly indicative of res-
piratory syncytial virus (RSV)-associated bronchiolitis and
may be the only radiologic finding (Fig. 5). However, there is
no correlation between the radiographic findings and the
clinical course (74). Chest radiographs should be obtained
to rule out alveolar filling defects suggestive of bacterial
pneumonia and in those infants with severe disease, sudden
deterioration, or underlying disorders (75). Results of routine
laboratory tests are generally unremarkable, and the pe-
ripheral white blood cell count is usually not elevated. Ab-
normal water, electrolyte, and endocrine homeostasis may be
seen during acute illness, including elevated antidiuretic
hormone secretion and low fractional excretion of sodium
(76). Electrolyte disturbances, most notably hyponatremia,
may be seen with severe disease, particularly if excessive
amounts of hypotonic fluid are administered (77). Acute
disease may be associated with elevations in pulmonary ar-
tery pressure, but echocardiographic studies are usually un-
remarkable in infants with structurally normal hearts (78).

Bronchiolitis is a disease predominantly of infancy, and
the epidemiology of this disease closely parallels that of the
major infectious cause, respiratory syncytial virus. The peak
age incidence is between 2 and 6 months of age, with over
80% of cases occurring in the first year of life (79). The risk
of hospitalization of infants during the first 12 months of life
for bronchiolitis has been estimated to be approximately 10
per 1,000 population (80), with the peak age of hospital-
ization between 1 and 3 months. Hospitalization rates are
highest in children who reside in industrialized urban set-
tings (81). Among lower socioeconomic status groups,
bronchiolitis hospitalization rates of 0.5% to 1% of the en-
tire population of infants in the first year of life are not
uncommon (82).

FIGURE 5 The CXR in bronchiolitis characteristically shows
hyperinflation due to obstruction to airflow. A variety of other
findings may be present, including interstitial infiltrates or lobar
consolidation. (Courtesy of Dr. Caren B. Hall, University of Ro-
chester)
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The risk of hospitalization and severe bronchiolitis is
particularly high in infants with congenital heart or lung
disease or immunodeficiency (83, 84). In addition, infants
born prematurely and those who are less than 6 weeks of age
at the time of presentation are also at risk (85). More severe
disease has also been documented in children with a family
history of asthma (85) and those exposed to cigarette smoke
in the family setting (86).

Etiology and Differential Diagnostic Features
The spectrum of viruses associated with bronchiolitis is
shown in Table 1. RSV causes the majority of cases of
bronchiolitis, and during the RSV epidemic season, essen-
tially all cases are due to this virus (87). Overall, RSV is
recovered from about three-fourths of all infants admitted to
the hospital with bronchiolitis (71). Children hospitalized
with bronchiolitis due to RSV tend to be younger than those
with other viruses (88). Children with a higher viral load on
nasopharyngeal aspirates have a higher risk of ICU admis-
sion (89). Human metapneumovirus (hMPV) is also a sig-
nificant cause of bronchiolitis (90–92). The clinical picture
most closely resembles that of RSV, and bronchiolitis is the
major manifestation in children. Clinical features include
wheezing and hypoxia. There are no clinical features that
can distinguish between disease caused by hMPV and RSV,
although generally RSV may be more severe.

Rhinoviruses have recently been recognized as associated
with a significant proportion of cases of bronchiolitis and
represent the second most common virus detected using
sensitive nucleic acid tests in children with bronchiolitis.
The true attribution of RV to this syndrome must take into
account the frequent detection of this virus in asymptomatic
children as well. Rhinoviruses can also mimic RSV infection
in infants with bronchopulmonary dysplasia (93).

Other respiratory viruses causing bronchiolitis include
parainfluenza viruses, influenza virus, mumps, and rhinovi-
ruses. Adenoviruses types 3, 7, and 21 are relatively un-
common causes but may be associated with more severe
disease, including bronchiolitis obliterans (94). Novel hu-
man coronaviruses, such as NL-63, have also been associated
with lower respiratory tract disease in infants (95). An ad-
ditional recently described human parvovirus, the human
bocavirus, has been found in as many as 12% of cases of
acute wheezing in young children (96).

The differential diagnosis of diseases characterized by
expiratory airflow obstruction in infants is relatively small.
Pertussis can occasionally be confused with bronchiolitis;
more frequent vomiting, more paroxysmal cough, and lym-
phocytosis are clues to the diagnosis. Differentiation of acute
infectious bronchiolitis from the initial presentation of al-
lergic asthma is difficult and contributes to the difficulty in
assessing therapeutic interventions in this disease. Anatomic
defects such as vascular rings can cause obstruction of the
airway. Foreign bodies should be considered strongly, espe-
cially in young infants. Gastroesophageal reflux is an addi-
tional consideration.

RSV and some of the other viral agents responsible for
bronchiolitis can be isolated from nasopharyngeal secretions
in cell culture, but nucleic acid detection techniques are
more sensitive and detect a wider range of viruses (97).
Rapid antigen detection techniques are widely used, but the
sensitivity of such techniques is dependent on the quality of
the nasopharyngeal specimen, with nasopharyngeal aspirates
superior to brushings or swabs (98). Their utility in routine
management is unclear, although they may be useful for
infection control purposes.

Pathogenesis
The pathophysiology of infectious bronchiolitis has been
described most completely in the case of infection with RSV.
The basic pathophysiologic changes in bronchiolitis are
summarized in Figure 6 (71). Viral infection of epithelial
cells of the bronchioles leads to destruction and necrosis of
the ciliated epithelium. Leucocytes, predominantly lym-
phocytes, can be seen in increased numbers in the peri-
bronchial tissues (99). The submucosa becomes edematous,
and there is increased production of mucus. Ultimately,
dense plugs of alveolar debris and strands of fibrin form
within small bronchi and bronchioles, which may partially
or completely obstruct airflow. The pathogenic basis for
respiratory difficulty in bronchiolitis is related to obstruction
of these small airways (71). Hypoxemia is the major ab-
normality of gas exchange, with ventilation-perfusion im-
balance the major cause of the hypoxemia. In addition to
hypoxia, hypercarbia, and respiratory acidosis have been
observed in some severely ill infants.

Infants appear to be particularly susceptible to the con-
sequences of viral infection because the peripheral airways
are disproportionately narrow in the early years of life. In
addition, collateral channels of ventilation, such as the pores
of Kohn, are deficient both in number and size in the infant
lung. Finally, the airways of infants are intrinsically more
reactive to bronchospastic stimuli than are the airways of
older children (100). It is not clear how RSV infection re-
sults in the observed histologic damage, and the reasons
some children experience relatively mild disease while oth-
ers go on to respiratory failure are unknown.

The possibility that immune responses are involved in
the pathogenesis of RSV bronchiolitis has received consid-
erable attention. Factors identified as potentially playing a
role include overproduction of IgE in response to infection,
alteration in the cytokine phenotype of responding T cells,
and release of leukotrienes in the airways (101). In addition,
neural mechanisms of airway smooth muscle tone may be
disrupted by RSV (102).

The innate immune response also plays an important role
in the pathogenesis of RSV disease in infants, and it has
been recognized that single nucleotide polymorphisms in
several genes that control the inflammatory response have
an important impact on the severity of RSV disease. Ex-
amples include polymorphisms in the genes for IL-4, IL-8,
and IL-13, and in TLR-4 and the CCR5 receptor, among
others (103).

Following recovery from acute bronchiolitis, some chil-
dren experience continued episodes of wheezing, especially
during apparently viral upper respiratory infections. Esti-
mates are that the risk of either infrequent or frequent
wheezing following recovery from documented RSV lower
respiratory tract infection is increased by about 3- to 4-fold
(104). The risk of subsequent wheezing is also increased in
children with bronchiolitis associated with RSV. The
mechanisms underlying this increased risk are unknown.
Other studies have shown no difference in the rate of sub-
sequent asthma in monozygotic twins discordant for RSV
hospitalization (105). A history of maternal asthma may be
associated with more severe disease in children with rhino-
virus-associated bronchiolitis but not RSV (106, 107).

Treatment and Prevention
Recommendations regarding the treatment and prophylaxis
of bronchiolitis have been summarized recently (108).
Correction of hypoxemia is the most important aspect of
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managing RSV lower respiratory tract disease. Oxygen
should be administered to infants whose saturation con-
sistently falls below 90%, but the role of continuous mon-
itoring of oxygen saturation is controversial. Inhaled
hypertonic saline has been suggested as a modality to rehy-
drate the airway and may reduce the risk of hospitalization,
although not affecting length of stay (109). Some studies
have suggested that a humidified high-flow nasal cannula or
continuous positive airway pressure may be useful in chil-
dren who are at risk for respiratory failure (110).

Because of the dehydrating effect of tachypnea and re-
duced oral intake in some hospitalized infants, parenteral
rehydration is often needed, but care must be taken to avoid
inducing hyponatremia. Fluid intake and electrolyte con-
centrations should be carefully monitored in all infants with
severe bronchiolitis, because hyponatremia and syndrome of
inappropriate secretion of antidiuretic hormone (SIADH)
may occur.

Other therapies are generally not routinely recommended
in the treatment of bronchiolitis. Generally, bronchodilators
produce modest short-term improvements in clinical scores
but do not improve oxygenation, rates of hospitalization, or
duration of hospital stay (111). The majority of studies of
systemic corticosteroids have also failed to demonstrate a
beneficial effect in acute bronchiolitis, and oral cortico-
steroids do not appear to have beneficial effects (112).
Antibacterial drugs, including azithromycin, are of no ben-
efit (113).

A humanized neutralizing monoclonal antibody to the
RSV F protein, palivizumab (Synagis�), has had significant
protective efficacy in a population of infants with pre-

maturity or bronchopulmonary dysplasia, as well as in chil-
dren with hemodynamically significant congenital heart
disease. Administration of palivizumab intramuscularly at a
dose of 0.15 mg/kg of body weight once per month resulted
in a 55% reduction in RSV-related hospitalizations and a
lower incidence of intensive care unit admissions in this
population (114). Recommendations for the use of passive
antibody prophylaxis in the United States have been re-
cently revised (115). Palivizumab should generally be used
only in the first year of life during the RSV epidemic season.
Use is recommended in preterm infants who were born be-
fore 29 weeks’ gestation (who would be expected to receive
little placental transfer of maternal antibody), preterm in-
fants of any gestational age who develop chronic lung disease
of prematurity, and infants with hemodynamically sig-
nificant chronic heart disease. Use can also be considered
during the first year of life in infants with anatomic pul-
monary disorders or neuromuscular disorders that impair
clearing of secretions. The risk of severe RSV in the second
year of life is considerably less, but use of palivizumab can be
considered in infants with chronic lung disease of pre-
maturity who continue to require medical support, and in-
fants who are profoundly immunocompromised. Routine use
in children with cystic fibrosis is not currently recommended.

Interruption of nosocomial transmission may be facili-
tated by thorough handwashing, decontamination of sur-
faces and inanimate objects, and isolation or cohorting of
infected infants. Use of disposable eye-nose goggles by pe-
diatric staff reduces the risk of nosocomial RSV infection in
both staff and patients. Regular use of gowns, gloves, and
possibly masks by hospital staff caring for infected children

FIGURE 6 Pathophysiology of bronchiolitis. Viral infection of the lower respiratory tract results in inflammation and increased mucus
production. Both airway obstruction and ventilation-perfusion mismatching are responsible for the clinical findings of hypoxia, hyper-
inflation, and hypoventilation. If uncorrected, these defects can lead to apnea or sudden death. (Modified from Wohl and Chernick,
Reference 71, with permission)
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may also reduce the risk of nosocomial RSV spread. Pro-
tective isolation of high-risk infants or deferring their elec-
tive admission has been recommended during institutional
outbreaks of RSV.

Vaccines are available to prevent bronchiolitis due to
influenza virus and mumps, but there is no vaccine currently
available for prevention of bronchiolitis due to RSV or PIV.
There are multiple significant hurdles to the development of
such vaccines, including the very young age at which the
disease presents, the suppressive effect of maternal antibody
on vaccine responses, and in the case of RSV, the potential
for enhanced disease in vaccine recipients (116).

TRACHEITIS AND TRACHEOBRONCHITIS
Clinical Features and Syndrome Definition
In addition to causing croup and bronchiolitis, viral in-
fection of the trachea and bronchi may cause tracheitis or
tracheobronchitis. Tracheitis is characterized by tracheal
tenderness, which can be elicited by gentle pressure on the
anterior trachea just below the cricoid cartilage. Substernal
discomfort on inhalation, and nonproductive paroxysmal
cough are noted. Paroxysmal nonproductive cough is also
characteristic of tracheobronchitis and is usually much more
severe at night. Later in the course of illness, small amounts
of clear or whitish sputum may be produced. Accompanying
symptoms may include fever, headache, myalgias, malaise
and anorexia. After several days of coughing, chest wall or
abdominal discomfort, which is muscular in nature, may be
noted. Physical findings are generally nonspecific; exami-
nation of the chest may reveal no adventitious sounds
but more commonly scattered rhonchi and occasional
wheezing. Physical signs such as egophony, pleural friction
rubs, or areas of dullness to percussion should suggest the
presence of other diagnoses such as pneumonia or pleural
effusion.

Etiology and Differential Diagnostic Features
Tracheobronchitis is most typically caused by influenza A or
B virus (Table 1). Herpes simplex has been associated with
necrotizing tracheobronchitis in non-immunocompromised
hosts (117); this syndrome is often accompanied by re-
fractory bronchospasm. The differential diagnosis of acute
bronchitis includes nonviral infections and non-infectious
etiologies such as cough-variant asthma. Mycoplasma pneu-
moniae and Chlamydia pneumoniae infections cause pro-
longed cough. Bordetella pertussis infection should also be
considered in the differential diagnosis of prolonged cough
illness. In otherwise healthy persons, workup of acute cough
should be directed toward determining the presence of
pneumonia.

Treatment and Prevention
Treatment of bronchitis is primarily symptomatic with an-
tipyretics, and cough suppression. In the absence of signs of
pneumonia or documented bacterial infection such as per-
tussis, treatment of cough with antibacterial agents is of no
benefit (118, 119).

VIRAL PNEUMONIA
Clinical Features and Syndrome Definition
The development of pneumonia is defined by the develop-
ment of abnormalities of alveolar gas exchange accompanied
by inflammation of the lung parenchyma, often associated

with visible changes on radiologic studies. Although there
can be considerable variety in the presentation of viral
pneumonia depending on the age and immunologic com-
petence of the host and the specific viral pathogen, there are
certain general features of viral pneumonias. Physical findings
are often nonspecific. The patient generally appears acutely
ill, conjunctivitis and rhinitis may be noted, and the trachea
may be somewhat tender if accompanied by viral tracheitis.
Chest exam reveals increased respiratory rate, diffuse rales,
and often wheezes. The sputum is relatively scant, generally
shows few polymorphonuclear leukocytes, and Gram stain
usually reveals minimal numbers of bacteria. The clinical
presentation of viral pneumonia in children typically includes
fever and lower respiratory tract signs and symptoms, such as
difficulty breathing, nonproductive cough, and physical
findings of wheezing or increased breath sounds. Young in-
fants may present with apneic episodes with minimal fever.
The clinical presentationmay be dominated by the associated
croup or bronchiolitis, which are frequently present.

A number of underlying conditions may increase the risk
or severity of viral pneumonia. These features have been
identified most clearly for influenza but probably impact the
severity of other forms of viral pneumonia. Underlying car-
diopulmonary diseases, such as valvular heart disease or
chronic obstructive pulmonary disease, are well-recognized
risk factors for viral pneumonia in adults and children.
Neuromuscular conditions that impair clearance of respira-
tory secretions are also risk factors for influenza (120) and
presumably other viral lower respiratory disease. Obesity has
also been recognized as an important risk factor (121, 122).
Individuals with compromised immune systems are suscep-
tible to a range of pathogens that would not cause significant
disease in immunologically intact individuals.

Pregnancy has long been recognized as a major risk for
more severe influenza. The risks associated with pregnancy
were dramatically demonstrated during the recent A(H1N1)
pdm09 pandemic, where pregnant women were substantially
over-represented among patients requiring hospitalization,
ICU admission, and ventilatory support (123, 124). The
increased risk of severe influenza extends throughout preg-
nancy and the immediate postpartum period. While the
effects of pregnancy are most pronounced during pandemics,
pregnancy has also been recognized as a risk factor for car-
diopulmonary hospitalizations in the interpandemic period
(125).

Bacterial superinfection is a common complication of
viral lower respiratory tract infection, particularly in adults.
The classic presentation is that of a typical episode of viral
illness with more or less complete recovery, followed 2 to 14
days later by a recurrence of fever and development of cough
and dyspnea (126). Chest X ray reveals lobar infiltrates, and
the clinical course is typical of bacterial pneumonia. In ad-
dition, combined bacterial and viral pneumonia, with clin-
ical features of each, are common. Bacterial superinfection of
viral pneumonia can occur with many bacteria, but the most
common bacterium responsible for bacterial pneumonia
complicating influenza is Streptococcus pneumoniae. There
are also increases in the relative frequency of Staphylococcus
aureus, including methicillin-resistant S. aureus (MRSA)
and Hemophilus influenzae (127).

The impact of viral pneumonia and the spectrum of as-
sociated viral agents are highly dependent on the age group
and immune status of the host. Further details are provided
in the pathogen-specific chapters. While viruses are clearly
important and frequent causes of pneumonia in young
children, their role is less apparent in older children. In
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healthy adults, pure viral pneumonia is less common but may
be associated with a variety of viruses. Elderly adults may
experience more significant lower respiratory tract signs and
symptoms following infection with agents that normally
cause upper respiratory tract illness in younger adults. Fi-
nally, viral pneumonia is an important cause of morbidity
and mortality in individuals with compromised immune
systems, with a broader spectrum of viral agents than seen in
immunologically intact individuals. The manifestations of
viral lower respiratory tract disease in different populations
are described below.

Immunocompetent Adults
Viruses are relatively less common causes of acute pneu-
monia in adults, but sensitive nucleic acid detection tests
suggest that viruses can be detected in as many as one-third
of adults with acute pneumonia (128). Influenza has been
well recognized as a cause of pneumonia in adults, primarily
during seasonal epidemics. In case series of community ac-
quired pneumonia (CAP), viruses are detected in 20% to
30% of cases, frequently in combination with bacterial
pathogens (129–134). RSV is generally the most commonly
detected viral agent, but essentially all of the respiratory
viruses have been associated with CAP (Table 2). Clinically,
cases caused by RSV are not distinguishable from those as-
sociated with other viral pathogens.

Adenoviruses have been described as causes of significant
outbreaks of atypical pneumonia in military recruits and less
often in civilians. Illness is typically mild and clinically re-
sembles that due to M. pneumoniae, but more severe dis-
seminated infections and deaths have been reported (135).
Multiple X-ray patterns are noted; there may be large pleural
effusions. Prodromal symptoms of upper respiratory infection
are reported by most patients, and pharyngitis is often found
on presentation. Bacterial superinfection, particularly with
N. meningitidis, may occur. Adenovirus serotypes 4 and 7 are
most often implicated, but recent reports have emphasized
the emergence of a relatively rare adenovirus serotype 14
responsible for severe community acquired pneumonia in
adults and children (136).

Varicella is generally more severe in adults than in chil-
dren, especially among smokers. Chest radiographs taken in
adults with varicella will reveal infiltrates in 10% to 20%,
most frequently with a nodular infiltrate in a peribronchial
distribution involving both lungs; however, the majority of
these individuals are asymptomatic. More severe illness is
seen occasionally, and fatal varicella pneumonia has been
reported in pregnancy. The severity of the pulmonary lesions
in varicella generally correlates better with the diffuseness of
the rash than with findings on pulmonary exam. Following
recovery from varicella, the development of diffuse pulmo-
nary calcifications has been documented.

TABLE 2 Recovery of respiratory viruses from adults and children with community acquired pneumonia
Study Karhu 2014

(131)
Gadsby 2016
(128)

Sangil 2012
(132)

Jain 2015 (130) Garbino 2009
(134)

Garcia-Garcia
2012 (151)

Jain 2015 (150)

Time period 3/2008–
5/2012

9/2012–
2/2014

11/2009–
10/2010

1/2010–
6/2012

NR 9/2004–
7/2010

1/2010–
6/2012

Location Finland UK Spain US SWZ Spain US
Population Adults,

intubated
Adults, 12%

in ICU
Adults Adults, 21%

ICU
Adults, mostly
transplant pts

Children
< 14 yo

Children
(70% < 4 y.o.)

Number
tested

49 323 131 2259 522 884 2222

Sampling BAL, swabs,
bronchial
aspirate

Sputum,
tracheal
aspirates

Sputum,
NP swabs

Swabs,
urine Ag,
serology

BAL
specimens

Nasal
aspirates

Swabs, urine
Ag, serology

Results
(% positive)
Pathogenic
bacteria only

43 41 34 11 24 NT 8

Mixed bacterial/
viral

39 35 19 3 2 NT 7

Viruses only 10 6 17 24 15 73 66
Percent
positive for:
Influenza A/B 2 7 5 6 2 5 7
RSV 2 1 5 3 1 31 28
PIV 1-4 2 3 2 3 3 5 7
hMPV 0 1 3 4 1 5 13
Entero/Rhino 35 13 4 9 4 19 27*
Coronavirus 4 3 2 2 5 1 5
Adenovirus 8 2 0 1 0 13 11
Bocavirus 0 0 0 NT 1 13 NT

*Also detected in 17% of healthy controls.
NR, not reported; NT, not tested.
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RSV frequently causes detectably altered airway re-
activity in adults (137), and on occasion, lower respiratory
tract involvement becomes clinically manifest as pneumonia
in otherwise healthy adults (138). RSV is being increasingly
recognized as a cause of significant lower respiratory tract
disease in the elderly (139). It has been estimated that 2% to
4% of pneumonia deaths among the elderly in the United
States may be due to RSV (140). Parainfluenza viruses have
also been reported as occasional causes of pneumonia in
adults and in the elderly (141). Measles can be complicated
by clinically severe pneumonitis in a small percentage of
healthy adults, and bacterial superinfection is common.
Diffuse pneumonitis and respiratory failure have been de-
scribed in association with EBV acute mononucleosis in
otherwise healthy adults.

Hantaviruses are associated with hantavirus cardiopul-
monary syndrome (HCPS), characterized by the onset of
severe pulmonary dysfunction after a 2- to 3-day prodrome of
nonspecific influenza-like symptoms, fever, myalgias, cough,
gastrointestinal symptoms, and headache (142). Coryza or
upper respiratory tract symptoms suggest an alternative
diagnosis. Laboratory abnormalities include leukocytosis,
increased hematocrit due to hemoconcentration, and
thrombocytopenia with coagulopathy. However, clinical
bleeding is unusual, in contrast to other systemic hantavirus
syndromes (142). Moderately elevated levels of serum lac-
tate dehydrogenase and aspartate aminotransferase are typ-
ically seen. A variety of radiographic abnormalities have
been described; those that may help to distinguish HPS from
adult respiratory distress syndrome (ARDS) include early,
prominent interstitial edema and nonperipheral distribution
of initial airspace disease (143).

Novel human coronaviruses have been associated with
severe lower respiratory tract disease and acute respiratory
distress syndrome (ARDS) during outbreaks, including the
severe acute respiratory syndrome (SARS) coronavirus or
SARS CoV in 2003 (144), and more recently the Middle
East respiratory syndrome (MERS) coronavirus, or MERS-
CoV (145–147). Clinical characteristics of these illnesses
are similar to those of progressive respiratory distress and
hypoxia (147–149).

Children
Viruses are more commonly recognized causes of pneumonia
in children than in adults (128) (Table 2). In one recent
series, viruses were detected in 66% of children with radio-
graphic pneumonia, with dual bacterial and viral pathogens
detected in 7% of cases (150). The frequency of virus-asso-
ciated CAP begins to decrease after age 5 years. RSV has
been associated with the largest proportion of viral pneu-
monia in young children, particularly if accompanied by
bronchiolitis (87, 150, 151) (Table 1). Bronchiolitis and
pneumonia represent a spectrum of lower respiratory tract
involvement with RSV virus, frequently coexist, and are not
clearly distinguishable. The most typical radiographic find-
ing is diffuse interstitial pneumonitis, although lobar or
segmental consolidation are evident in about one-fourth of
children with RSV lower respiratory tract disease, often in-
volving the right upper or middle lobe.

The PIVs are second only to RSVas causes of pneumonia
in this age group. As described earlier, lower respiratory tract
involvement is integral to the pathophysiology of croup, but
pneumonia with pulmonary infiltrates is most commonly
associated with PIV-3 and 4 (152). Influenza A and B viruses
are both significant causes of pneumonia in children, espe-
cially during periods of epidemic prevalence (153). In in-

fants and children, the most frequent manifestation of
influenza pneumonia is an interstitial pneumonitis similar in
appearance and course to those of the other predominant
viral agents of pneumonia in this age group, except that a
secondary bacterial pneumonia may occur more frequently
than with RSV or PIV.

Rhinoviruses have also been associated with a significant
proportion of CAP in children, despite their apparent
temperature sensitivity. Recent studies using sensitive PCR-
based diagnostics have suggested that RV may be the second
or third most common virus detected in acute pneumonia in
children (150, 151, 154). However, RV is detected almost as
frequently in age- and site-matched asymptomatic controls
(150). Adenoviruses are also frequently isolated from chil-
dren with respiratory disease and are implicated in about
10% of childhood pneumonias. However, the true impact of
adenoviruses as causes of pneumonia in this age group is
difficult to assess because of the long and intermittent
asymptomatic respiratory shedding of these viruses in chil-
dren. Hilar adenopathy on chest X ray is somewhat more
common with this form of pneumonia than other types
(155). Pneumonia is the most frequent serious complication
of measles. Other viruses that may occasionally cause viral
pneumonia in children include enteroviruses, rubella virus,
and herpes simplex virus. Premature infants are at risk for
pneumonia due to cytomegalovirus because of lack of ma-
ternal antibodies.

Pneumonia is the most frequent serious complication of
measles. The prodrome of typical measles lasts 2 to 8 days
and is characterized by fever, malaise, anorexia, cough, cor-
yza, and conjunctivitis. Koplik’s spots, which are eryth-
ematous macular lesions with central white-yellow or gray
puncta, appear on the buccal or labial mucous membranes
toward the end of the prodromal period. The maculopapular,
erythematous eruption begins about the face and neck and
progresses to involve the upper body, trunk, and extremities.
The rash typically disappears after 5 to 6 days in the order in
which it appeared. Defervescence and symptom improve-
ment occur several days after the appearance of the rash,
although persistent cough is common. Leukopenia is com-
mon during the prodromal and early exanthematous stages
of measles. Pronounced leukopenia (less than 2,000 cells/
mm3) is associated with a poor prognosis. The development
of neutrophilic leukocytosis suggests the possibility of bac-
terial superinfection or other complications.

Immunocompromised Individuals
Individuals with diminished host immunity may develop
severe, life-threatening pulmonary infections with the entire
spectrum of RNA and DNA viruses, including both viruses
that are typical causes of lower respiratory tract disease in
normal hosts and other more opportunistic viral pathogens
(Table 1). DNA viruses have received the most recognition
in this regard.

CMV is a frequent cause of severe pneumonitis in im-
munosuppressed individuals, particularly transplant recipi-
ents (156). The highest risk in the transplant population is 1
to 3 months post-transplantation, with the peak incidence at
8 weeks’ post-transplantation. Diffuse interstitial pneumo-
nitis is the most frequent manifestation, but multiple other
radiographic presentations have been reported, including
nodular infiltrates. Multiple associated findings are present
in severe infection and reflect the disseminated nature of the
infection; the presence of neutropenia, abnormalities of liver
function tests, and mucosal ulcerations may be clinical clues
to the diagnosis.

20 - VIRAL SYNDROMES AND GENERAL PRINCIPLES



Herpes simplex virus pneumonia has been reported
largely in immunocompromised or debilitated individuals.
These cases are variably preceded by clinically evident mu-
cocutaneous disease. The majority of cases present as a focal
pneumonia as a result of contiguous spread from the upper
respiratory tract; diffuse interstitial disease resulting from
hematogenous spread occurs in up to 40% of cases (157).
Risk groups include neonates, transplant recipients, burn
patients particularly with inhalation injury, and those who
have experienced prolonged mechanical ventilation, car-
diothoracic surgery, or trauma.

Varicella-zoster virus is an important problem in in-
dividuals with hematological malignancies and others with
iatrogenic immunosuppression, with the greatest risk seen in
organ transplantation. Prolonged fever and recurrent crops
of lesions are predictors of visceral dissemination, and
pneumonia is generally seen in this setting. Pulmonary
manifestations may include pleuritic chest pain due to ve-
sicular lesions of the pleura, and, as also true in normal hosts,
the chest radiographs may demonstrate diffuse nodular
lesions.

Adenoviruses are significant causes of morbidity and
mortality in immunocompromised patients, particularly after
transplantation. In contrast to infection in normal hosts,
infection in immunocompromised subjects tends to be dis-
seminated, with isolation of virus from multiple body sites
including lung, liver, gastrointestinal tract, and urine (158).
In addition, the spectrum of serotypes includes both those
found in immunocompetent individuals as well a markedly
increased frequency of isolation of higher-numbered sero-
types found rarely in immunologically normal subjects
(159).

Common respiratory viruses have also received increas-
ing recognition as potential causes of significant morbidity
and mortality in this population (160). RSV has been well
recognized as a cause of severe pneumonia in recipients of
bone marrow (161) and solid organ transplantation (162).
Nosocomial transmission of RSV in this setting has been
well documented and may be the source of many infections
in this susceptible population. The illness typically begins
with nondescript upper respiratory symptoms that progress
over several days to severe, life-threatening lower respiratory
tract involvement. Mortality of 50% or higher is typical if
pneumonia supervenes, particularly if disease occurs in the
pre-engraftment period (163). Parainfluenza viruses have
also been reported as an infrequent lower respiratory tract
pathogen in both solid-organ and bone marrow trans-
plantation. PIV-3 has been most common serotype isolated,
but all four serotypes have been implicated (160). Influenza
virus may also cause severe disease in transplant recipients
(164) and patients with leukemia. Rhinoviruses and coro-
navirus infections in this population are also common but
tend to be associated less frequently with lower respiratory
tract disease (165). In transplant recipients, infections with
community respiratory viruses may result in long-term im-
pairment of respiratory function (166).

Measles giant cell pneumonia is a severe, usually fatal
form of pneumonia in immunosuppressed individuals, in-
cluding those who are severely malnourished. Most cases
have occurred in those with hematological or other malig-
nancies or in individuals with AIDS (167). Such hosts do
not mount the cellular immune responses involved in the
pathogenesis of measles rash or other typical manifestations
of measles, and a high index of suspicion must be maintained
(167). Giant cell pneumonia also occurs in significantly
malnourished individuals. Multinuclear giant cells with in-

tranuclear inclusions are seen and may be demonstrable in
fluid obtained by bronchoalveolar lavage.

Diagnosis
Evaluation of the specific cause of acute pneumonia, and in
particular, attribution of pneumonia to a particular viral
etiology, is complicated by difficulty in obtaining appropri-
ate samples of lower respiratory tract secretions, and the
frequent asymptomatic shedding of some viruses, such as
rhinovirus, herpes viruses, or adenoviruses in the upper res-
piratory tract.

The clinical presentation, epidemiology, and presence
of associated features such as rash, may provide strong
clues regarding the specific viral etiology of pneumonia,
especially in children. However, distinguishing purely viral
from bacterial or combined viral and bacterial lower respi-
ratory tract disease remains an extremely difficulty chal-
lenge. This is a particularly important goal in reducing the
unnecessary use of antibacterial therapy, and reducing rates
of antibiotic resistance and complications such as Clostri-
dium difficile.

Highly sensitive multiplex nucleic acid detection tests are
now widely available in well-resourced settings and in-
creasingly used to detect respiratory viruses in both upper
and lower respiratory tract samples (see Chapter 15). Inter-
preting the results of such tests is complicated by the reality
that detection of a virus does not rule out the presence of a
coexisting bacterial infection nor represent compelling evi-
dence that antibacterial therapy is not needed.

Radiologic findings also do not reliably distinguish viral
from bacterial, or between viral causes of pneumonia (168).
Recently, a number of biomarkers have been proposed for
this purpose. The most widely used is probably the serum pro-
calcitonin test, with the presence of a high pro-calcitonin
associated with a higher likelihood of bacterial infection
(169). The C reactive protein (CRP) is also sometimes used
in the same way (170). However, there is debate whether the
sensitivity and specificity of these tests is in the range to be
able to guide decision-making for antimicrobial use (171).
Recently, the use of a combination of markers, essentially
developing a transcriptional profile of responding cells, has
been demonstrated to have better sensitivity and specificity
in this regard (172), and may pave the way for more accurate
determination of the cause of pneumonia.

Pathogenesis
The pathogenesis of viral infections of the lower respiratory
tract can be conveniently considered in terms of infections
initiated in and primarily confined to the respiratory tract,
such as with influenza or RSV; processes in which infection
is initiated in the respiratory tract with subsequent systemic
manifestations, such as in measles or varicella; and processes
where respiratory tract involvement is secondary to a sys-
temic infection, such as with cytomegalovirus. Each of these
situations may lead to what is recognized clinically as a viral
pneumonia. The general features of primary viral pneumonia
are discussed below using influenza as a model, and patho-
genesis of other forms of viral pneumonia is discussed briefly
in comparison.

In primary viral pneumonia, virus infection reaches the
lung either by contiguous spread from the upper respiratory
tract or by inhalation of small particle aerosols. Infection
initially occurs in ciliated respiratory mucosal epithelial cells
of the trachea, bronchi, and lower respiratory tract and leads
to widespread destruction of these cells. The mucosa is
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hyperemic, and the trachea and bronchi contain bloody
fluid. Tracheitis, bronchitis, and bronchiolitis are seen, with
loss of normal ciliated epithelial cells. Submucosal hyper-
emia, focal hemorrhage, edema, and cellular infiltrate are
present. The alveolar spaces contain varying numbers of
neutrophils and mononuclear cells admixed with fibrin and
edema fluid. The alveolar capillaries may be markedly hy-
peremic with intra-alveolar hemorrhage. Acellular, hyaline
membranes line many of the alveolar ducts and alveoli (see
Figure 10 in Chapter 43). Pathologic findings seen by lung
biopsy in nonfatal cases during non-pandemic situations are
similar to those described in fatal cases (173).

The pathologic changes in the lower respiratory tract
in children with viral pneumonia due to RSV and PIV are
nonspecific and include epithelial necrosis with bron-
chiolar mucus plugging and widespread inflammation and
necrosis of lung parenchyma, and severe lesions of the
bronchial and bronchiolar mucosa as well (99) (see Figures
4 and 5 in Chapter 37). In fatal cases of RSV pneumonia
in children, hemorrhagic pneumonia with peribronchial
mononuclear infiltration and cytoplasmic inclusion bodies
in epithelial cells are seen. Giant cell pneumonia with vir-
ally induced multi-nucleated syncytial cells may be seen in
RSV, PIV, or measles infections in immunocompromised
hosts.

Bacterial superinfection is a well-recognized complica-
tion of viral pneumonia and accounts for a large proportion
of the morbidity and mortality of viral lower respiratory tract
disease, especially in adults. Consequently, the spectrum of
disease and pathophysiology of bacterial superinfection has
been studied intensively, and a number of factors in viral
respiratory disease have been identified which could play a
role in increasing the risk of bacterial infection. The dis-
ruption of the normal epithelial cell barrier to infection and
loss of mucociliary clearance undoubtedly contribute the
enhancement of bacterial pathogenesis (174). In addition,
increased adherence of bacteria to virus-infected epithelial
cells has been demonstrated. Polymorphonuclear leukocytes
and mononuclear cells are susceptible to abortive infection
by some respiratory viruses with resulting decreased function
which may also contribute to enhanced bacterial infection
(175). Virus-induced impairment of repair functions has also
been proposed (176).

Infection with influenza, RSV, PIV, and adenoviruses is
usually limited to the respiratory tract by mechanisms which
are not completely clear. In contrast, respiratory tract in-
fection with measles or varicella virus leads to dissemination
and systemic manifestations. In more severe cases of vari-
cella, vesicles may be found within the tracheobronchial tree
and on pleural surfaces. Microscopic examination demon-
strates interstitial pneumonitis with edema, and intranuclear
inclusion bodies within septal cells, and peribronchiolar
inflammation.

The Hantavirus pulmonary syndrome represents an ad-
ditional example of a viral infection which involves the lung
as part of a systemic infection. The pathogenesis of HPS
involves extensive infection of endothelial cells throughout
the body, which is particularly intensive within the vascular
endothelial cells of the lung (177). Abundant viral antigen
and nucleic acid can be detected within these cells. Micro-
scopic examination of the lung reveals mild to moderate
interstitial pneumonitis with variable degrees of congestion,
edema, and mononuclear cell infiltration (see Figure 4 in
Chapter 44). The cellular infiltrate is composed of a mixture
of small and large mononuclear cells, which consist pre-
dominantly of T-lymphocytes, and macrophage/monocytes.

The picture is one of immune mediated capillary leak and
not of cell necrosis or inflammatory pneumonitis. High
levels of cytokines have been detected in the blood and
likely mediate the endothelial damage.

There are several features of CMV pneumonitis in the
transplant setting that suggest that both host and viral fac-
tors interact in pathogenesis (178). CMV pathogenicity is
enhanced in transplant recipients and frequently occurs at
the site of the transplanted organ. The risk of CMV pneu-
monitis is also highest in individuals at the highest risk for
graft versus host disease (179).

Treatment and Prevention
Therapy of viral pneumonia is dependent on the severity of
disease, the age and immune status of the host, and the
specific causative viral agent. General supportive measures,
particularly the management of hypoxia, are critically im-
portant, and some patients have required high frequency
ventilation or extracorporeal membrane oxygenation. Al-
though inflammatory responses contribute to the patho-
genesis of viral pneumonia, early corticosteroid treatment is
generally associated with worse outcomes (180–182) Since
mixed viral-bacterial infections or bacterial superinfections
are common, antibacterial agents may be required as in-
dicated by appropriate microbiologic studies.

Antiviral therapy should be guided by the results of di-
agnostic tests (Table 3). The neuraminidase inhibitors za-
namivir and oseltamivir are active against both influenza A
and B viruses (183). It should be noted that these agents
have mostly been studied in uncomplicated influenza in
healthy adults, where the main effect is in reduction of the
duration of illness. However, observational studies in hos-
pitalized patients (184, 185) have shown the mortality
benefit of early oseltamivir therapy, and surveillance data
suggesting that therapy as late as 5 days improved survival of
hospitalized patients (186). Inhaled zanamivir may be diffi-
cult to reliably and safely deliver in severe influenza, but an
intravenous formulation has been used with apparent ben-
efit, including in infections due to oseltamivir resistant A
(H1N1) viruses. The neuraminidase inhibitor peramivir has
also recently been approved for intravenous use in the
United States, although a small study did not demonstrate
benefit in hospitalized patients (187). Although the M2
inhibitors are highly effective drugs for the prophylaxis and
therapy of influenza A virus, currently circulating seasonal
influenza A viruses are uniformly resistant to these agents
(188). However, there may be a role for these drugs in
combination therapy of influenza (189), and studies to
evaluate this in humans are in progress.

The only option currently available for the other RNA
viruses is ribavirin, but there is little evidence of efficacy of
this agent for treating established viral pneumonia (see
bronchiolitis, above). In immunocompromised hosts, treat-
ment of RSV pulmonary infection associated with respira-
tory failure has not been successful. One approach that
appears promising is treatment with ribavirin, possibly in
combination with immunoglobulin, early in the illness when
URI symptoms predominate (160). Controlled trials in
parainfluenza virus infection are not available, although
anecdotal reports suggest potential efficacy (190). Limited
controlled trials have suggested that aerosolized ribavirin
may reduce the severity of symptoms in children with mea-
sles, and some immunocompromised patients with measles
pneumonia have done well following treatment with aero-
solized (167) or intravenous forms of the drug (191). Intra-
venous ribavirin is effective in the treatment of hemorrhagic
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fever with renal syndrome, but does not appear to be useful
for treatment of the hantavirus pulmonary syndrome (192).

An experimental agent that has shown some promise in
treatment of severe parainfluenza virus infection in im-
munosuppressed hematopoietic stem cell transplant recipi-
ents is the sialidase construct DAS-181 (193). The drug is
administered by inhalation, and mechanism of action is
thought to be removal of sialic acid receptors from the host
respiratory tract. Two investigational RSV antivirals, the
fusion inhibitor presatovir (GS-5806) and the polymerase
ALS-8176, have shown promising activity in experimentally
induced RSV infections in adults (194, 195) and are un-
dergoing clinical trials in serious RSV infections at present.

Acyclovir is active in vitro against herpes simplex virus
types 1 and 2 and against varicella-zoster virus, but it does
not have clinically useful activity for treatment of cytome-
galovirus or Epstein-Barr virus disease. Although controlled
clinical trials of this drug in herpes simplex pneumonia have
not been conducted, the drug has proven clinical efficacy in
other herpesvirus infections and would be indicated in any
serious HSV lower respiratory tract infection. Acyclovir is
also effective in the therapy of varicella, and intravenous
acyclovir has been effective when initiated early in the
course of varicella pneumonia (196). The related drugs
valacyclovir, famciclovir, and penciclovir are similar to
acyclovir in their spectrum of activity against herpes and
varicella viruses. Viruses resistant to the activity of these

drugs have been isolated from treated immunocompromised
patients, and may be susceptible to the antiherpes drug
phosphonoformic acid (foscarnet).

Guidelines for management of CMV disease in transplant
patients have recently been published (197, 198). Trans-
plant candidates should be screened for evidence of CMV
immunity, and CMV-seronegative recipients of transplants
from CMV-positive donors are at the highest risk of CMV
disease. One strategy for prevention of CMV disease is to
provide prophylaxis with ganciclovir or valgancyclovir dur-
ing the period of highest risk, over the first 3 to 6 months
after transplantation. Alternatively, some centers favor a
preemptive therapy approach, where patients are monitored
with serial PCR and antiviral therapy is initiated when
CMV PCR becomes positive and reaches a predefined
threshold.

Once CMV pneumonitis is established, particularly in
allogeneic bone marrow transplant patients, it can be very
difficult to treat. Ganciclovir is highly active against CMV
in vitro, and intravenous ganciclovir therapy is generally
recommended in cases of severe disease, although the orally
available drug valgancyclovir can be used in less-severe
cases. Cidofovir and foscarnet are considerations for CMV
resistant to ganciclovir. The combination of ganciclovir
therapy and intravenous CMV immune globulin or IVIG
can reduce mortality in stem cell transplant recipients (199,
200) and is generally recommended in this situation.

TABLE 3 Therapies of potential benefit in viral pneumonia

Viral Etiology Potential Therapies Comments

Respiratory
syncytial virus

Ribavirin May be considered for use in high-risk or severely ill children. Premptive use
in transplant patients.

Palivizumab (Synagis) Effective prevention of RSV bronchiolitis/pneumonia in high-risk premature infants
who lack maternal antibody.

Parainfluenza
virus

DAS-181 Case reports of efficacy in hematologic transplant, investigational, may be available
for compassionate use.

Ribavirin Case reports of efficacy of IV or oral ribavirin in parainfluenza virus infection, aerosolized
ribavirin not recommended. Addition of IVIG may be helpful.

Influenza virus Neuraminidase inhibitors
Oseltamivir (oral)
Zanamivir (intravenous)
Peramivir (intravenous)

Timely oseltamivir therapy associated with reduced rates of pneumonia development
and mortality in hospitalized patients. Indicated for severe or progressive disease
and in high-risk patients. IV zanamivir is active against most oseltamivir-resistant
variants. IV peramivir also available.

Measles virus Ribavirin Aerosolized or IV ribavirin may shorten the duration of illness in children with measles.
Use in measles pneumonia is unproved.

IVIG IVIG may decrease risk of measles when administered to susceptible individuals,
and may decrease symptoms in those infected.

Adenovirus Cidofovir, brincidofovir Cidofovir is active in vitro and multiple case reports suggest efficacy. Brincidofovir
has less renal toxicity; recent clinical trial suggests efficacy against adenovirus
pneumonia in transplant patients.

Herpes
simplex virus

Acyclovir (Valacyclovir,
Famciclovir)

Controlled trials have demonstrated efficacy of acyclovir in a variety of HSV diseases.
Cross resistance between agents.

Foscarnet, cidofovir May be useful for treatment of herpes viruses resistant to acyclovir.
Varicella-
zoster virus

Acyclovir (Valacyclovir,
Famciclovir)

Demonstrated efficacy of IV acyclovir in varicella and in varicella pneumonia, must
use relatively high doses.

Foscarnet May be useful for management of acyclovir-resistant cases.
Cytomegalovirus Ganciclovir Clinical efficacy in CMV pneumonitis in AIDS and solid-organ transplantation.

In bone marrow transplant patients, efficacious when combined with IVIG.
Foscarnet, cidofovir Predominant use in gancyclovir-resistance or in individuals who cannot tolerate

gancyclovir due to hematological toxicity.

Note: Listing of potential therapies only, not to be considered a recommendation for use. Please see pathogen-specific chapters and Chapter 14 on antivirals for
respiratory viruses for more detailed treatment recommendations.
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Antiviral treatment of proven value for adenovirus in-
fection is not available. Cidofovir is active against adenovirus
in vitro, and there are several case reports or case series of
successful therapy of adenovirus infection in immunocom-
promised patients with cidofovir (201, 202). However, ci-
dofovir has substantial renal toxicity, which limits its utility
in this application. A newly derived series of lipid ester de-
rivatives of cidofovir are orally bioavailable and have less
renal toxicity. One of these agents, brincidofovir, has shown
preliminary evidence of efficacy against adenovirus in-
fections in bone marrow transplant recipients (203–205).

Although recent years have witnessed a significant in-
crease in the spectrum and potency of available antiviral
agents, drug therapy of viral pneumonia remains burdened by
the toxicity of drugs, the development of antiviral resistance,
and the complex pathogenesis of many viral syndromes in
which viral replication is only part of the disease process.
Vaccines of variable effectiveness currently exist for influ-
enza, measles, and varicella virus. Development of additional
effective vaccines for the viral pathogens causing pneumonia
will contribute to the control of this important problem.

REFERENCES
1. National Center for Health Statistics. 1994. Current estimates

from the National Health Interview survey, 1992. DHHS Pub-
lication No (PHS) 94-1517 Department of Health and Human
Services, Hyattsville, MD.

2. Monto AS, Sullivan KM. 1993. Acute respiratory illness in
the community. Frequency of illness and the agents involved.
Epidemiol Infect 110:145–160.

3. Lambert SB, Allen KM, Druce JD, Birch CJ, Mackay IM,
Carlin JB, Carapetis JR, Sloots TP, Nissen MD, Nolan TM.
2007. Community epidemiology of human metapneumovirus,
human coronavirus NL63, and other respiratory viruses in
healthy preschool-aged children using parent-collected speci-
mens. Pediatrics 120:e929–e937.

4. Berman S. 1991. Epidemiology of acute respiratory infections
in children of developing countries. Rev Infect Dis 13(Suppl
6):S454–S462.

5. Legend A, Briand S, Shindo N, Brooks WA, de Jong MD,
Farrar J, et al. 2013. Addressing the public health burden of
respiratory viruses: the Battle against Respiratory Viruses
(BRaVe) Initiative. Future Virology. 8:953–968.

6. Falsey AR, McCann RM, Hall WJ, Criddle MM, Formica
MA,Wycoff D, Kolassa JE. 1997. The “common cold” in frail
older persons: impact of rhinovirus and coronavirus in a senior
daycare center. J Am Geriatr Soc 45:706–711.

7. Gwaltney JM Jr, Hendley JO, Simon G, Jordan WS Jr. 1966.
Rhinovirus infections in an industrial population. I. The oc-
currence of illness. N Engl J Med 275:1261–1268.

8. Arruda E, Pitkäranta A, Witek TJJ Jr, Doyle CA, Hayden
FG. 1997. Frequency and natural history of rhinovirus in-
fections in adults during autumn. J Clin Microbiol 35:2864–
2868.

9. Thompson M, Vodicka TA, Blair PS, Buckley DI, Hene-
ghan C, Hay AD, TARGET Programme Team. 2013. Du-
ration of symptoms of respiratory tract infections in children:
systematic review. BMJ 347:f7027.

10. Elkhatieb A, Hipskind G, Woerner D, Hayden FG. 1993.
Middle ear abnormalities during natural rhinovirus colds in
adults. J Infect Dis 168:618–621.

11. Buchman CA, Doyle WJ, Skoner DP, Post JC, Alper CM,
Seroky JT, Anderson K, Preston RA, Hayden FG, Fireman
P, Ehrlich GD. 1995. Influenza A virus—induced acute otitis
media. J Infect Dis 172:1348–1351.

12. Dingle JH, Badger GF, Jordan WS, Jr. 1964. Illness in the
Home: Study of 25,000 Illnesses in a Group of Cleveland Families.
Press of Case Western University, Cleveland.

13. Henderson FW, Collier AM, Sanyal MA, Watkins JM,
Fairclough DL, Clyde WA Jr, Denny FW. 1982. A longi-
tudinal study of respiratory viruses and bacteria in the etiology
of acute otitis media with effusion. N Engl J Med 306:1377–
1383.

14. Pitkäranta A, Virolainen A, Jero J, Arruda E, Hayden
FG. 1998. Detection of rhinovirus, respiratory syncytial virus,
and coronavirus infections in acute otitis media by reverse
transcriptase polymerase chain reaction. Pediatrics 102:291–
295.

15. Gwaltney JM Jr, Phillips CD, Miller RD, Riker DK. 1994.
Computed tomographic study of the common cold. N Engl J
Med 330:25–30.

16. Turner BW, Cail WS, Hendley JO, Hayden FG, Doyle WJ,
Sorrentino JV, Gwaltney JM Jr. 1992. Physiologic abnor-
malities in the paranasal sinuses during experimental rhino-
virus colds. J Allergy Clin Immunol 90:474–478.

17. Friedlander SL, Busse WW. 2005. The role of rhinovirus in
asthma exacerbations. J Allergy Clin Immunol 116:267–273.

18. Wilkinson TM, Hurst JR, Perera WR, Wilks M, Donaldson
GC, Wedzicha JA. 2006. Effect of interactions between lower
airway bacterial and rhinoviral infection in exacerbations of
COPD. Chest 129:317–324.

19. Mallia P, Johnston SL. 2006. How viral infections cause ex-
acerbation of airway diseases. Chest 130:1203–1210.

20. Arruda E, Boyle TR, Winther B, Pevear DC, Gwaltney JM
Jr, Hayden FG. 1995. Localization of human rhinovirus rep-
lication in the upper respiratory tract by in situ hybridization. J
Infect Dis 171:1329–1333.

21. Rautiainen M, Nuutinen J, Kiukaanniemi H, Collan Y.
1992. Ultrastructural changes in human nasal cilia caused by
the common cold and recovery of ciliated epithelium. Ann
Otol Rhinol Laryngol 101:982–987.

22. Fraenkel DJ, Bardin PG, Sanderson G, Lampe F, Johnston
SL, Holgate ST. 1994. Immunohistochemical analysis of nasal
biopsies during rhinovirus experimental colds. Am J Respir Crit
Care Med 150:1130–1136.

23. Turner RB, Wecker MT, Pohl G, Witek TJ, McNally E, St
George R, Winther B, Hayden FG. 1999. Efficacy of trem-
acamra, a soluble intercellular adhesion molecule 1, for ex-
perimental rhinovirus infection: a randomized clinical trial.
JAMA 281:1797–1804.

24. Mosser AG, Vrtis R, Burchell L, Lee WM, Dick CR,
Weisshaar E, Bock D, Swenson CA, Cornwell RD, Meyer
KC, Jarjour NN, Busse WW, Gern JE. 2005. Quantitative
and qualitative analysis of rhinovirus infection in bronchial
tissues. Am J Respir Crit Care Med 171:645–651.

25. Igarashi Y, Skoner DP, Doyle WJ, White MV, Fireman P,
Kaliner MA. 1993. Analysis of nasal secretions during ex-
perimental rhinovirus upper respiratory infections. J Allergy
Clin Immunol 92:722–731.

26. Naclerio RM, Proud D, Lichtenstein LM, Kagey-Sobotka A,
Hendley JO, Sorrentino J, Gwaltney JM. 1988. Kinins are
generated during experimental rhinovirus colds. J Infect Dis
157:133–142.

27. Proud D, Reynolds CJ, Lacapra S, Kagey-Sobotka A, Lich-
tenstein LM, Naclerio RM. 1988. Nasal provocation with
bradykinin induces symptoms of rhinitis and a sore throat. Am
Rev Respir Dis 137:613–616.

28. Gaffey MJ, Gwaltney JM Jr, Sastre A, Dressler WE,
Sorrentino JV, Hayden FG. 1987. Intranasally and orally
administered antihistamine treatment of experimental rhino-
virus colds. Am Rev Respir Dis 136:556–560.

29. Doyle WJ, Casselbrant ML, Li-Korotky HS, Doyle AP, Lo
CY, Turner R, Cohen S. 2010. The interleukin 6 -174 C/C
genotype predicts greater rhinovirus illness. J Infect Dis 201:
199–206.

30. Rees GL, Eccles R. 1994. Sore throat following nasal and
oropharyngeal bradykinin challenge. Acta Otolaryngol 114:
311–314.

31. Okamoto Y, Kudo K, Ishikawa K, Ito E, Togawa K, Saito I,
Moro I, Patel JA, Ogra PL. 1993. Presence of respiratory
syncytial virus genomic sequences in middle ear fluid and its

24 - VIRAL SYNDROMES AND GENERAL PRINCIPLES



relationship to expression of cytokines and cell adhesion
molecules. J Infect Dis 168:1277–1281.

32. Gwaltney JM Jr, Druce HM. 1997. Efficacy of bromphenir-
amine maleate for the treatment of rhinovirus colds.Clin Infect
Dis 25:1188–1194.

33. Turner RB, Sperber SJ, Sorrentino JV, O’Connor RR,
Rogers J, Batouli AR, Gwaltney JM Jr. 1997. Effectiveness of
clemastine fumarate for treatment of rhinorrhea and sneezing
associated with the common cold. Clin Infect Dis 25:824–830.

34. Taverner D, Danz C, Economos D. 1999. The effects of oral
pseudoephedrine on nasal patency in the common cold: a
double-blind single-dose placebo-controlled trial. Clin Oto-
laryngol Allied Sci 24:47–51.

35. Jawad SS, Eccles R. 1998. Effect of pseudoephedrine on nasal
airflow in patients with nasal congestion associated with
common cold. Rhinology 36:73–76.

36. Sperber SJ, Hendley JO, Hayden FG, Riker DK, Sorrentino
JV, Gwaltney JM Jr. 1992. Effects of naproxen on ex-
perimental rhinovirus colds. A randomized, double-blind,
controlled trial. Ann Intern Med 117:37–41.

37. Doyle WJ, Riker DK, McBride TP, Hayden FG, Hendley
JO, Swarts JD, Gwaltney JM. 1993. Therapeutic effects of an
anticholinergic-sympathomimetic combination in induced
rhinovirus colds. Ann Otol Rhinol Laryngol 102:521–527.

38. Kernan WN, Viscoli CM, Brass LM, Broderick JP, Brott T,
Feldmann E, Morgenstern LB, Wilterdink JL, Horwitz RI.
2000. Phenylpropanolamine and the risk of hemorrhagic
stroke. N Engl J Med 343:1826–1832.

39. Yoon BW, Bae HJ, Hong KS, Lee SM, Park BJ, Yu KH, Han
MK, Lee YS, Chung DK, Park JM, Jeong SW, Lee BC, Cho
KH, Kim JS, Lee SH, Yoo KM, Acute Brain Bleeding
Analysis (ABBA) Study Investigators. 2007. Phenyl-
propanolamine contained in cold remedies and risk of hem-
orrhagic stroke. Neurology 68:146–149.

40. Diamond L, Dockhorn RJ, Grossman J, Kisicki JC, Posner
M, Zinny MA, Koker P, Korts D, Wecker MT. 1995. A dose-
response study of the efficacy and safety of ipratropium bromide
nasal spray in the treatment of the common cold. J Allergy Clin
Immunol 95:1139–1146.

41. Barrett B, Brown R, Rakel D, Mundt M, Bone K, Barlow S,
Ewers T. 2010. Echinacea for treating the common cold: a
randomized trial. Ann Intern Med 153:769–777.

42. Karsch-Völk M, Barrett B, Linde K. 2015. Echinacea for pre-
venting and treating the common cold. JAMA 313:618–619.

43. Science M, Johnstone J, Roth DE, Guyatt G, Loeb M. 2012.
Zinc for the treatment of the common cold: a systematic re-
view and meta-analysis of randomized controlled trials. CMAJ
184:E551–E561.

44. Huovinen P, Lahtonen R, Ziegler T, Meurman O, Hakkar-
ainen K, Miettinen A, Arstila P, Eskola J, Saikku P. 1989.
Pharyngitis in adults: the presence and coexistence of viruses
and bacterial organisms. Ann Intern Med 110:612–616.

45. Luzuriaga K, Sullivan JL. 2010. Infectious mononucleosis. N
Engl J Med 362:1993–2000.

46. Attia M, Zaoutis T, Eppes S, Klein J, Meier F. 1999. Multi-
variate predictive models for group A beta-hemolytic strep-
tococcal pharyngitis in children. Acad Emerg Med 6:8–13.

47. Centor RM, Atkinson TP, Ratliff AE, Xiao L, Crabb DM,
Estrada CA, Faircloth MB, Oestreich L, Hatchett J, Khalife
W, Waites KB. 2015. The clinical presentation of Fuso-
bacterium-positive and streptococcal-positive pharyngitis in a
university health clinic: a cross-sectional study. Ann Intern
Med 162:241–247.

48. Lean WL, Arnup S, Danchin M, Steer AC. 2014. Rapid
diagnostic tests for group A streptococcal pharyngitis: a meta-
analysis. Pediatrics 134:771–781.

49. Spink A, Glasziou PP, Del Mar CB. 2013. Antibiotics for sore
throat. Cochrane Database of Systematic Reviews ID CD000023.

50. McIsaac WJ, Kellner JD, Aufricht P, Vanjaka A, Low DE.
2004. Empirical validation of guidelines for the management
of pharyngitis in children and adults. JAMA 291:1587–1595.

51. Foy HM, Cooney MK, Maletzky AJ, Grayston JT. 1973.
Incidence and etiology of pneumonia, croup and bronchiolitis

in preschool children belonging to a prepaid medical care
group over a four-year period. Am J Epidemiol 97:80–92.

52. Denny FW, Murphy TF, Clyde WAJ Jr, Collier AM, Hen-
derson FW. 1983. Croup: an 11-year study in a pediatric
practice. Pediatrics 71:871–876.

53. van der Hoek L, Sure K, Ihorst G, Stang A, Pyrc K, Jebbink
MF, Petersen G, Forster J, Berkhout B, Uberla K. 2005.
Croup is associated with the novel coronavirus NL63. PLoS
Med 2:e240.

54. Ross LA, Mason WH, Lanson J, Deakers TW, Newth CJL.
1992. Laryngotracheobronchitis as a complication of measles
during an urban epidemic. J Pediatr 121:511–515.

55. Kim HW, Brandt CD, Arrobio JO, Murphy B, Chanock
RM, Parrott RH. 1979. Influenza A and B virus infection in
infants and young children during the years 1957–1976. Am J
Epidemiol 109:464–479.

56. Mayo-Smith MF, Spinale JW, Donskey CJ, Yukawa M, Li
RH, Schiffman FJ. 1995. Acute epiglottitis. An 18-year ex-
perience in Rhode Island. Chest 108:1640–1647.

57. Hall CB, Geiman JM, Breese BB, Douglas RG Jr. 1977.
Parainfluenza viral infections in children: correlation of
shedding with clinical manifestations. J Pediatr 91:194–198.

58. Hall CB, McBride JT. 2000. Acute Laryngotracheo-
bronchitis, p 663–669. In Mandell GL, Bennet JE, Dolin R
(ed), Principles and Practice of Infectious Diseases. Churchill
Livingstone, Philadelphia.

59. Lang SA, Duncan PG, Shephard DA, Ha HC. 1990. Pul-
monary oedema associated with airway obstruction. Can J
Anaesth 37:210–218.

60. Super DM, Cartelli NA, Brooks LJ, Lembo RM, Kumar ML.
1989. A prospective randomized double-blind study to eval-
uate the effect of dexamethasone in acute laryngotracheitis.
J Pediatr 115:323–329.

61. Geelhoed GC, Macdonald WB. 1995. Oral dexamethasone in
the treatment of croup: 0.15 mg/kg versus 0.3 mg/kg versus 0.6
mg/kg. Pediatr Pulmonol 20:362–368.

62. Husby S, Agertoft L, Mortensen S, Pedersen S. 1993. Treat-
ment of croup with nebulised steroid (budesonide): a double
blind, placebo controlled study. Arch Dis Child 68:352–355.

63. Klassen TP, Feldman ME, Watters LK, Sutcliffe T, Rowe
PC. 1994. Nebulized budesonide for children with mild-to-
moderate croup. N Engl J Med 331:285–289.

64. Johnson DW, Jacobson S, Edney PC, Hadfield P, Mundy
ME, Schuh S. 1998. A comparison of nebulized budesonide,
intramuscular dexamethasone, and placebo for moderately
severe croup. N Engl J Med 339:498–503.

65. Bjornson CL, Klassen TP, Williamson J, Brant R, Mitton C,
Plint A, Bulloch B, Evered L, Johnson DW, Pediatric
Emergency Research Canada Network. 2004. A randomized
trial of a single dose of oral dexamethasone for mild croup. N
Engl J Med 351:1306–1313.

66. Skolnik NS. 1989. Treatment of croup. A critical review.Am J
Dis Child 143:1045–1049.

67. Fogel JM, Berg IJ, Gerber MA, Sherter CB. 1982. Racemic
epinephrine in the treatment of croup: nebulization alone
versus nebulization with intermittent positive pressure breath-
ing. J Pediatr 101:1028–1031.

68. Westley CR, Cotton EK, Brooks JG. 1978. Nebulized race-
mic epidnephrine by IPPB for the treatment of croup.Am J Dis
Child 132:484–487.

69. Cherry JD. 2008. Clinical practice. Croup. N Engl J Med
358:384–391.

70. Pitluk JD, Uman H, Safranek S. 2011. Clinical inquiries.
What’s best for croup? J Fam Pract 60:680–681.

71. Wohl MEB, Chernick V. 1978. State of the art: bronchiolitis.
Am Rev Respir Dis 118:759–781.

72. Hall CB, Hall WJ, Speers DM. 1979. Clinical and phys-
iological manifestations of bronchiolitis and pneumonia.
Outcome of respiratory syncytial virus. Am J Dis Child 133:
798–802.

73. Khamapirad T, Glezen WP. 1987. Clinical and radiographic
assessment of acute lower respiratory tract disease in infants
and children. Semin Respir Infect 2:130–144.

2. Respiratory Infections - 25



74. Friis B, Eiken M, Hornsleth A, Jensen A. 1990. Chest X-ray
appearances in pneumonia and bronchiolitis. Correlation to
virological diagnosis and secretory bacterial findings. Acta
Paediatr Scand 79:219–225.

75. Dawson KP, Long A, Kennedy J, Mogridge N. 1990. The
chest radiograph in acute bronchiolitis. J Paediatr Child Health
26:209–211.

76. Gozal D, Colin AA, Jaffe M, Hochberg Z. 1990. Water,
electrolyte, and endocrine homeostasis in infants with bron-
chiolitis. Pediatr Res 27:204–209.

77. van Steensel-Moll HA, Hazelzet JA, van der Voort E, Nei-
jens HJ, Hackeng WHL. 1990. Excessive secretion of anti-
diuretic hormone in infections with respiratory syncytial virus.
Arch Dis Child 65:1237–1239.

78. Pahl E, Gidding SS. 1988. Echocardiographic assessment of
cardiac function during respiratory syncytial virus infection.
Pediatrics 81:830–834.

79. Parrott RH, Kim HW, Arrobio JO, Hodes DS, Murphy BR,
Brandt CD, Camargo E, Chanock RM. 1973. Epidemiology
of respiratory syncytial virus infection in Washington, D.C. II.
Infection and disease with respect to age, immunologic status,
race and sex. Am J Epidemiol 98:289–300.

80. Kim HW, Arrobio JO, Brandt CD, Jeffries BC, Pyles G,
Reid JL, Chanock RM, Parrott RH. 1973. Epidemiology of
respiratory syncytial virus infection in Washington, D.C. I.
Importance of the virus in different respiratory tract disease
syndromes and temporal distribution of infection. Am J Epi-
demiol 98:216–225.

81. Henderson FW, Clyde WA Jr, Collier AM, Denny FW, Se-
nior RJ, Sheaffer CI, Conley WG III, Christian RM. 1979.
The etiologic and epidemiologic spectrum of bronchiolitis in
pediatric practice. J Pediatr 95:183–190.

82. Glezen WP, Taber LH, Frank AL, Kasel JA. 1986. Risk of
primary infection and reinfection with respiratory syncytial
virus. Am J Dis Child 140:543–546.

83. MacDonald NE, Hall CB, Suffin SC, Alexson C, Harris PJ,
Manning JA. 1982. Respiratory syncytial viral infection in
infants with congenital heart disease. N Engl J Med 307:397–
400.

84. Hall CB, Powell KR, MacDonald NE, Gala CL, Menegus
ME, Suffin SC, Cohen HJ. 1986. Respiratory syncytial viral
infection in children with compromised immune function. N
Engl J Med 315:77–81.

85. Lebel MH, Gauthier M, Lacroix J, Rousseau E, Buithieu M.
1989. Respiratory failure and mechanical ventilation in severe
bronchiolitis. Arch Dis Child 64:1431–1437.

86. McConnochie KM, Roghmann KJ. 1986. Parental smoking,
presence of older siblings, and family history of asthma increase
risk of bronchiolitis. Am J Dis Child 140:806–812.

87. Wright AL, Taussig LM, Ray CG, Harrison HR, Holberg
CJ. 1989. The Tucson Children’s Respiratory Study. II. Lower
respiratory tract illness in the first year of life. Am J Epidemiol
129:1232–1246.

88. García CG, Bhore R, Soriano-Fallas A, Trost M, Chason R,
Ramilo O, Mejias A. 2010. Risk factors in children hospi-
talized with RSV bronchiolitis versus non-RSV bronchiolitis.
Pediatrics 126:e1453–e1460.

89. Hasegawa K, Jartti T, Mansbach JM, Laham FR, Jewell AM,
Espinola JA, Piedra PA, Camargo CA Jr. 2015. Respiratory
syncytial virus genomic load and disease severity among chil-
dren hospitalized with bronchiolitis: multicenter cohort stud-
ies in the United States and Finland. J Infect Dis 211:1550–
1559.

90. van den Hoogen BG, de Jong JC, Groen J, Kuiken T, de
Groot R, Fouchier RA, Osterhaus AD. 2001. A newly dis-
covered human pneumovirus isolated from young children
with respiratory tract disease. Nat Med 7:719–724.

91. Williams JV, Harris PA, Tollefson SJ, Halburnt-Rush LL,
Pingsterhaus JM, Edwards KM, Wright PF, Crowe JE Jr.
2004. Human metapneumovirus and lower respiratory tract
disease in otherwise healthy infants and children.NEngl J Med
350:443–450.

92. Edwards KM, Zhu Y, Griffin MR, Weinberg GA, Hall CB,
Szilagyi PG, Staat MA, Iwane M, Prill MM, Williams JV,
New Vaccine Surveillance Network. 2013. Burden of human
metapneumovirus infection in young children. N Engl J Med
368:633–643.

93. Chidekel AS, Bazzy AR, Rosen CL. 1994. Rhinovirus in-
fection associated with severe lower respiratory tract illness
and worsening lung disease in infants with bronchopulmonary
dysplasia. Pediatr Pulmonol 18:261–263.

94. Becroft DMO. 1971. Bronchiolitis obliterans, bronchiectasis,
and other sequelae of adenovirus type 21 infection in young
children. J Clin Pathol 24:72–82.

95. Esper F, Weibel C, Ferguson D, Landry ML, Kahn JS. 2005.
Evidence of a novel human coronavirus that is associated with
respiratory tract disease in infants and young children. J Infect
Dis 191:492–498.

96. Midulla F, Scagnolari C, Bonci E, Pierangeli A, Antonelli G,
De Angelis D, Berardi R, Moretti C. 2010. Respiratory syn-
cytial virus, human bocavirus and rhinovirus bronchiolitis in
infants. Arch Dis Child 95:35–41.

97. Waner JL, Whitehurst NJ, Todd SJ, Shalaby H, Wall LV.
1990. Comparison of directigen RSV with viral isolation and
direct immunofluorescence for the identification of respiratory
syncytial virus. J Clin Microbiol 28:480–483.

98. Barnes SD, Leclair JM, Forman MS, Townsend TR,
Laughlin GM, Charache P. 1989. Comparison of nasal brush
and nasopharyngeal aspirate techniques in obtaining speci-
mens for detection of respiratory syncytial viral antigen by
immunofluorescence. Pediatr Infect Dis J 8:598–601.

99. Aherne W, Bird T, Court SDM, Gardner PS, McQuillin J.
1970. Pathological changes in virus infections of the lower
respiratory tract in children. J Clin Pathol 23:7–18.

100. LeSouëf PN, Geelhoed GC, Turner DJ, Morgan SE, Landau
LI. 1989. Response of normal infants to inhaled histamine.
Am Rev Respir Dis 139:62–66.

101. van Schaik SM, Welliver RC, Kimpen JLL. 2000. Novel
pathways in the pathogenesis of respiratory syncytial virus
disease. Pediatr Pulmonol 30:131–138.

102. Larsen GL, Colasurdo GN. 1999. Neural control mechanisms
within airways: disruption by respiratory syncytial virus. J Pe-
diatr 135:21–27.

103. Miyairi I, DeVincenzo JP. 2008. Human genetic factors and
respiratory syncytial virus disease severity. Clin Microbiol Rev
21:686–703.

104. Stein RT, Sherrill D, Morgan WJ, Holberg CJ, Halonen M,
Taussig LM, Wright AL, Martinez FD. 1999. Respiratory
syncytial virus in early life and risk of wheeze and allergy by age
13 years. Lancet 354:541–545.

105. Poorisrisak P, Halkjaer LB, Thomsen SF, Stensballe LG,
Kyvik KO, Skytthe A, Schioetz PO, Bisgaard H. 2010.
Causal direction between respiratory syncytial virus bron-
chiolitis and asthma studied in monozygotic twins. Chest
138:338–344.

106. Miller EK, Williams JV, Gebretsadik T, Carroll KN, Dupont
WD, Mohamed YA, Morin LL, Heil L, Minton PA, Wood-
ward K, Liu Z, Hartert TV. 2011. Host and viral factors
associated with severity of human rhinovirus-associated infant
respiratory tract illness. J Allergy Clin Immunol 127:883–891.

107. Carroll KN, Gebretsadik T, Minton P, Woodward K, Liu Z,
Miller EK, Williams JV, Dupont WD, Hartert TV. 2012.
Influence of maternal asthma on the cause and severity of
infant acute respiratory tract infections. J Allergy Clin Immunol
129:1236–1242.

108. Ralston SL, Lieberthal AS, Meissner HC, Alverson BK,
Baley JE, Gadomski AM, Johnson DW, Light MJ, Maraqa
NF, Mendonca EA, Phelan KJ, Zorc JJ, Stanko-Lopp D,
Brown MA, Nathanson I, Rosenblum E, Sayles S III, Her-
nandez-Cancio S, American Academy of Pediatrics. 2014.
Clinical practice guideline: the diagnosis, management, and
prevention of bronchiolitis. Pediatrics 134:e1474–e1502.

109. Wu S, Baker C, Lang ME, Schrager SM, Liley FF, Papa C,
Mira V, Balkian A, Mason WH. 2014. Nebulized hypertonic

26 - VIRAL SYNDROMES AND GENERAL PRINCIPLES



saline for bronchiolitis: a randomized clinical trial. JAMA
Pediatr 168:657–663.

110. Sinha IP, McBride AK, Smith R, Fernandes RM. 2015.
CPAP and high-flow nasal cannula oxygen in bronchiolitis.
Chest 148:810–823.

111. Wainwright C, Altamirano L, Cheney M, Cheney J, Barber
S, Price D, Moloney S, Kimberley A, Woolfield N, Cadzow
S, Fiumara F, Wilson P, Mego S, VandeVelde D, Sanders S,
O’Rourke P, Francis P. 2003. A multicenter, randomized,
double-blind, controlled trial of nebulized epinephrine in in-
fants with acute bronchiolitis. N Engl J Med 349:27–35.

112. Corneli HM, Zorc JJ, Mahajan P, Shaw KN, Holubkov R,
Reeves SD, Ruddy RM, Malik B, Nelson KA, Bregstein JS,
Brown KM, Denenberg MN, Lillis KA, Cimpello LB, Tsung
JW, Borgialli DA, Baskin MN, Teshome G, Goldstein MA,
Monroe D, Dean JM, Kuppermann N, Bronchiolitis Study
Group of the Pediatric Emergency Care Applied Research
Network (PECARN). 2007. A multicenter, randomized,
controlled trial of dexamethasone for bronchiolitis. N Engl J
Med 357:331–339.

113. Pinto LA, Pitrez PM, Luisi F, de Mello PP, Gerhardt M,
Ferlini R, Barbosa DC, Daros I, Jones MH, Stein RT,
Marostica PJ. 2012. Azithromycin therapy in hospitalized
infants with acute bronchiolitis is not associated with better
clinical outcomes: a randomized, double-blinded, and placebo-
controlled clinical trial. J Pediatr 161:1104–1108.

114. IMpactRSVStudyGroup. 1998. Palivizumab, a humanized
respiratory syncytial virus monoclonal antibody, reduces hos-
pitalization from respiratory syncytial virus infection in high-
risk infants. Pediatrics 102:531–537.

115. American Academy of Pediatrics Committee on Infectious
DiseasesAmerican Academy of Pediatrics Bronchiolitis
Guidelines Committee. 2014. Updated guidance for pal-
ivizumab prophylaxis among infants and young children at
increased risk of hospitalization for respiratory syncytial virus
infection. Pediatrics 134:415–420.

116. Fulginiti VA, Eller JJ, Sieber OF, Joyner JW, Minamitani M,
Meiklejohn G. 1969. Respiratory virus immunization. I. A
field trial of two inactivated respiratory virus vaccines; an
aqueous trivalent parainfluenza virus vaccine and an alum-
precipitated respiratory syncytial virus vaccine. Am J Epidemiol
89:435–448.

117. Sherry MK, Klainer AS, Wolff M, Gerhard H. 1988. Her-
petic tracheobronchitis. Ann Intern Med 109:229–233.

118. Gonzales R, Sande MA. 2000. Uncomplicated acute bron-
chitis. Ann Intern Med 133:981–991.

119. Wenzel RP, Fowler AA III. 2006. Clinical practice. Acute
bronchitis. N Engl J Med 355:2125–2130.

120. Bhat N, Wright JG, Broder KR, Murray EL, Greenberg ME,
Glover MJ, Likos AM, Posey DL, Klimov A, Lindstrom SE,
Balish A, Medina MJ, Wallis TR, Guarner J, Paddock CD,
Shieh WJ, Zaki SR, Sejvar JJ, Shay DK, Harper SA, Cox
NJ, Fukuda K, Uyeki TM, Influenza Special Investigations
Team. 2005. Influenza-associated deaths among children in
the United States, 2003–2004. N Engl J Med 353:2559–2567.

121. Louie JK, Acosta M, Samuel MC, Schechter R, Vugia DJ,
Harriman K, Matyas BT, California Pandemic (H1N1)
Working Group. 2011. A novel risk factor for a novel virus:
obesity and 2009 pandemic influenza A (H1N1). Clin Infect
Dis 52:301–312.

122. Kwong JC, Campitelli MA, Rosella LC. 2011. Obesity and
respiratory hospitalizations during influenza seasons in On-
tario, Canada: a cohort study. Clin Infect Dis 53:413–421.

123. Siston AM, Rasmussen SA, Honein MA, Fry AM, Seib K,
Callaghan WM, Louie J, Doyle TJ, Crockett M, Lynfield R,
Moore Z, Wiedeman C, Anand M, Tabony L, Nielsen CF,
Waller K, Page S, Thompson JM, Avery C, Springs CB,
Jones T, Williams JL, Newsome K, Finelli L, Jamieson DJ,
Pandemic H1N1 Influenza in Pregnancy Working Group.
2010. Pandemic 2009 influenza A(H1N1) virus illness among
pregnant women in the United States. JAMA 303:1517–1525.

124. Louie JK, Acosta M, Jamieson DJ, Honein MA, California
Pandemic (H1N1) Working Group. 2010. Severe 2009

H1N1 influenza in pregnant and postpartum women in Cal-
ifornia. N Engl J Med 362:27–35.

125. Neuzil KM, Reed GW, Mitchel EF, Simonsen L, Griffin MR.
1998. Impact of influenza on acute cardiopulmonary hospi-
talizations in pregnant women. Am J Epidemiol 148:1094–
1102.

126. Louria DB, Blumenfeld HL, Ellis JT, Kilbourne ED, Rogers
DE. 1959. Studies on influenza in the pandemic of 1957–
1958. II. Pulmonary complications of influenza. J Clin Invest
38:213–265.

127. Schwarzmann SW, Adler JL, Sullivan RJ Jr, Marine WM.
1971. Bacterial pneumonia during the Hong Kong influenza
epidemic of 1968–1969. Arch Intern Med 127:1037–1041.

128. Ruuskanen O, Lahti E, Jennings LC, Murdoch DR. 2011.
Viral pneumonia. Lancet 377:1264–1275.

129. Gadsby NJ, Russell CD, McHugh MP, Mark H, Conway
Morris A, Laurenson IF, Hill AT, Templeton KE. 2016.
Comprehensive molecular testing for respiratory pathogens in
community-acquired pneumonia. Clin Infect Dis 62:817–823.

130. Jain S, Self WH, Wunderink RG, Fakhran S, Balk R,
Bramley AM, Reed C, Grijalva CG, Anderson EJ, Courtney
DM, Chappell JD, Qi C, Hart EM, Carroll F, Trabue C,
Donnelly HK, Williams DJ, Zhu Y, Arnold SR, Ampofo K,
Waterer GW, Levine M, Lindstrom S, Winchell JM, Katz
JM, Erdman D, Schneider E, Hicks LA, McCullers JA,
Pavia AT, Edwards KM, Finelli L, CDC EPIC Study Team.
2015. Community-acquired pneumonia requiring hospital-
ization among US adults. N Engl J Med 373:415–427.

131. Karhu J, Ala-Kokko TI, Vuorinen T, Ohtonen P, Syrjälä H.
2014. Lower respiratory tract virus findings in mechanically
ventilated patients with severe community-acquired pneu-
monia. Clin Infect Dis 59:62–70.

132. Sangil A, Calbo E, Robles A, Benet S, Viladot ME, Pascual
V, Cuchí E, Pérez J, Barreiro B, Sánchez B, Torres J, Canales
L, De Marcos JA, Garau J. 2012. Aetiology of community-
acquired pneumonia among adults in an H1N1 pandemic year:
the role of respiratory viruses. Eur J Clin Microbiol Infect Dis
31:2765–2772.

133. Choi SH, Hong SB, Ko GB, Lee Y, Park HJ, Park SY, Moon
SM, Cho OH, Park KH, Chong YP, Kim SH, Huh JW, Sung
H, Do KH, Lee SO, Kim MN, Jeong JY, Lim CM, Kim YS,
Woo JH, Koh Y. 2012. Viral infection in patients with severe
pneumonia requiring intensive care unit admission. Am J Re-
spir Crit Care Med 186:325–332.

134. Garbino J, Soccal PM, Aubert J-D, Rochat T, Meylan P,
Thomas Y, Tapparel C, Bridevaux PO, Kaiser L. 2009.
Respiratory viruses in bronchoalveolar lavage: a hospital-based
cohort study in adults. Thorax 64:399–404.

135. Klinger JR, Sanchez MP, Curtin LA, Durkin M, Matyas B.
1998. Multiple cases of life-threatening adenovirus pneumonia
in a mental health care center. Am J Respir Crit Care Med
157:645–649.

136. Louie JK, Kajon AE, Holodniy M, Guardia-LaBar L, Lee B,
Petru AM, Hacker JK, Schnurr DP. 2008. Severe pneumonia
due to adenovirus serotype 14: a new respiratory threat? Clin
Infect Dis 46:421–425.

137. Hall WJ, Hall CB, Speers DM. 1978. Respiratory syncytial
virus infection in adults: clinical, virologic, and serial pulmo-
nary function studies. Ann Intern Med 88:203–205.

138. Zaroukian MH, Leader I. 1988. Community-acquired pneu-
monia and infection with respiratory syncytial virus. Ann In-
tern Med 109:515–516.

139. Falsey AR. 1998. Respiratory syncytial virus infection in older
persons. Vaccine 16:1775–1778.

140. Han LL, Alexander JP, Anderson LJ. 1999. Respiratory
syncytial virus pneumonia among the elderly: an assessment of
disease burden. J Infect Dis 179:25–30.

141. Marx A, Gary HE Jr, Marston BJ, Erdman DD, Breiman RF,
Török TJ, Plouffe JF, File TM Jr, Anderson LJ. 1999. Par-
ainfluenza virus infection among adults hospitalized for lower
respiratory tract infection. Clin Infect Dis 29:134–140.

142. Duchin JS, Koster FT, Peters CJ, Simpson GL, Tempest B,
Zaki SR, Ksiazek TG, Rollin PE, Nichol S, Umland ET,

2. Respiratory Infections - 27



Moolenaar RL, Reef SE, Nolte KB, Gallaher MM, Butler JC,
Breiman RF, The Hantavirus Study Group. 1994. Hantavirus
pulmonary syndrome: a clinical description of 17 patients with
a newly recognized disease. N Engl J Med 330:949–955.

143. Butler JC, Peters CJ. 1994. Hantaviruses and hantavirus
pulmonary syndrome. Clin Infect Dis 19:387–394.

144. Peiris JS, Lai ST, Poon LL, Guan Y, Yam LY, Lim W,
Nicholls J, Yee WK, Yan WW, Cheung MT, Cheng VC,
Chan KH, Tsang DN, Yung RW, Ng TK, Yuen KY, SARS
study group. 2003. Coronavirus as a possible cause of severe
acute respiratory syndrome. Lancet 361:1319–1325.

145. Zaki AM, van Boheemen S, Bestebroer TM, Osterhaus AD,
Fouchier RA. 2012. Isolation of a novel coronavirus from a
man with pneumonia in Saudi Arabia. N Engl J Med 367:
1814–1820.

146. Drosten C, Seilmaier M, Corman VM, Hartmann W,
Scheible G, Sack S, Guggemos W, Kallies R, Muth D, Jun-
glen S, Müller MA, Haas W, Guberina H, Röhnisch T,
Schmid-Wendtner M, Aldabbagh S, Dittmer U, Gold H,
Graf P, Bonin F, Rambaut A, Wendtner CM. 2013. Clinical
features and virological analysis of a case of Middle East res-
piratory syndrome coronavirus infection. Lancet Infect Dis 13:
745–751.

147. Assiri A, Al-Tawfiq JA, Al-Rabeeah AA, Al-Rabiah FA, Al-
Hajjar S, Al-Barrak A, Flemban H, Al-Nassir WN, Balkhy
HH, Al-Hakeem RF, Makhdoom HQ, Zumla AI, Memish
ZA. 2013. Epidemiological, demographic, and clinical char-
acteristics of 47 cases of Middle East respiratory syndrome
coronavirus disease from Saudi Arabia: a descriptive study.
Lancet Infect Dis 13:752–761.

148. Booth CM, Matukas LM, Tomlinson GA, Rachlis AR, Rose
DB, Dwosh HA, Walmsley SL, Mazzulli T, Avendano M,
Derkach P, Ephtimios IE, Kitai I, Mederski BD, Shadowitz
SB, Gold WL, Hawryluck LA, Rea E, Chenkin JS, Cescon
DW, Poutanen SM, Detsky AS. 2003. Clinical features and
short-term outcomes of 144 patients with SARS in the greater
Toronto area. JAMA 289:2801–2809.

149. Lee N, Hui D, Wu A, Chan P, Cameron P, Joynt GM, Ahuja
A, Yung MY, Leung CB, To KF, Lui SF, Szeto CC, Chung S,
Sung JJ. 2003. A major outbreak of severe acute respiratory
syndrome in Hong Kong. N Engl J Med 348:1986–1994.

150. Jain S, Williams DJ, Arnold SR, Ampofo K, Bramley AM,
Reed C, Stockmann C, Anderson EJ, Grijalva CG, Self WH,
Zhu Y, Patel A, Hymas W, Chappell JD, Kaufman RA, Kan
JH, Dansie D, Lenny N, Hillyard DR, Haynes LM, Levine
M, Lindstrom S, Winchell JM, Katz JM, Erdman D,
Schneider E, Hicks LA, Wunderink RG, Edwards KM,
Pavia AT, McCullers JA, Finelli L, CDC EPIC Study Team.
2015. Community-acquired pneumonia requiring hospital-
ization among U.S. children. N Engl J Med 372:835–845.

151. García-García MLMDP, Calvo C, Pozo F, Villadangos
PAMD, Pérez-Breña P, Casas I. 2012. Spectrum of respiratory
viruses in children with community-acquired pneumonia.
Pediatr Infect Dis J 31:808–813.

152. Frost HM, Robinson CC, Dominguez SR. 2014. Epidemi-
ology and clinical presentation of parainfluenza type 4 in
children: a 3-year comparative study to parainfluenza types 1–
3. J Infect Dis 209:695–702.

153. Sugaya N, Nerome K, Ishida M, Nerome R, Nagae M,
Takeuchi Y, Osano M. 1992. Impact of influenza virus in-
fection as a cause of pediatric hospitalization. J Infect Dis
165:373–375.

154. Bezerra PGM, Britto MC, Correia JB, Duarte MC, Fonceca
AM, Rose K, Hopkins MJ, Cuevas LE, McNamara PS. 2011.
Viral and atypical bacterial detection in acute respiratory in-
fection in children under five years. PLoS One 6:e18928.

155. Wildin SR, Chonmaitree T, Swischuk LE. 1988. Roent-
genographic features of common pediatric viral respiratory
tract infections. Am J Dis Child 142:43–46.

156. Ison MG, Fishman JA. 2005. Cytomegalovirus pneumonia in
transplant recipients. Clin Chest Med 26:691–705.

157. Ramsey PG, Fife KH, Hackman RC, Meyers JD, Corey L.
1982. Herpes simplex virus pneumonia: clinical, virologic, and

pathologic features in 20 patients. Ann Intern Med 97:813–
820.

158. La Rosa AM, Champlin RE, Mirza N, Gajewski J, Giralt S,
Rolston KV, Raad I, Jacobson K, Kontoyiannis D, Elting L,
Whimbey E. 2001. Adenovirus infections in adult recipients
of blood and marrow transplants. Clin Infect Dis 32:871–876.

159. Hierholzer JC, Wigand R, Anderson LJ, Adrian T, Gold
JWM. 1988. Adenoviruses from patients with AIDS: a ple-
thora of serotypes and a description of five new serotypes of
subgenus D (types 43–47). J Infect Dis 158:804–813.

160. Sable CA, Hayden FG. 1995. Orthomyxoviral and para-
myxoviral infections in transplant patients. Infect Dis Clin
North Am 9:987–1003.

161. Hertz MI, Englund JA, Snover D, Bitterman PB, McGlave
PB. 1989. Respiratory syncytial virus-induced acute lung in-
jury in adult patients with bone marrow transplants: a clinical
approach and review of the literature. Medicine (Baltimore)
68:269–281.

162. Englund JA, Sullivan CJ, JordanMC, Dehner LP, Vercellotti
GM, Balfour HH Jr. 1988. Respiratory syncytial virus in-
fection in immunocompromised adults. Ann Intern Med
109:203–208.

163. Ghosh S, Champlin RE, Englund J, Giralt SA, Rolston K,
Raad I, Jacobson K, Neumann J, Ippoliti C, Mallik S,
Whimbey E. 2000. Respiratory syncytial virus upper respira-
tory tract illnesses in adult blood and marrow transplant re-
cipients: combination therapy with aerosolized ribavirin and
intravenous immunoglobulin. Bone Marrow Transplant 25:
751–755.

164. Whimbey E, Elting LS, Couch RB, Lo W, Williams L,
Champlin RE, Bodey GP. 1994. Influenza A virus infections
among hospitalized adult bone marrow transplant recipients.
Bone Marrow Transplant 13:437–440.

165. Bowden RA. 1997. Respiratory virus infections after marrow
transplant: the Fred Hutchinson Cancer Research Center
experience. Am J Med 102(3A):27–30.

166. Erard V, Chien JW, Kim HW, Nichols WG, Flowers ME,
Martin PJ, Corey L, Boeckh M. 2006. Airflow decline after
myeloablative allogeneic hematopoietic cell transplantation:
the role of community respiratory viruses. J Infect Dis 193:
1619–1625.

167. Kaplan LJ, Daum RS, Smaron M, McCarthy CA. 1992.
Severe measles in immunocompromised patients. JAMA
267:1237–1241.

168. Miller WT Jr, Mickus TJ, Barbosa E Jr, Mullin C, Van
Deerlin VM, Shiley KT. 2011. CT of viral lower respiratory
tract infections in adults: comparison among viral organisms
and between viral and bacterial infections. AJR Am J Roent-
genol 197:1088–1095.

169. Becker KL, Snider R, Nylen ES. 2008. Procalcitonin assay in
systemic inflammation, infection, and sepsis: clinical utility
and limitations. Crit Care Med 36:941–952.

170. van der Meer V, Neven AK, van den Broek PJ, Assendelft
WJ. 2005. Diagnostic value of C reactive protein in infections
of the lower respiratory tract: systematic review. BMJ 331:26.

171. Branche AR, Walsh EE, Vargas R, Hulbert B, Formica MA,
Baran A, Peterson DR, Falsey AR. 2015. Serum procalci-
tonin measurement and viral testing to guide antibiotic use for
respiratory infections in hospitalized adjults: A randomized
controlled trial. J Infect Dis 212:1692–1700.

172. Suarez NM, Bunsow E, Falsey AR, Walsh EE, Mejias A,
Ramilo O. 2015. Superiority of transcriptional profiling over
procalcitonin for distinguishing bacterial from viral lower
respiratory tract infections in hospitalized adults. J Infect Dis
212:213–222.

173. Yeldandi AV, Colby TV. 1994. Pathologic features of lung
biopsy specimens from influenza pneumonia cases. Hum Pathol
25:47–53.

174. Levandowski RA, Gerrity TR, Garrard CS. 1985. Mod-
ifications of lung clearance mechanisms by acute influenza A
infection. J Lab Clin Med 106:428–432.

175. McNamee LA, Harmsen AG. 2006. Both influenza-induced
neutrophil dysfunction and neutrophil-independent mecha-

28 - VIRAL SYNDROMES AND GENERAL PRINCIPLES



nisms contribute to increased susceptibility to a secondary
Streptococcus pneumoniae infection. Infect Immun 74:6707–
6721.

176. Jamieson AM, Pasman L, Yu S, Gamradt P, Homer RJ,
Decker T, Medzhitov R. 2013. Role of tissue protection in
lethal respiratory viral-bacterial coinfection. Science 340:
1230–1234.

177. Zaki SR, et al. 1995. Hantavirus pulmonary syndrome.
Pathogenesis of an emerging infectious disease. Am J Pathol
146:552–579.

178. Grundy JE. 1990. Virologic and pathogenetic aspects of cyto-
megalovirus infection. Rev Infect Dis 12(Suppl 7):S711–S719.

179. Enright H, Haake R, Weisdorf D, Ramsay N, McGlave P,
Kersey J, Thomas W, McKenzie D, Miller W. 1993. Cyto-
megalovirus pneumonia after bone marrow transplantation.
Risk factors and response to therapy. Transplantation 55:1339–
1346.

180. Brun-Buisson C, Richard JC, Mercat A, Thiébaut AC,
Brochard L, REVA-SRLF A/H1N1v 2009 Registry Group.
2011. Early corticosteroids in severe influenza A/H1N1
pneumonia and acute respiratory distress syndrome.Am J Respir
Crit Care Med 183:1200–1206.

181. Kim SH, Hong SB, Yun SC, Choi WI, Ahn JJ, Lee YJ, Lee
HB, Lim CM, Koh Y, Korean Society of Critical Care
Medicine H1N1 Collaborative. 2011. Corticosteroid treat-
ment in critically ill patients with pandemic influenza A/
H1N1 2009 infection: analytic strategy using propensity
scores. Am J Respir Crit Care Med 183:1207–1214.

182. Weiss AK, Hall M, Lee GE, Kronman MP, Sheffler-Collins
S, Shah SS. 2011. Adjunct corticosteroids in children hospi-
talized with community-acquired pneumonia. Pediatrics 127:
e255–e263.

183. Gubareva LV, Kaiser L, Hayden FG. 2000. Influenza virus
neuraminidase inhibitors. Lancet 355:827–835.

184. Hiba V, Chowers M, Levi-Vinograd I, Rubinovitch B, Lei-
bovici L, Paul M. 2011. Benefit of early treatment with
oseltamivir in hospitalized patients with documented 2009
influenza A (H1N1): retrospective cohort study. J Antimicrob
Chemother 66:1150–1155.

185. Rodríguez A, et al, H1N1 SEMICYUC Working Group.
2011. Impact of early oseltamivir treatment on outcome in
critically ill patients with 2009 pandemic influenza A. J An-
timicrob Chemother 66:1140–1149.

186. Louie JK, Yang S, Acosta M, Yen C, Samuel MC, Schechter
R, Guevara H, Uyeki TM. 2012. Treatment with neu-
raminidase inhibitors for critically ill patients with influenza A
(H1N1)pdm09. Clin Infect Dis 55:1198–1204.

187. de Jong MD, Ison MG, Monto AS, Metev H, Clark C,
O’Neil B, Elder J, McCullough A, Collis P, Sheridan WP.
2014. Evaluation of intravenous peramivir for treatment of
influenza in hospitalized patients. Clin Infect Dis 59:e172–
e185.

188. Bright RA, Shay DK, Shu B, Cox NJ, Klimov AI. 2006.
Adamantane resistance among influenza A viruses isolated
early during the 2005–2006 influenza season in the United
States. JAMA 295:891–894.

189. Nguyen JT, Smee DF, Barnard DL, Julander JG, Gross M, de
Jong MD, Went GT. 2012. Efficacy of combined therapy with
amantadine, oseltamivir, and ribavirin in vivo against sus-
ceptible and amantadine-resistant influenza A viruses. PLoS
One 7:e31006.

190. Gelfand EW, McCurdy D, Rao CP, Middleton PJ. 1983.
Ribavirin treatment of viral pneumonitis in severe combined
immunodeficiency disease. Lancet 322:732–733.

191. Forni AL, Schluger NW, Roberts RB. 1994. Severe measles
pneumonitis in adults: evaluation of clinical characteristics
and therapy with intravenous ribavirin. Clin Infect Dis 19:
454–462.

192. Chapman LE, Mertz GJ, Peters CJ, Jolson HM, Khan AS,
Ksiazek TG, Koster FT, Baum KF, Rollin PE, Pavia AT,
Holman RC, Christenson JC, Rubin PJ, Behrman RE, Bell

LJ, Simpson GL, Sadek RF, Ribavirin Study Group. 1999.
Intravenous ribavirin for hantavirus pulmonary syndrome:
safety and tolerance during 1 year of open-label experience.
Antivir Ther 4:211–219.

193. Chalkias S, Mackenzie MR, Gay C, Dooley C, Marty FM,
Moss RB, Li T, Routh RL, Walsh SR, Tan CS. 2014.
DAS181 treatment of hematopoietic stem cell transplant pa-
tients with parainfluenza virus lung disease requiring me-
chanical ventilation. Transpl Infect Dis 16:141–144.

194. DeVincenzo JP, McClure MW, Symons JA, Fathi H, West-
land C, Chanda S, Lambkin-Williams R, Smith P, Zhang Q,
Beigelman L, Blatt LM, Fry J. 2015. Activity of Oral ALS-
008176 in a Respiratory Syncytial Virus Challenge Study. N
Engl J Med 373:2048–2058.

195. DeVincenzo JP, Whitley RJ, Mackman RL, Scaglioni-
Weinlich C, Harrison L, Farrell E, McBride S, Lambkin-
Williams R, Jordan R, Xin Y, Ramanathan S, O’Riordan T,
Lewis SA, Li X, Toback SL, Lin SL, Chien JW. 2014. Oral
GS-5806 activity in a respiratory syncytial virus challenge
study. N Engl J Med 371:711–722.

196. Haake DA, Zakowski PC, Haake DL, Bryson YJ. 1990.
Early treatment with acyclovir for varicella pneumonia in
otherwise healthy adults: retrospective controlled study and
review. Rev Infect Dis 12:788–798.

197. Kotton CN, Kumar D, Caliendo AM, Asberg A, Chou S,
Danziger-Isakov L, Humar A, Transplantation Society
International CMV Consensus Group. 2013. Updated inter-
national consensus guidelines on the management of cytome-
galovirus in solid-organ transplantation. Transplantation 96:
333–360.

198. Razonable RR, Humar A, AST Infectious Diseases Com-
munity of Practice. 2013. Cytomegalovirus in solid organ
transplantation. Am J Transplant 13(Suppl 4):93–106.

199. Emanuel D, et al. 1988. Cytomegalovirus pneumonia after
bone marrow transplantation successfully treated with the
combination of ganciclovir and high-dose intravenous im-
mune globulin. Ann Intern Med 109:777–782.

200. Reed EC, Bowden RA, Dandliker PS, Lilleby KE, Meyers
JD. 1988. Treatment of cytomegalovirus pneumonia with
ganciclovir and intravenous cytomegalovirus immunoglobulin
in patients with bone marrow transplants. Ann Intern Med
109:783–788.

201. Leruez-Ville M, Minard V, Lacaille F, Buzyn A, Abachin E,
Blanche S, Freymuth F, Rouzioux C. 2004. Real-time blood
plasma polymerase chain reaction for management of dis-
seminated adenovirus infection. Clin Infect Dis 38:45–52.

202. Neofytos D, Ojha A, Mookerjee B, Wagner J, Filicko J,
Ferber A, Dessain S, Grosso D, Brunner J, Flomenberg N,
Flomenberg P. 2007. Treatment of adenovirus disease in stem
cell transplant recipients with cidofovir. Biol Blood Marrow
Transplant 13:74–81.

203. Paolino K, Sande J, Perez E, Loechelt B, Jantausch B,
Painter W, Anderson M, Tippin T, Lanier ER, Fry T, De-
Biasi RL. 2011. Eradication of disseminated adenovirus in-
fection in a pediatric hematopoietic stem cell transplantation
recipient using the novel antiviral agent CMX001. J Clin Virol
50:167–170.

204. Florescu DF, Pergam SA, Neely MN, Qiu F, Johnston C,
Way S, Sande J, Lewinsohn DA, Guzman-Cottrill JA,
GrahamML, Papanicolaou G, Kurtzberg J, Rigdon J, Painter
W, Mommeja-Marin H, Lanier R, Anderson M, van der
Horst C. 2012. Safety and efficacy of CMX001 as salvage
therapy for severe adenovirus infections in immunocompro-
mised patients. Biol Blood Marrow Transplant 18:731–738.

205. Matthes-Martin S, Boztug H, Lion T. 2013. Diagnosis and
treatment of adenovirus infection in immunocompromised
patients. Expert Rev Anti Infect Ther 11:1017–1028.

206. Hall CB. 1995. Acute laryngotracheobronchitis (croup), p
573–579. In Mandell GL, Bennett JE, Dolin R (ed), Principles
and Practice of Infectious Diseases, 4th ed. Churchill Living-
stone, New York.

2. Respiratory Infections - 29





Viral Infections of the Central Nervous System
KEVIN A. CASSADY AND RICHARD J. WHITLEY

3
Central nervous system (CNS) symptoms (headache, leth-
argy, impaired psychomotor performance) are frequent com-
ponents of viral infections; however, viral infections of the
CNS occur infrequently and most often result in relatively
benign, self-limited disease. Nevertheless, these infections
have tremendous importance because of their potential for
causing neurologic damage and death. The CNS is exqui-
sitely sensitive to metabolic derangements and tissue injury.
Clinical recovery is slow and often incomplete (1, 2). Patient
history, while frequently suggestive of a diagnosis, remains
an unreliable method for determining the specific etiology
of CNS disease (1, 3). Tumors, infections, and autoim-
mune processes in the CNS often produce similar signs and
symptoms (3). Different diseases may share common patho-
genic mechanisms and therefore result in a similar clinical
presentation. Furthermore, understanding disease pathogen-
esis provides a rational basis for the development of thera-
peutics including antivirals and strategies for the prevention
of viral CNS infections.

The definitions of viral CNS disease are often based on
both virus tropism and disease duration. Inflammation may
occur at multiple sites within the CNS and accounts for the
myriad clinical descriptors of viral neurological disease. In-
flammation of the spinal cord, leptomeninges, dorsal nerve
roots, or nerves results in myelitis, meningitis, radiculitis, and
flaccid paralysis and neuritis, respectively. Aseptic meningitis is
a misnomer frequently used to refer to a benign, self-limited
viral infection causing inflammation of the leptomeninges
(4). The term hinders epidemiologic studies because the
definition fails to differentiate between infectious (fungal,
tuberculous, viral, or other infectious etiologies) and non-
infectious causes of meningitis. Encephalitis refers to in-
flammation of parenchymal brain tissue and is frequently
associated with encephalopathy or depressed level of con-
sciousness, altered cognition, and frequently focal neuro-
logical signs. Acute encephalitis occurs over a relatively short
period of time (days) while chronic encephalitis presents over
weeks to months. The temporal course of slow infections of
the CNS (kuru, visna, variant Creutzfeldt-Jacob disease)
overlaps with the chronic encephalitides. Slow infections of
the CNS are distinguished by their long incubation period
combined with a slow replication rate, eventually resulting
in death or extreme neurological disability over months to
years (5).

Viral disease in the CNS can also be classified by path-
ogenesis. Neurological disease is frequently categorized as
either primary or postinfectious. Primary encephalitis results
from direct viral entry into the CNS that produces clinically
evident cortical or brainstem dysfunction (4). Subsequent
damage results from a combination of viral-induced cyto-
pathic effects and host immunopathologic responses. Viral
invasion, however, remains the initiating event (4). The pa-
renchyma exhibits neuronophagia and the presence of viral
antigens or nucleic acids A postinfectious or parainfectious
encephalitis produces CNS signs and symptoms, either fol-
lowing or temporally associated with a systemic viral infec-
tion, respectively, without evidence of direct viral invasion
in the CNS. Pathology specimens show demyelination and
perivascular aggregation of immune cells, without evidence
of virus or viral antigen, leading some to hypothesize an
autoimmune etiology (4).

Meningitis and encephalitis represent separate clinical
entities; however, a continuum exists between these distinct
forms of disease. A change in a patient’s clinical condition
can reflect disease progression through involvement of dif-
ferent regions of the brain. Therefore, in many cases it is
difficult to accurately and prospectively predict the etiology
and eventual extent of CNS infection. Epidemiologic data
(patient demographics and immune status; season, geograph-
ical location; vector, animal, and other exposures) in many
cases provide clues to the etiology of the illness. An over-
view is difficult, as each pathogen fills a different ecological
niche with unique seasonal, host, and vector properties
(Tables 1 and 2 a, b) (4). Instead it is useful to analyze the
prototypes of viral CNS infection, meningitis, and enceph-
alitis and the approach to patients with presumed viral in-
fections of the CNS.

VIRAL MENINGITIS
Epidemiology
Acute viral meningitis and meningoencephalitis represent
the majority of viral CNS infections and frequently occur
in epidemics or in seasonal patterns (4, 6). While there
have been changes in the epidemiology of viral meningitis
in North America because of the recent introduction of
West Nile virus, enteroviruses cause the majority of viral
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meningitis infections. Arboviruses constitute the second
most common cause of viral meningitis in the United States
(1, 7–9). Mumps virus remains an important cause of viral
CNS disease in countries that do not immunize against this
virus. The risk of meningitis from natural mumps infec-
tion outweighs the risk of aseptic meningitis associated with
the vaccine; nonetheless, not all countries vaccinate against
mumps (1, 10). There are more than 74,000 cases of viral
meningitis a year in the United States (11). Most cases occur
from the late spring to autumn months reflecting increased
enteroviral and arboviral infections during these seasons (1,
11). A retrospective survey performed in the 1980s found
that the annual incidence of “aseptic meningitis” was ap-
proximately 10.9/100,000 persons or at least four times the
incidence passively reported to the CDC during the period
(6).Virus was identified in only 11% of patients in this study.
With the advent of improved nucleic acid-based diagnostic
methods, etiologic diagnosis rates now approach 50% to
86% (1, 12, 13).

The pathogenesis of viral meningitis is incompletely
understood. Inferences regarding the pathogenesis of viral
meningitis are largely derived from data on encephalitis,

experimental animal models of meningitis, and clinical ob-
servations (4). Viruses use two basic pathways to gain access
to the CNS: hematogenous and neuronal spread. Most cases
of viral meningitis likely occur following a high-titer sec-
ondary viremia although some, such as meningitis associated
with genital herpes or herpes zoster, are related to neuronal
routes. A combination of host and viral factors combined
with seasonal, geographic, and epidemiologic probabilities
influence the proclivity to develop viral CNS infection. For
example, arboviral infections occur more frequently in
epidemics and show a seasonal variation, reflecting the
prevalence of the transmitting vector (1, 14). Enteroviral
meningitis occurs with greater frequency during the summer
and early autumn months in temperate climates, reflecting
the seasonal increase in overall enteroviral infections.
Enteroviral infections also exemplify the difference host
physiology plays in determining the extent of viral disease.
In children less than 2 weeks of age, enterovirus infections
can produce a severe systemic infection, including menin-
gitis or meningoencephalitis (11). Ten percent of neonates
with systemic enteroviral infections die, while as many as
76% are left with permanent sequelae. In children over 2

TABLE 1 DNA viruses: type of disease, epidemiologic data, and pathogenesis of viral infections of the CNS

Viral agent CNS disease
Temporal
course Transmission

Pathway
to CNS

Relative
frequency

Laboratory
confirmation

Herpetoviridae
Herpes simplex
virus

HSV type 1

Encephalitis Acute
(congenital)

Sporadic
(latent)

Human Neuronal,
Blood
Neuronal

+++ PCR—CSF
Cell culture—brain
biopsy sample

HSV type 2 Meningitis
Encephalitis

Primary,
recurrent

Acute
(congenital)

Human Neuronal,
Blood

Blood,
Neuronal

++ Cell culture—genital,
rectal, skin

PCR—CSF

Cytomegalovirus
(CMV)

Encephalitis
(neonate and
immunosuppressed)

Acute
Subacute

Human Blood ++ PCR
Cell culture—brain
biopsy or CSF

Epstein-Barr virus
(EBV)

Encephalitis
Meningitis
Myelitis,

Guillain-Barré
syndrome

Acute Human Blood + PCR

Varicella zoster
virus (VZV)

Cerebellitis,
Encephalitis,
Meningitis,
Myelitis

Postinfectious
(acute)

Latent
reactivation
(zoster)

Human Blood
Neuronal

++ PCR, clinical findings,
cell culture from a
lesion, brain biopsy
or, rarely, necroscopy

Human herpesvirus
6 (HHV-6)

Encephalitis,
febrile seizures,
latent form?

Acute Human Blood PCR

B virus
(Cercopithecine
herpesvirus 1)

Encephalitis Acute Animal bite
and human

Blood + Culture, PCR (high
frequency of detection,
unknown significance)

Adenoviridae
Adenovirus Meningitis,

encephalitis
Acute Human Blood + Cell culture of

CSF or brain
Poxviridae
Vaccinia Encephalomyelitis Postinfectious Vaccine Blood Presumed extinct Recent vaccination

Frequency: +++ = Frequent, ++ = Infrequent, + = Rare, ? = Unknown.
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TABLE 2a RNA viruses: type of disease, epidemiologic data, and pathogenesis of viral infections of the CNS

Viral taxonomy CNS disease
Case

fatalities Vector Geographic distribution

Togaviridae—Alphavirus (Arbovirus)
Western equine
encephalitis virus

Meningitis, encephalitis 3%–10% Mosquitoes, birds United States—west of Mississippi
river

Eastern equine
encephalitis virus

> 30% United States—Atlantic and Gulf
Coast states

Venezuelan equine
encephalitis virus

< 1% Mosquitoes,
horses

Central and South
America, Southwestern
United States and Florida

Flaviviridae—Flavivirus (Arbovirus)
Japanese encephalitis virus Meningitis, encephalitis 25% Mosquitoes,

swine, birds
Japan, China, Korea, Taiwan, S.E.
Asia, India, Nepal

St. Louis encephalitis virus 7% United States
West Nile fever virus Higher attack

rate in
elderly
11%–33%

Africa, Middle East, India, Eastern
Europe, recently imported into
United States, spreading rapidly

Murray Valley virus Encephalitis 20%–60% Australia
Tick-borne encephalitis
virus (TBE complex)

20% Ticks, unpasteur-
ized milk

Eastern Russia and Central Europe

Bunyaviridae—(Arbovirus)
California (La Cross)

encephalitis virus
Meningitis, encephalitis < 1% Mosquitoes,

rodents
Northern Midwest and
Northeastern U.S.

Reoviridae—Coltivirus (Arbovirus)
Colorado tick fever virus Meningitis, encephalitis < 1% Ticks, rodents U.S. Rocky Mountains, Pacific

Coast states
Coast States United States

Picornaviridae—(Enterovirus)
Poliovirus Meningitis, myelitis 4.5%–50%a Fecal oral Worldwide
Coxsackievirus Meningitis, meningo-

encephalitis, myelitis
Rarelyb

Echovirus
Paramyxoviridae—(Exanthematous virus)
Measles virus Encephalitis, SSPE 15% Postinfectious

Blood
Worldwide

Mumps virus Meningitis,
encephalitis, myelitis

< 1% Blood

Orthomyxoviridae—(Upper respiratory virus)
Influenza viruses Encephalitis < 1% Postinfectious Worldwide
Rhabdoviridae
Rabies Encephalitis,

encephalomyelitis
3100% Mammal Worldwide

Retroviridae
Human immunodeficiency
virus type 1 (HIV 1)

Encephalopathy,
encephalitis,
leukoencephalopathy

Majority Human Worldwide

Arenaviridae
Lymphocytic
choriomeningitis virus

Meningitis, encephalitis < 2.5% Rodent Worldwide

aFatality from poliomyelitis is increased in sporadic cases. With vaccination, the epidemic forms of polio have decreased as has morbidity. In turn, the calculated case
fatality rate in the United States has increased as sporadic and vaccine-associated disease has increased relative to the number of cases of disease.

bRarely fatal except in nenonates and agammaglobulinemic patients where fatality rates can approach 50% even with treatment.
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weeks of age, however, enteroviral infections are rarely as-
sociated with severe disease or significant morbidity with the
exception of enterovirus D68, for which substantial mor-
bidity has been documented (11).

The sequence of viral hematogenous spread to the CNS
is illustrated in Figure 1 (4). A virus must first bypass or
attach to and enter host epithelial cells to produce infection.

Virus then spreads and initially replicates in the regional
lymph nodes (e.g., measles, influenza) or alternatively enters
the circulatory system where it seeds other tissues (e.g.,
arboviruses, enteroviruses, varicella) (4). Primary viremia
allows virus to seed in distant locations of the body and
frequently marks the onset of clinical illness. In rare cir-
cumstances such as disseminated neonatal herpes simplex

TABLE 2b RNA viruses: type of disease, epidemiologic data, and pathogenesis of viral infections of the CNS

Viral taxonomy
Disease
pattern

Pathway to
CNS FREQ Laboratory confirmation

Togaviridae—Alphavirus (Arbovirus)
Western equine
encephalitis virus

Epidemic Blood ++ Serologic titers (HI, CF, N, IFA), viral antigen
detection in brain, culture (rare)

Eastern equine
encephalitis virus

Sporadic + Viral culture or antigen detection in brain,
serologic titers (HI, CF, N, IFA), CSF IgM
ELISA

Venezuelan equine
encephalitis virus

Sporadic,
epidemic

+ Serologic titers (HI, CF, N, IFA), CSF IgM
ELISA

Flaviviridae—Flavivirus (Arbovirus)
Japanese encephalitis virus Epidemic,

endemic
Blood +++ Peripheral blood ELISA, serologic titers (HI,

CF, N, IFA), CSF antigen test/PCR
St. Louis encephalitis virus +++ CSF IgM ELISA, serologic titers (HI, CF, N,

IFA), PCR, culture (rare)
West Nile fever virus +++ Culture (rare), serology (HI, IFA), PCR
Murray Valley virus ++ Viral culture, serologic titer (HI, CF, N)
Tick-borne encephalitis
virus (TBE complex)

Epidemic,
sporadic

++ Serologic titer (HI, CF, N), IgM ELISA
PCR

Bunyaviridae—(Arbovirus)
California (La Crosse)

encephalitis virus
Endemic Blood +++

(LCV)
+ (CEV)

Viral culture, CSF IgM ELISA, serologic titers
(HI, CF, N, IFA), CIE, PCR

Reoviridae—Coltivirus (Arbovirus)
Colorado tick fever virus Endemic Blood + Antigen detection on RBC membrane, viral

culture, serologic titers (HI, CF, N, IFA)
Picornaviridae—(Enterovirus)
Poliovirus Endemic Blood and

neuronal
++ Viral culture CSF or brain, viral culture from

other site, serologic testing for some
serotypes, PCRCoxsackievirus Blood +++

Echovirus +++
Paramyxoviridae—(Exanthematous virus)
Measles virus Sporadic Blood ++ Serology, ELISA, clinically
Mumps virus +++ CSF viral culture
Orthomyxoviridae—(Upper respiratory virus)
Influenza viruses Sporadic Blood + Viral culture from another site
Rhabdoviridae
Rabies Sporadic Neuronal +++ Antigen detection in brain serologic tests,

(IFA, CF, HA, CIE), viral culture.
Retroviridae
Human
Immunodeficiency
virus type 1 (HIV 1)

?Progressive Blood ++ PCR CSF/autopsy samples/MRI findings,
isolation, in situ, antigen detection

Arenaviridae
Lymphocytic
choriomenigitis virus

Sporadic Blood + CSF, blood culture, urine culture, serology
congenital infection

HI, hemagglutination inhibition; CF, complement fixation; NA, neutralizing antibody titer; CIE, counterimmunoelectrophoresis; IFA, immunofluorescent antibody;
ELISA, enzyme-linked immunosorbent assay; PCR, polymerase chain reaction; MRI, magnetic resonance imaging.

Frequency: +++ = Frequent; ++ = Infrequent; + = Rare; ? = Unknown.
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virus (HSV) infection, viruses infect the CNS during pri-
mary viremia (15, 16); however, most viral infections in-
volve an intermediate organ prior to reaching the CNS. The
liver and spleen provide ideal locations for secondary viral
replication and hematogenous spread because of their highly
vascular nature. Secondary viremia may result in high titers
of virus in the bloodstream for prolonged periods of time,
facilitating viral CNS spread. The pathophysiology of viral

transport from blood to brain and viral endothelial cell
tropism are poorly understood. Virus infects endothelial
cells, leaks across damaged endothelia, passively channels
through endothelium (pinocytosis or colloidal transport),
or bridges the endothelium within migrating leukocytes
(4). This trans-endothelial passage occurs in vessels of
the choroid plexus, meninges, or cerebrum, as depicted in
Figure 2.

FIGURE 2 Routes of viral invasion of the central nervous system. CSF, cerebrospinal fluid.

FIGURE 1 Body surfaces as sites of virus infection and shedding.
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Numerous barriers and host defenses limit viral dissemi-
nation to the CNS. The skin and mucosal surfaces possess
mechanical, chemical, and cellular defenses that protect the
cells from viral infection (4). Leukocytes and secretory fac-
tors (interleukins, interferons, antibodies) further augment
these defenses and help eliminate viruses that bridge the
epithelial layer. Local innate immune responses are crucial in
limiting systemic viral infection; a swift inflammatory re-
sponse can limit viremia. In the liver and spleen, the high
degree of parenchymal contact and large number of fixed
mononuclear macrophages provide an excellent opportunity
for host eradication of viremia (4). The blood-brain or
blood-CSF barrier, a network of tight endothelial junctions
sheathed by glial cells that regulate molecular access to the
central nervous system, further limits viral access to the CNS
(17, 18).

Viral meningitis is a relatively benign, self-limited illness
and pathological specimens are rarely available for study
(11). The CSF, however, is frequently sampled and dem-
onstrates a mononuclear immune cell response to most viral
infection. Certain viral infections, most notably mumps and
some enterovirus infections, elicit a CSF polymorphonuclear
cell response early during disease. The initial CSF cellularity
mimics bacterial meningitis and later shifts to mononuclear
cell predominance. Viral antigen presentation by mono-
nuclear histiocytes stimulates the influx of immune cells.
Recruited immune cells release soluble factors (interleukins,
vasoactive amines) that mobilize other cells and change the
permeability of the blood-brain barrier (1, 19). The viral
etiology and type of CNS disease (meningitis vs. encepha-
litis) can produce differences in CSF IFN g, IL2, IL6, IL12,
procalcitonin, and lactate levels (20–24). While research
data suggests that these may be used to differentiate CNS
disease, CSF cytokine measurements are not a routine com-
mercial diagnostic method and are often limited to research
institutions. Furthermore, these biomarkers are also ele-
vated in autoimmune CNS disease or can be affected by pre-
treatment with antibiotics (25).

Physical and chemical changes in the blood-brain barrier
allow the entry of serum proteins such as immunoglobulins
and interleukins, further augmenting the antiviral process.
The cell-mediated immune response is important for elimi-
nating virus from the CNS; however, immunoglobulin also
has a role in protecting the host in some viral infections.
This is best illustrated by the devastating clinical course of
enteroviral meningitis in agammaglobulinemic patients and
in those with X-linked hyper IgM syndrome (11, 26, 27).
Patients with impaired cell-mediated immunity have a
higher incidence of CNS infections with certain viruses such
as varicella zoster virus (VZV), measles virus, and cyto-
megalovirus (CMV) (4).

Clinical Manifestations
The patient’s age and immune status and the viral etiology
influence the clinical manifestations of viral meningitis.
Patients with enteroviral meningitis often present with non-
specific symptoms such as fever (38 to 40°C) of 3 to 5 days
duration, malaise, and headache (1, 11). Approximately
50% of patients have nausea or vomiting (1). While nuchal
rigidity and photophobia are hallmark manifestations in
meningitis, 33% of patients with viral meningitis have no
evidence of meningismus (1) and less than 10% of children
younger than 2 years of age develop signs of meningeal ir-
ritation. The majority of these children present with fever
and irritability (28). Children may also present with seizures
secondary to fever, electrolyte disturbances, or the infection

itself. The clinician must have a high index of suspicion
for meningitis, especially in younger patients. In the immu-
nocompromised host, enteroviral infection presents both
a diagnostic quandary and a potentially life-threatening dis-
ease. Immunocompromised patients frequently do not mount
a brisk cellular immune response, so CSF analysis does not
reflect inflammatory changes indicating CNS involvement.

Symptoms of meningitis (stiff neck, headache, and pho-
tophobia) occur in approximately 11% of men and 36% of
women with primary HSV-2 genital infection. In one study,
5% of patients with primary HSV genital infection had se-
vere enough meningitis to require hospitalization. All of the
hospitalized patients had evidence of a lymphocytic pleo-
cytosis upon CSF analysis (1). In another study, HSV-2 was
detected in the CSF of 78% of patients with meningitis
symptoms during primary genital infection. These patients
also exhibited a CSF leukocytosis and increases in CSF
antibody titers (29). Recurrent HSV-2 meningitis (with or
without genital lesions) is seen, as is Mollaret’s syndrome,
but meningitis is more commonly associated with primary
infection (30). Mollaret’s syndrome, or benign recurrent
lymphocytic meningitis, is linked to HSV and sometimes
VZV infection; self-limited meningitis is characterized by
CSF pleocytosis notable for large “endothelial” cells, neu-
trophil granulocytes, and lymphocytes. HSV meningitis may
spread to the CSF along the sacral nerves. Alternatively, the
virus may reach the CSF by hematogenous spread, as the
virus has been cultured from the blood buffy coat layer (1).
VZV, CMV, Epstein-Barr Virus (EBV), and parainfluenza
virus have all been cultured or detected by PCR from the
CSF of patients with meningitis (1, 12, 31). The three
herpesvirus infections occur more frequently in immuno-
compromised patients and usually progress to involve the
parenchyma.

Laboratory Findings
Initial CSF samples, while frequently suggestive of a diag-
nosis, lack the necessary predictive value to discriminate
viral from bacterial etiology in all cases (32). Instead, epi-
demiologic trends, patient history, and accompanying labo-
ratory information are important adjuncts in determining
the etiology of meningitis. CSF in patients with viral men-
ingitis typically exhibits a pleocytosis with 10 to 500 leuko-
cytes mm3 and a slightly elevated protein level (< 100mg/dl).
The glucose level in the CSF is typically greater than 40% of
a simultaneously drawn serum sample. Tremendous variation
in CSF formulas exists, however, with significant overlap
between viral and bacterial CSF laboratory findings (32).
In a retrospective review of over 400 patients with acute
viral or bacterial meningitis performed before the Haemo-
philus influenza B conjugate vaccine was available, investi-
gators found that approximately 20% of the CSF samples
that grew bacteria exhibited a CSF pleocytosis of less than
250 WBC/mm3 (1). Fifteen percent of the patients with
bacterial meningitis had CSF lymphocytosis, while 40% of the
patients with viral meningitis had a predominance of poly-
morphonuclear cells. Some investigators recommend repeat-
ing the lumbar puncture 6 to 12 hours later, because the CSF
profile of patients with viral meningitis will shift from poly-
morphonuclear to lymphocytic pleocytosis over this period
(1). However, in one study performed during an echovirus
epidemic, eight of nine children with presumed enteroviral
meningitis failed to develop CSF lymphocyte predominance
when a lumbar puncture was repeated 5 to 8 hours later (32).
A retrospective study found that 51% of patients demon-
strated a CSF polymorphonuclear predominance 1 day after
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symptom onset. Of note, the investigators in this study were
unable to confirm the etiology of meningitis in most cases
because this was a retrospective study (32). Other investiga-
tors have confirmed that the change in the lymphocytic CSF
profile occurs 18 to 36 hours after illness onset (33). A mul-
tifactorial method examining the CSF profile, peripheral
blood profile, and history of seizures to develop a bacterial
meningitis score has also been investigated to differentiate
bacterial from viral meningitis. This provides improved sen-
sitivity but still failed to detect all cases of bacterial meningitis,
including some cases in infants (34). With the increasing use
of highly sensitive and specific nucleic-acid diagnostic tech-
niques, a viral etiology for meningitis can often be established
within 24 to 36 hours, thereby limiting the duration of hos-
pitalization, antibiotic use, and additional diagnostic proce-
dures (7, 9, 13).

Etiologic Diagnosis
Historically, the techniques for identifying viral meningitis
were insensitive and often impractical, with an agent iden-
tified in only 25% to 67% of presumed CNS infections (1,
12, 35). The diagnosis of viral meningitis relied on viral cul-
ture, and CSF viral culture rates differ based on etiology (1).

A synopsis of viral detection techniques for different
viruses is presented in Tables 1 and 2 (4). The rapidity and
sensitivity of enterovirus detection, as well as for many other
viral infections, has improved with the advent of nucleic
acid amplification techniques such as RT-PCR (9, 11).
Demonstration of viral nucleic acid in the CSF of patients
with symptoms of meningitis has replaced viral isolation and
serologic diagnosis for acute management, although one of
the advantages of viral culture is the ability to identify en-
terovirus serotypes for epidemiologic studies (9, 11). As with
any RT-PCR-based technique, nucleic acid contamination
of the laboratory area is a concern and results must always be
interpreted within the clinical context, although use of
deoxyuridine triphosphatase (dUTP) and modifications to
real-time PCR methods have reduced this risk (36, 37).

In the past, serologic testing confirmed the clinical sus-
picion of an arboviral infection. While many of these viruses
can be cultured from CSF during the early stages of infec-
tion, serologic testing has very limited availability and little
utility in acute management. The use of RT-PCR for diag-
nosis of arbovirus infections in the CNS has met with mixed
results because of the diverse viral etiologies of arboviral
infection. The development of specific primers that can
hybridize across multiple viral families (Alphaviradae, Flavi-
viradae, Bunyaviradae) has been difficult. Currently there is
an emphasis on the development of improved “universal
group primers” to perform an initial group screening fol-
lowed by RT-PCR using higher specificity primers as a sec-
ond viral diagnostic test (38). Many laboratories have
chosen instead to concentrate efforts on establishing diag-
nostic studies for more common regional viral etiologies as a
more cost-effective method for diagnosis and patient man-
agement (7).

Differential Diagnosis
Unusual but treatable infections should always be considered
and investigated in patients with CSF pleocytosis and neg-
ative conventional bacterial cultures. Spirochetes (Trepo-
nema, Borrelia, Leptospira), mycoplasma, bartonella, and
mycobacteria can produce pleocytosis that has both negative
Gram stain and bacterial cultures. Fastidious bacteria (Lis-
teria) may fail to grow in culture and occasionally produce a

mononuclear pleocytosis similar to viral meningitis. This is
of particular concern in infants, elderly, and immunocom-
promised patients. Some bacteria, while not directly infecting
the CNS, can release toxins that create a change in the level
of consciousness, specifically Staphylococcus aureus and
Streptococcus pyogenes exotoxin-mediated toxic shock syn-
drome. Frequently, children with streptococcal throat in-
fections present with “neck stiffness” secondary to localized
pharyngeal inflammation and tender anterior cervical ly-
mphadenopathy. Parameningeal infections, especially from
infected sinuses, produce CNS symptoms and pleocytosis
presenting with nuchal rigidity, focal neurologic changes, and
altered mental status. Similarly, partially treated bacterial
infections can have CSF findings resembling viral meningi-
tis. Questions regarding history of self-medication with left-
over antibiotics should be included in a review of systems.

Fungal and parasitic infections can produce both men-
ingitis and parenchymal CNS infections. Coccidiomycosis
and Cryptococcus, the leading causes of fungal meningitis
(1), characteristically produce meningitis rather than any
focal CNS disease. Fungal infections such as candidiasis,
aspergillosis, histoplasmosis, and blastomycosis most fre-
quently cause focal parenchymal disease when infecting the
CNS. These fungi are frequently in the differential diagnosis
for an immunocompromised host with CNS disease but can
cause disease in select patient populations (e.g., premature
infants and patients with CNS trauma and diabetes melli-
tus). Parasites such as Naeglaeria fowleri or Balamuthia man-
drillaris produce meningoencephalitis with purulent CSF
findings (39, 40). A history of recent summertime swimming
in a stagnant pond or recent travel in Central or South
America should raise suspicion for these infections.

Noninfectious processes that can produce true aseptic
meningitis include hematologic malignancies, medications
(especially immunomodulatory, nonsteroidal antiinflam-
matory, and trimethoprim/sulfa medications), autoimmune
diseases, and foreign material and proteins. Leukemia pro-
duces CSF pleocytosis with cancerous cells and occurs most
frequently with acute lymphocytic leukemia, although sub-
arachnoid involvement can also occur in acute myelogenous
leukemia. Immunomodulatory drugs such as intravenous
immunoglobulin or antilymphocyte globulin (OKT-3) also
cause aseptic meningitis. Of the medications associated with
meningitis, nonsteroidal antiinflammatory agents, sulfa-
containing drugs, and cytosine arabinoside are the most com-
mon offenders. Drug-induced aseptic meningitis frequently
occurs in patients with underlying connective tissue or
rheumatologic diseases. A patient with drug-induced aseptic
meningitis warrants investigation for a possible underlying
autoimmune disease 41). Epithelial or endothelial cysts can
rupture and spill their contents (keratin, protein), produc-
ing a brisk inflammatory response that mimics acute viral
meningitis.

Treatment and Prognosis
The fundamental principle of therapy for viral meningitis
lies in the identification of potentially treatable diseases.
Until recently, no therapy existed for most cases of viral
meningitis. Efforts instead focused on preventive strategies
(largely through vaccination) as well as identification of
treatable nonviral etiologies of meningitis. The clinician
must also anticipate and treat the complications of viral
CNS disease (seizures, syndrome of inappropriate anti-
diuretic hormone secretion [SIADH], hydrocephalus, in-
creased intracranial pressure). Supportive therapy includes
hydration, antipyretics, and analgesics.
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In the normal host, viral meningitis is a relatively benign
self-limited disease. A prospective study in children less than
2 years of age, for example, found that even in the 9% of
children who develop evidence of acute neurologic disease
(complex seizures, increased intracerebral pressure, or coma)
their long-term prognosis is excellent. During long-term
follow up (42 months of age), children with acute CNS
complications performed neurodevelopmental tasks and
achieved developmental milestones as well as children with
an uncomplicated course (28). An overview of the approach
to a patient with suspected viral CNS disease is presented in
a later section.

Antibody preparations and the antiviral agent pleconaril
have shown activity against enterovirus in small series (42,
43) and animal studies (44–46). However, randomized
controlled trials have not supported their routine use in
enterovirus meningitis (47, 48). The literature contains case
reports of immunoglobulin preparations improving outcome
in agammaglobulinemic patients with enteroviral meningi-
tis. However, immunoglobulin use in these patients does
not eliminate the virus from the CSF or prevent chronic
enteroviral meningitis (1). Enteroviral infections in neonates
frequently produce overwhelming viremia and CNS disease.
Ten percent of neonates with systemic enteroviral infections
die, and as many as 76% are left with permanent sequelae.
Standard intravenous immunoglobulin does not provide clin-
ical benefit for neonates with severe life-threatening en-
teroviral infection (42). While the role of antibody\ies in
immunocompromised patients with life-threatening entero-
viral infections remains debatable, there are currently no
data supporting the use of immunoglobulin preparations for
non-life-threatening infections in the normal host.

Specific antiviral agents are available for meningitis of
several other etiologies. Although no definitive clinical trials
have been conducted, most experts recommend the use of IV
acyclovir for HSV meningitis, as it decreases the duration of
primary herpes disease and may limit meningeal involvement
(49). Recurrent HSV-2 meningitis is rare, and recently a
single case of meningitis associated with HSV-1 reactivation
was reported. At this time there are no data on benefits of
antiviral treatment or suppressive therapy for recurrent HSV
CNS disease (1, 50). Effective antiviral therapy exists for
VZV infections of the CNS and should be instituted in these
patients (51, 52). For CMV CNS infection in the immu-
nocompromised host, therapy is problematic and should be
tailored based upon the clinical likelihood of infection.

VIRAL ENCEPHALITIS
Epidemiology and Prevalence
Similar to the case with viral meningitis, passive reporting
systems underestimate the incidence of viral encephalitis
(1). An estimated 20,000 cases of encephalitis occur each
year in the United States; however, the CDC received only
740 (0.3/100,000) to 1340 (0.54/100,000) annual reports of
persons with encephalitis from 1990 to 1994 (1). A review
of the cases in Olmsted County, Minnesota, from 1950 to
1980 found the incidence of viral encephalitis was at least
twice as frequent as that reported by the CDC (6). A pro-
spective study in Finland demonstrated similar results, with
the incidence of encephalitis being 10.5/100,000 (53).

Although nucleic acid-based diagnostic testing has en-
hanced the detection of many viruses, a viral etiology is not
found in the majority (83%) of cases of encephalitis (12).
While the etiology of encephalitis has changed with alter-

ations in the viral reservoirs in North America, the overall
death rates from encephalitis have not changed since the
late 1970s to 1980s (54). HSV CNS infections occur
without seasonal variation, affect all ages, and constitute the
majority of fatal cases of endemic encephalitis in the United
States (1). Arboviruses, a group of over 500 arthropod-
transmitted RNA viruses, are the leading cause of enceph-
alitis worldwide and in the United States (4). Arboviral
infections occur in epidemics and show a seasonal predi-
lection, reflecting the prevalence of the transmitting vector
(1). Asymptomatic infections vastly outnumber symptom-
atic infections. Patients with disease may develop a mild
systemic febrile illness or viral meningitis (1). Encephalitis
occurs in a minority of people with arboviral infections, but
the case-fatality rate varies extremely, from 5% to 70%,
depending upon viral etiology and age of the patient. Neu-
roinvasive WNV infections now far outnumber other arbo-
viral causes of encephalitis in the United States (55),
although it is unknown if this is because of improved testing
and more active surveillance. Historically, LaCrosse en-
cephalitis has been the most commonly reported arboviral
disease in the United States, while St. Louis encephalitis is
the most frequent cause of epidemic encephalitis (1, 56).
Characteristically, Eastern equine encephalitis (EEE) and
most arboviral infections occur in the late summer following
amplification of the virus due to peak mosquito activity (1).
In warm climates the clinician must have a high index of
suspicion for insect-borne diseases.

Japanese B encephalitis and rabies constitute the majority
of cases of documented encephalitis cases outside of North
America. Japanese encephalitis virus, a mosquito-transmitted
member of the flavivirus genus, occurs throughout Asia and
causes epidemics in China despite routine immunization (1,
57). In warmer locations, the virus is endemic (1, 58). The
disease typically affects children, although adults with no
history of exposure to the virus are also susceptible (1). As
with the other arboviral infections, asymptomatic infections
occur more frequently than symptomatic infections. How-
ever, the disease has a high case-fatality rate and leaves half
of the survivors with a significant degree of neurologic
morbidity (1).

Rabies virus remains endemic in much of the world. In the
United States human cases have decreased over the last de-
cades to 1 to 3 cases per year as a result of the immunization
of domesticated animals. Bats are increasingly recognized as a
source of infection. In one study, 15% percent of bats tested
carried rabies virus (59). Since 1990, bat-associated variants
of the virus have accounted for 24 of the 32 cases in the
United States. In most cases there was no evidence of a bite,
although in half of the cases direct contact (handling of the
bats) was documented (60). In areas outside the United
States, human cases of rabies encephalitis number in the
thousands and are caused by unvaccinated domestic animals,
principally dogs, developing infection following contact
with infected wild animals and exposure to bat guano (61).

Postinfectious encephalitis, an acute demyelinating pro-
cess also referred to as acute disseminated encephalomyelitis
(ADEM) or autoimmune encephalitis, accounts for ap-
proximately 100 to 200 additional cases of encephalitis an-
nually in the United States (1, 62). The disease historically
was responsible for approximately one third of the enceph-
alitis cases in the United States and was associated with
preceding measles, mumps, and other exanthematous viral
infections (1, 62). Postinfectious encephalitis in the United
States is now associated with antecedent upper respiratory
virus (notably influenza virus) and varicella infections (1).

38 - VIRAL SYNDROMES AND GENERAL PRINCIPLES



Measles continues to be the leading cause of both acute
encephalitis, in the absence of vaccination, and post-infec-
tious encephalitis worldwide and complicates 1 of every
1000 measles infections (1). Autoimmune CNS damage and
an ADEM process has also been reported following cases of
acute encephalitis and in paraneoplastic syndromes. Some
patients develop N-methyl-D-aspartate (NMDA) auto-
antibodies with their paraneoplastic syndrome 1 to 4 weeks
following acute encephalitis (34, 63). Recent studies suggest
that antigenic variation in the N-terminal domain of the
NMDA receptor may predispose some patients to the auto-
immune encephalitis.(35, 64).

The slow infections of the CNS or transmissible spongi-
form encephalopathies (TSE) occur sporadically worldwide.
The prototypical TSE is Creutzfeld-Jacob disease (CJD);
occurs at high rates within families and has an estimated
incidence of 0.5 to 1.5 cases per million populations (5). In
1986, cases of a TSE in cattle termed bovine spongiform
encephalopathy (BSE) were reported in the United King-
dom. In addition to affecting other livestock throughout
Europe that were fed supplements containing meat and bone
meal, cross-species transmission of BSE has been docu-
mented, leading to a ban in the use of bovine offal in fer-
tilizers, pet food, and other animal feed (5). A decrease in
recognized cases of BSE has occurred since the institu-
tion of these restrictions. Concomitant with the increased
cases of BSE in Europe, an increase in cases of an atypical
Creutzfeldt-Jacob disease also occurred, suggesting animal-
to-human transmission. The report of atypical CJD (unique
clinical and histopathologic findings) affecting young adults
(an age at which CJD rarely has been diagnosed) and a
characteristic methionine at the polymorphic codon 129 led
to the designation of a new disease, variant Creutzfeldt-
Jacob disease (vCJD). As of 2006, a total of 160 cases of
vCJD were diagnosed in the United Kingdom (UK) and 28
cases outside of the UK (65).

Pathogenesis
The pathogenesis of encephalitis requires that viruses reach
the CNS by hematogenous or neuronal spread. Similar to
meningitis, viruses most frequently access the CNS after a
high-titer secondary viremia and cell-free or cell-associated
CNS entry (4). Other than direct entry via cerebral vessels,
the virus can initially infect the meninges and CSF and then
enter the parenchyma across either ependymal cells or the
pial linings. Viruses exhibit differences in neurotropism and
neurovirulence; receptor requirements are one determinant
of viral neurotropism. For example, enteroviruses with sim-
ilar receptors produce very different diseases. Five coxsackie
B viruses (types B1 to B5) readily produce CNS infections
while type B6 rarely produces neurologic infection (4, 66).
Viral genes have been discovered that influence the neuro-
virulence of HSV-1 (67). Mutant HSV-1 viruses with either
g134.5 gene deletions or stop codons inserted into the gene
have a decreased ability to cause encephalitis and death
following intracerebral inoculation in mice as compared to
wild-type virus (67, 68).

In addition to viral factors, host physiology is also im-
portant in determining the extent and location of viral CNS
disease. Age, sex, and genetic differences among hosts influ-
ence viral infections and clinical course (11, 69). Host age in-
fluences the clinical manifestations and sequelae of viral
infections. For example, sindbis virus infection produces le-
thal encephalitis in newborn mice, while weanling mice
experience persistent but nonfatal encephalitis. The reason
for the difference in outcome is twofold. Mature neurons re-

sist viral-induced apoptosis and older mice have an improved
antibody response, thus limiting viral replication (69). Var-
iations in macrophage function among individuals can re-
sult in clinically distinct infections and disease. Moreover,
macrophage-antigen response can change with age and is
important in limiting spread of infection within a patient (1).
In addition to age, physical activity may be another impor-
tant host factor that determines the severity of infection.
Exercise has been associated with increased risk for paralytic
poliomyelitis and may result in an increased incidence of
enteroviral myocarditis and aseptic meningitis (1). Increas-
ingly, host differences are recognized as equally important
determinants of disease at the cellular and molecular levels.

Historically, the peripheral neural pathway was consid-
ered the only pathway of viral neurologic infection, although
contemporary data demonstrate that the circulatory system
is more commonly implicated (1). Herpes simplex virus and
rabies are examples of viruses that infect the CNS by neu-
ronal spread. Sensory and motor neurons contain transport
systems that carry materials along the axon to (retrograde)
and from (anterograde) the nucleus. Peripheral or cranial
nerves provide access to the CNS and shield the virus from
immune regulation. Lastly, olfactory nerve transport to the
CNS is a logical explanation for HSV infections of the brain
when the nasopharynx is a site of viral replication.

Rabies classically infects through the myoneural route
and provides a prototype for peripheral neuronal spread (4,
60). Rabies virus replicates locally in the soft tissue following
a bit by a rabid animal. After primary replication, the virus
enters the peripheral nerves by binding to acetylcholine
receptors. Once in the muscle the virus buds from the plasma
membrane, crosses myoneural spindles, or enters across the
motor end plate (4). The virus travels by anterograde and
retrograde axonal transport to infect neurons in the brain-
stem and limbic system. Eventually the virus spreads from
the diencephalic and hippocampal structure to the remain-
der of the brain, killing the animal (4).

Virus also infects the CNS through cranial nerves. Ani-
mal studies have shown that HSV can infect the brain
through the olfactory system as well as the trigeminal nerve
(4). Early HSV encephalitis damages the inferomedial
temporal lobe that contains direct connections with the ol-
factory bulb (1). The route of human HSV infections, how-
ever, is less clear. Despite data supporting olfactory and
trigeminal spread of virus to the CNS, definitive proof in hu-
mans is lacking. The association of viral latency in the tri-
geminal ganglia, the relative infrequency of herpes simplex
encephalitis (HSE), and the confusing data regarding en-
cephalitis from HSV reactivation suggest that the patho-
genesis is more complex than described above (49).

In patients with acute encephalitis, the parenchyma ex-
hibits neuronophagia and cells containing viral nucleic acids
or antigens. The pathologic findings are unique for different
viruses and reflect differences in pathogenesis and virulence.
In the case of typical HSV encephalitis, hemorrhagic ne-
crosis occurs in the inferomedial temporal lobe with evi-
dence of perivascular cuffing, lymphocytic infiltration, and
neuronophagia (4). Pathological specimens in animals with
rabies encephalitis have microglial proliferation, perivas-
cular infiltrates, and neuronal destruction. The location of
the pathological findings can be limited to the brainstem
areas (dumb rabies) or the diencephalic, hippocampal, and
hypothalamic areas (furious rabies) based on the immune
response mounted against the infection (4).

Some viruses do not directly infect the CNS but produce
immune system changes that result in parenchymal damage.
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Patients with postinfectious encephalitis (ADEM) exhibit
focal neurologic deficits and altered consciousness tempo-
rally associated with a recent (1 to 2 week) viral infection or
immunization (62). Pathologic specimens, while they show
evidence of demyelination by histologic or radiographic
analysis, do not show evidence of viral infection in the CNS
in culture or antigen tests. Patients with postinfectious en-
cephalitis have subtle differences in their immune systems,
and some authors have proposed an autoimmune reaction
as the pathogenic mechanism of disease (1). Postinfectious
encephalitis occurs most commonly following measles, VZV,
mumps, influenza, and parainfluenza infections. With im-
munization the incidence of postinfectious encephalitis has
decreased in the United States; however, measles contin-
ues to be the leading cause of postinfectious encephalitis
worldwide (1). As noted above, in addition to the post-
infectious process, patients with paraneoplastic syndrome
and autoantibodies to NMDA autoantibodies have also re-
cently been described (34). Recent studies suggest that an-
tigenic variation in the N-terminal domain of the NMDA
receptor may predispose these patients to autoimmune en-
cephalitis (35). A subset of patients developed anti-NMDA
autoantibodies 1 to 4 weeks following HSE that leads to re-
current immune-mediated encephalitis, complicating their
recovery.

The TSEs are noninflammatory CNS diseases involving
the accumulation of an abnormal form of a normal glyco-
protein, the prion protein (PrP) (1). These encephalo-
pathies differ in mode of transmission. While most of the
TSEs are experimentally transmissible by direct inoculation
in the CNS, this mode rarely occurs except for iatrogenic
transmissions (70). The scrapie agent spreads by contact and
lateral transmission. There is no evidence for lateral trans-
mission for BSE or vCJD and all cases appear to have oc-
curred following parenteral or ingestion of affected materials.
The transmissible agents remain infectious after treatments
that would normally inactivate viruses or nucleic acids
(detergent formalin, ionizing radiation, nucleases) (1). Most
of the experimental work on TSEs has involved analysis of
the scrapie agent. The current working model is that post-
translational alteration of the normally a-helical form of the
PrP protein results in a protease resistant b-pleated sheet
structure that accumulates in neurons leading to progressive
dysfunction, cell death, and subsequent astrocytosis. In
studies on the scrapie agent and vCJD, gastrointestinal tract
involvement with infection of abdominal lymph nodes oc-
curs first, followed by hematogenous spread through the
reticuloendothelial system and brain involvement a year or
more later (1, 71). Experimental subcutaneous inoculation
in mice and goats also led to local lymph node involvement,
followed by splenic spread and then CNS involvement.
Cases of vCJD through blood transfusion have also occurred
(72). Based upon animal studies, there is an equal distribu-
tion of the agent associated with leukocytes and free in the
plasma, with negligible levels associated with the red blood
cells and platelets (73).

Clinical Manifestations
Patients with encephalitis have clinical and laboratory
manifestations of parenchymal disease; however, infection
rarely involves only the brain parenchyma. Some viruses
(rabies, herpes B virus) produce encephalitis without sig-
nificant meningeal involvement; however, most patients
with encephalitis have concomitant meningitis. Most pa-
tients also have a prodromal illness with myalgias, fever,
and anorexia, reflecting the systemic viremia. Neurologic

symptoms can range from fever, headache, and subtle neu-
rologic deficits or change in level of consciousness to severe
disease with seizures, behavioral changes, focal neurologic
deficits, and coma (4). Clinical manifestations reflect the
location and degree of parenchymal involvement and differ
based on viral etiology. For example, HSE infects the
inferomedial frontal area of the cortex, resulting in focal
seizures, personality changes, and aphasia. These symptoms
reflect the neuroanatomical location of infection with in-
flammation near the internal capsule and limbic and Broca’s
regions (4). Paraesthesias near the location of the animal
bite and changes in behavior correlate temporally with the
axoplasmic transport of rabies and the viral infection of the
brainstem and hippocampal region (1, 74). Rabies has a
predilection for the limbic system, thereby producing per-
sonality changes. The damage spares cortical regions during
this phase, so that humans may vacillate between periods of
calm, normal activity and short episodes of rage and disori-
entation (4). Alternatively, Japanese encephalitis virus ini-
tially produces a systemic illness with fever, malaise, and
anorexia, followed by photophobia, vomiting, headache,
and changes in brainstem function. Most children die from
respiratory failure and frequently have evidence of cardiac
and respiratory instability, reflecting Viremic spread via the
vertebral vessels and infection of brainstem nuclei (4).
Other patients have evidence of multifocal CNS disease
involving the basal ganglia, thalamus, and lower cortex and
develop tremors, dystonia, and parkinsonian symptoms (4).

Encephalitis, unlike meningitis, often has high mortality
and complication rates but these differ based on the viral
etiology and host factors (91, 75). For example, St. Louis
encephalitis virus has an overall case mortality of 10%; the
rate is only 2% in children but increases to 20% in the
elderly (76). Other viruses like Western equine and Eastern
equine encephalitis produce higher mortality and morbidity
in children than in adults (76).

The TSEs are slowly progressing diseases with long in-
cubation periods. Sporadic CJD occurs between the ages of
50 and 70 years of age and is characterized by dementia,
tremors, and, more rarely, abnormal movements and ataxia.
Unlike sporadic CJG, vCJD disease affects young adults and
adolescents; it produces cerebellar ataxia and sensory in-
volvement (dysesthesias) with florid amyloid plaques de-
tected in the brain on autopsy. Neurologic deterioration
progresses relentlessly, and most patients die less than a year
after onset of their neurologic manifestations.

Laboratory Findings and Diagnosis
Establishing a diagnosis requires a meticulous history,
knowledge of epidemiologic factors, detailed microbiologic
studies, and a systematic evaluation of other possible treat-
able diseases. In the past, investigators failed 50% to 75% of
the time to identify an etiology for encephalitis depending
on the study and diagnostic tests used (1). CSF pleocytosis
usually occurs in encephalitis but is not necessary for the
diagnosis. White blood cell counts in CSF typically number
in the 10’s to 100’s in viral encephalitis (1). Cerebrospinal
glucose levels are usually normal although some viral eti-
ologies (e.g., EEE) produce CSF parameters consistent with
acute bacterial meningitis (1). Some viruses (e.g., HSV)
produce a hemorrhagic necrosis and the CSF exhibits this by
moderately high protein levels and evidence of red blood
cells. Supratentorial and cerebellar tumors can produce in-
creased intracranial pressure and can mimic encephalitis. A
careful fundoscopic exam and appropriate radiographic im-
aging should be performed prior to obtaining CSF to rule out
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any evidence of papilledema and increased intracranial
pressure.

Unlike meningitis, encephalitis often requires additional
laboratory and radiologic tests to establish the diagnosis.
Historically, the standard for diagnosis was brain biopsy and
viral isolation. For many viruses (e.g., HSV, enterovirus,
EBV, VZV, John Cunningham [JC] virus, HHV6, tick-borne
encephalitis [TBV]) detection of viral nucleic acids by PCR
or RT-PCR from the CSF has replaced culture and brain
biopsy as the standard for diagnosing encephalitis (1, 77,
78). Computerized tomography (CT scan) and magnetic
resonance imaging (MRI) are needed to look for focal en-
cephalitic changes, parenchymal necrosis or bleeding, de-
myelination, and mass lesions. The increased sensitivity of
MRI to alterations in brain water content and the lack of
bone artifacts make this the neuroradiologic modality of
choice for CNS infections (79, 80). MRI and especially
diffusion-weighted imaging detect parenchymal changes
earlier than CTscan and better defines the extent of a lesion
(81). Furthermore, MRI is more sensitive for detecting evi-
dence of demyelinating lesions in the periventricular and
deep white matter, thus enabling differentiation of para-
infectious from acute viral encephalitis. Patients with viral
encephalitis frequently have diffuse or focal epileptiform
discharges with background slowing on electroencephalo-
gram (EEG) (4). These EEG changes precede CT scan evi-
dence of encephalitis and provide a sensitive although
nonspecific diagnostic test. EEG changes in the temporal
lobe area strongly support the diagnosis of HSE; however,
the absence of these changes does not rule out HSE.

Historically, patients with viral encephalitis required a
battery of different diagnostic tests. HSV encephalitis, for
example, could be diagnosed acutely by brain biopsy and
viral culture or retrospectively by CSF antibody and con-
valescent serologic tests (4). The diagnosis of enterovirus
meningitis previously required acute virus isolation from the
throat or rectum acutely or retrospective serologic studies.
Molecular techniques are not routinely used for the diagnosis
of most viral CNS infections (4, 82). Primers also exist for
the detection of certain arboviral encephalitides (California
encephalitis group, Japanese encephalitis, West Nile, St.
Louis encephalitis, dengue fever serotypes 1–4, and yellow
fever viruses); however the development of universal arbo-
viral primers has been more difficult (1, 4, 38). The suc-
cessful detection of viral nucleic acids in the CSF is
influenced by the duration, extent, and etiology of disease.
The laboratory test is relatively rapid, has high sensitivity,
and provides a less invasive means to diagnose encephalitis.
For example, only 4% of CSF cultures are positive in pa-
tients with sporadic HSE; in patients with biopsy-proven
HSE, CSF PCR has a sensitivity of greater than 95% and
a specificity approaching 100% (83). Interestingly, in the
three cases where the CSF PCR was positive but the brain
biopsy negative, biopsy samples had been improperly pre-
pared prior to viral culture or the biopsy site was suboptimal
(1). Recently, efforts have focused on correlating viral
nucleic acid copy as an indicator of virus quantity to predict
clinical outcome (84).

The clinical diagnosis of a TSE is supported by detection
of characteristic EEG changes (periodic sharp and slow wave
complexes), presence of 14–3-3 protein in the CSF, and
characteristic MRI findings (increased signal in the basal
ganglia in vCJD or evidence of increased signal in the pos-
terior pulvinar in vCJD) (85). Most laboratory tests are of
little value in the diagnosis in humans. CSF examination
shows normal values or slightly elevated protein levels. The

EEG in classic CJD reveals generalized slowing early in the
disease and biphasic or triphasic peaks late in the disease
with the onset of myoclonus. MRI changes late in the illness
reveal global atrophy with hyperintense signals from the
basal ganglia (5). Diffusion-weighted imaging and fluid at-
tenuation inversion recovery (FLAIR) remain the most re-
liable and sensitive imaging techniques for CJD (85, 86).
Histopathologic examination of the brain using a specific
antibody to the PrP-res protein confirms the disease. In
addition, evidence of gliosis, neuronal loss, and spongiform
changes support the diagnosis. In cases of vCJD, character-
istic microscopic amyloid plaques (so-called florid plaques)
define the disease. The florid plaques are not seen in other
TSEs and consist of flower-like amyloid deposits surrounded
by vacuolar halos. The detection of PrP-res in the tonsillar
tissue by immunohistochemical staining is also strongly
supportive of a vCJD diagnosis (5).

Differential Diagnosis
Identifying treatable disease expeditiously is a priority in
patients presenting with neurologic changes. In patients
with suspected HSE undergoing brain biopsy for confirma-
tion, alternative diagnoses are frequently found. Of 432 pa-
tients, only 45% had biopsy-confirmed HSE and 22%
had another etiology established by brain biopsy (3). Of these,
40% had a treatable disease (9% of the biopsy group) in-
cluding bacterial abscess, tuberculosis, fungal infection, tumor,
subdural hematoma, or autoimmune disease. The majority of
the remaining 60% identifiable but non-treatable causes for
encephalitis were of viral etiology. Disease in a third group of
142 patients (33%) went undiagnosed even after brain-biopsy
and the conventional diagnostic tests.

Pathologic processes in the CNS have limited clinical
expressions and thus often produce similar signs and symp-
toms (4). Other causes of encephalitis are presented in
Table 3. Mass lesions in the CNS (tumor, abscess, or blood)
can cause focal neurologic changes, fever, and seizures,
similar to encephalitis. Metabolic (hypoglycemia, uremia,
inborn errors of metabolism) and toxin-mediated disorders
(ingestion, tick-related paralysis, or Reye syndrome) can cause
decreased consciousness, seizures, and background slowing on
EEG. Limbic encephalitis can produce protracted encepha-
litis and is caused by paraneoplastic phenomena. Further-
more, treatable infectious causes of encephalitis must be
vigorously investigated. Mycoplasma produces demyelinating
brainstem encephalitis in approximately 0.1% of infections.

Prevention
Prevention of the initiating viral infection remains the best
means to reduce risk of viral encephalitis. Live attenuated
vaccines against measles, mumps, and rubella have resulted
in a dramatic decrease in the incidence of encephalitis in
industrialized countries. Measles continues to be the leading
cause of postinfectious encephalitis in developing countries,
however, and complicates 1 of every 1000 measles infections
(1). Widespread polio vaccination has eradicated the disease
at present from the Western Hemisphere and most other
countries. Vaccines exist for some arboviral infections and,
of course, rabies. Vaccination against Japanese encephalitis
virus has reduced the incidence of encephalitis in Asia but
cases still occur annually (57, 87, 88).

Vaccination and antiviral chemoprophylaxis are either
not available or cost-effective for preventing many viral
infections. For example, vector avoidance, the use of mos-
quito deterrents, and mosquito abatement programs are less
costly strategies for preventing arboviral encephalitides in
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the United States (1, 89). Pre- and immediate postexposure
prophylaxis are the only ways known to prevent death in
rabies-exposed individuals (90). Individuals exposed to ra-
bies require vigorous cleansing of the wound, postexposure
vaccination, and direct administration of rabies hyper-
immunoglobulin at the site of the animal bite. Individuals
with frequent contact with potentially rabid animals (vet-
erinarians, animal control staff, workers in rabies laborato-
ries, and travelers to rabies-endemic areas) should receive
preexposure vaccination. The FDA has implemented guide-
lines eliminating whole blood or blood components pre-
pared from individuals who later developed CJD or vCJD to
reduce the potential exposure to TSE agents in the blood
supply. While four cases of transfusion associated vCJD have
been reported, the risk associated with packed red blood cells
(PRBC) and platelet transfusion is less than that for patients
receiving large amounts of whole blood (73). Changes in
agricultural practices in Europe, testing for affected cattle,
and bans on infected cattle have been associated with de-
cline in cases of vCJD. In North America no cases of vCJD
have been reported and the Department of agriculture has
programs in place to monitor for TSEs in livestock (91).

Treatment
Patients with encephalitis require treatment tailored to
the etiology and clinical situation. Currently few antiviral
medications are available to treat CNS infections. Antiviral
therapy exists for HSV-1, HSV-2, VZV, CMV, and HIV. The
introduction of acyclovir has resulted in a sharp decline in

mortality and morbidity from HSV infections; neonatal
mortality from disseminated HSV disease and HSE has de-
clined from 70% to 40% and antiviral treatment also re-
duces the severity of neurologic impairment (1). Varicella
immunoglobulin (VZIG) and acyclovir have reduced the
complications from primary VZV infection and zoster in
neonates and immunocompromised patients. Although
controlled trials have not evaluated the efficacy of acyclovir
in VZV encephalitis, the medication is routinely used to
treat this complication (1, 92). Ganciclovir and foscarnet
are used for the treatment of CMV encephalitis although
controlled clinical trials have not confirmed the efficacy of
this treatment. Antiretroviral therapy appears to decrease
the frequency and severity of HIV CNS disease, but studies
have not determined if this is because of a direct reduction in
HIV viral activity in the CNS or a secondary effect as a result
of improved immune function and decreased opportunistic
infections affecting the CNS (93).

In cases of postinfectious encephalitis or ADEM, no
randomized controlled trial has confirmed the benefit of
immunomodulatory drugs. In practice clinicians often treat
ADEM with different immunomodulators in an attempt to
limit T-cell-mediated destruction of the CNS (62). It must
be emphasized, however, that immunomodulatory therapy is
based on isolated case reports and series. Cinical failures and
iatrogenic morbidity from a therapeutic modality are rarely
ever reported.

Approach to Patients with Viral CNS Disease
The approach to a patient with a presumed CNS viral in-
fection must be tailored to the severity and distribution of
neurologic involvement. The degree of diagnostic as well as
therapeutic intervention differs based on the type of CNS
disease. The examination and radiographic and laboratory
studies available for establishing a diagnosis must be priori-
tized based on the likely etiology and the stability of the
patient. For example, a patient with photophobia and nu-
chal rigidity but a nonfocal neurologic examination does
not require invasive intracranial pressure monitoring as
would a patient with encephalitis and evidence of increased
intracranial pressure. After establishing the degree of CNS
disease by history and physical exam and stabilizing the
patient (airway, breathing, and circulation), the clinician
next must ascertain a diagnosis.

Treatable causes of CNS dysfunction require rapid eval-
uation and intervention in an effort to prevent further or
permanent CNS damage. Potentially treatable diseases (e.g.,
HSE, VZV, fungal infections, partially treated bacterial
meningitis, tuberculous meningitis, parameningeal infec-
tion, mycoplasma, and fastidious bacterial infections) can
mimic viral CNS disease and should be vigorously investi-
gated before attributing the illness to a viral etiology for
which no specific antiviral is available. The same logic ap-
plies to treatable viral infections and noninfectious eti-
ologies. After establishing a presumptive diagnosis and
instituting therapy, the clinician must vigilantly anticipate
and treat complications associated with the viral CNS dis-
ease or the therapeutic interventions. Seizures secondary
to direct viral CNS damage, inflammatory vasculitis, and
electrolyte changes require anticonvulsant therapy with
benzodiazepams, phenytoin, and barbiturates (1). Patients
with cerebral edema may require intracranial pressure
monitoring and hyperventilation, osmotic therapy, and CSF
removal in an attempt to maintain cerebral pressures (1).
The ultimate goal of intracranial pressure monitoring is to
maintain adequate cerebral perfusion. While a physician

TABLE 3 Differential diagnosis for encephalitis and
meningitis
Infectious
Bacterial
Common organisms (S. pneumoniae, S. agalactiae,

N. meningitis, H. influenza)
Complex bacteria (Mycobacterium, Actinomyces, Nocardia)
Spirochetes (Treponema, Borrelia, Leptospira)
Cell associated (Rickettsia, Ehrlichia, Mycoplasma)

Brucella, Listeria, Bartonella
Partially treated bacterial infection
Abscess (brain, parameningeal)
Bacteria-produced toxin

Fungal
Blastomyces, Candida, Histoplasma, Coccidioides, Aspergillus,
Sporothrix, Zygomycetes, other)

Parasites and Protozoan
Toxoplasma, Taenia solium, Echinococcus,
Strongyloides, Schistosoma, Acanthamoeba,
Naegleria fowleri, Balamuthia mandrillaris,
Trypanosoma, Plasmodium

Postinfectious
Guillain-Barre’ Syndrome
Brain stem encephalitis
Miller-Fisher Syndrome
Acute disseminated encephalomyelitis (ADEM) postviral
(varicella zoster, measles, parainfluenza, influenza,
respiratory syncitial virus), unknown

Limbic encephalitis
Paraneoplastic syndrome
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struggles to maintain an adequate intravascular blood vol-
ume, intracranial pressures can rise to dangerous levels as
capillary leaks complicate the patient’s course. The risks of
increased intracranial pressure from aggressive fluid resusci-
tation or the syndrome of inappropriate antidiuretic hor-
mone release necessitates fastidious fluid management
and frequent electrolyte monitoring. Cardiac arrhythmias
can also develop in patients with encephalitis secondary to
electrolyte changes or brainstem damage. Cardiac and re-
spiratory arrest can occur early in disease; therefore, equip-
ment for intubation and cardioversion should be readily
available for a patient with encephalitis. In addition to the
direct damage the virus can cause in the CNS, certain
viruses can also produce systemic damage that complicates
the management of the CNS disease. Patients can develop
overwhelming hepatitis, pneumonitis, disseminated intra-
vascular coagulation, and shock. Patients in coma from en-
cephalitis can recover after long periods of unconsciousness.
The physician should strive to limit the amount of iatrogenic
damage and vigorously support the patient during the acute
phase of the illness.
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Gastroenteritis is a major cause of morbidity and mortality
in humans, and viruses are important causes of this disease.
While many viruses have been associated with diarrhea in
humans, we know most about rotavirus because the methods
used to detect it are best developed. Rotavirus remains the
most important cause of severe diarrhea in children world-
wide. Implementation of effective vaccines has resulted in a
substantial reduction of the rotavirus disease burden. As
rotavirus incidence drops in countries with mature vacci-
nation programs, norovirus is increasingly being recognized
as a major cause of pediatric diarrhea.

The gastroenteritis viruses fall into two distinct epidemi-
ologic groups: those that cause common childhood diarrhea
in early life—rotavirus, adenovirus, caliciviruses (norovirus
and sapovirus), and astrovirus—and those responsible for
epidemic disease, primarily noroviruses but also astrovirus
and group B rotavirus.

All of these viruses cause a clinical syndrome of diar-
rhea and vomiting that is generally similar, extraintestinal
manifestations of disease are rare. Some groups of people
are at particularly high risk for disease with these agents by
virtue of their age (the young and the old), their extent of
exposure, or their host susceptibility.

The primary treatment of all these diseases is fluid and
electrolyte replacement. Prevention of the main childhood
disease, rotavirus diarrhea, is based on widely used live-
attenuated oral vaccines. Prevention of viral gastroenteritis
epidemics will rest with the identification of the vehicle of
infection, interruption of the mode of transmission, and the
potential development of vaccines.

INTRODUCTION
Gastroenteritis is one of the most common illnesses affecting
infants, children, and adults and accounts for over 500,000
deaths annually in children under 5 years of age worldwide
(1, 2). The term gastroenteritis implies an inflammation of
the stomach and intestine, but, depending on the specific
etiology, the pathophysiology of illness can be quite diverse.
In fact, gastroenteritis can be caused by multiple different
pathogens—viruses, bacteria, parasites—many of which pro-
duce no inflammation and some of which are increasingly
being recognized as potential vaccine preventable diseases.
The clinical presentation can vary widely from purely upper

gastrointestinal symptoms of vomiting (e.g., winter vomiting
disease) to acute diarrhea without any upper gastrointestinal
complaints (3). Although gastroenteritis most often presents
as mild diarrhea, it is a frequent cause of severe disease,
leading to hospitalizations and deaths among infants, chil-
dren, and the elderly, particularly among infants and chil-
dren in developing countries. Acute gastroenteritis episodes
are characterized by a range of symptoms, including abdom-
inal cramping, malaise, anorexia, headache, myalgia, nausea,
vomiting, and diarrhea. These symptoms can appear alone or
together and can mimic illness caused by toxins, drugs, or
other medical conditions. In this chapter, we will use the
terms gastroenteritis and diarrhea interchangeably and will
concentrate on those illnesses caused specifically by viruses.

HISTORICAL BACKGROUND
Our understanding of the role played by gastrointestinal
viruses has been determined by our ability to detect these
agents through direct observation, measurement of an im-
mune response to infection or through genetic analysis of
clinical specimens collected from patients (Table 1). His-
torically, viruses have been implicated as agents of acute
gastroenteritis when no other pathogens could be identified
in fecal specimens (4). Moreover, as recently as 1970, in-
fectious agents could be identified in such a small percent-
age of patients with diarrhea that explanations such as the
diarrhea of malnutrition, weaning, or physiologic constitu-
tion were invoked as the underlying cause of these disease
episodes.

The ability to detect viral agents of gastroenteritis has
followed the major historical advances in virology (Table 1).
Early investigators demonstrated that “transmissible agents”
present in fecal filtrates were able to transmit gastroenteritis
to animals and humans (4). With the refinement of cell
culture techniques for growing viruses from the 1950s
through 1970s, a new generation of advances saw a number
of viruses—echoviruses, adenoviruses, and coxsackie A and
B viruses—isolated from fecal specimens of patients with
diarrhea (5–8). Although these viruses were identified from
patients with symptoms of gastroenteritis, establishing these
agents as causes of disease has been challenging because
these viruses have also been isolated from patients who had
other syndromes or were asymptomatic.

doi:10.1128/9781555819439.ch4

47



In 1972, the Norwalk agent became the first virus dis-
covered that was determined to be a causative agent of gas-
troenteritis (9). Using immune electron microscopy, Kapikian
visualized grape-like clusters of small, round structured
viruses (SRSVs) in fecal specimens of patients in an out-
break of diarrhea, but not in controls, and applied the same
technique to document the patients’ immune response.
Since then, electron microscopy has been critical to iden-
tifying or confirming all the new viral agents of gastroenter-
itis including rotaviruses (10), adenovirus (11), astroviruses
(12), and the “classic human” caliciviruses (13). Human
caliciviruses have been placed in their own genus, Norovirus
(previously called “Norwalk-like viruses”), along with Sapo-
virus (previously denoted as “Sapporo-like viruses”) (14).

While many viruses have been identified in fecal speci-
mens, the etiologic association of these viruses with disease
requires further investigation and must meet four essen-
tial criteria for causality. In order to document an infection
causing disease, the patient should exhibit a measurable
immune response to the specific agent. The virus should also
be present more often in patients with gastroenteritis than
in persons without gastroenteritis (typically asymptomatic
controls) (15). The onset of clinical signs and symptoms
should temporally correspond with the onset of virus de-
tection, and the termination of disease should in some way
correspond with the end of detection. Some viruses from
fecal filtrates have been given to animals to demonstrate the
biological plausibility of illness, as well as to volunteers to
fulfill Koch’s postulates of disease causation. Consequently,
while many viruses have been found in fecal specimens,
some like torovirus (16), picobirnavirus (17), parechoviruses
(15), coronaviruses (18), aichiviruses (19), and pestivirus

(20), have yet to fulfill these strict criteria and be accepted
as pathogens of the gastrointestinal tract in humans (15).
These agents will require further laboratory, clinical, and
epidemiologic investigations in order to confirm their asso-
ciation with gastrointestinal disease.

Wenow suspect that—at least in the United States—most
gastrointestinal illnesses in children are due to viruses (15,
21). However, our understanding of the full spectrum of dis-
ease associated with these viruses, with the exceptions of
rotavirus and to some extent norovirus, remains incomplete.

VIRAL AGENTS
The viral agents that are proven causes of gastroenteritis fall
into four distinct families—rotaviruses (Reoviridae), human
caliciviruses (Caliciviridae), enteric adenoviruses (Adenovir-
idae), and astroviruses (Astroviridae) (Table 2; Figure 1) (15).
The diversity in viral genomic structures among these
agents ranges from those containing single-stranded RNA
(astroviruses, caliciviruses) to those with double-stranded
RNA (rotaviruses), and to those with double-stranded DNA
(adenoviruses). Despite the diversity of these agents and
their epidemiologic characteristics, the clinical presenta-
tions of disease caused by these agents are indistinguishable.
Moreover, while viruses in the same families also cause dis-
ease in animals, the amount of transmission between animals
and humans is likely to be limited, if present at all. All of
these viruses can be detected using electron microscopy, but
the amount of virus shed in fecal specimens ranges from 1012
particles per gram (rotavirus) to subdetectable levels (< 106)
in norovirus infections. Our knowledge of the epidemiology
of these agents is a direct function of both this level of

TABLE 1 Historical advances in the identification of viral agents of gastroenteritis

Year Agent Advance and comment

1940–1950 “Transmissable” agents Fecal filtrates transmit gastroenteritis in animals and humans
1950–1970 Echoviruses, adenoviruses,

Coxsackie A and B viruses
Viruses cultivated from stools of patients with diarrhea; causal relationship
to disease unclear

1972 Norwalk virus First virus clearly associated with diarrhea (9)
Rotavirus group A Virus discovered by Bishop et al. (10) in duodenal mucosa and now recognized

as the most common cause of severe diarrhea in children
1975 Enteric adenovirus serotypes

40 and 41, group F
Unique serotypes and group of fastidious adenoviruses associated with diarrhea

Astrovirus Virus rarely identified in fecal specimens now recognized to be a more common
cause of disease in children

1979 Calicivirus “Classic” human calicivirus associated with disease in children, genetically
related to the Norwalk family of viruses

1980s Rotavirus groups B and C Pathogens recognized in animals found to cause disease in humans; animal
and human strains distinct

1970s–1980s Norwalk-like viruses or SRSVs now
recognized to be human caliciviruses,
e.g., Snow Mountain agent, Hawaii
agent, Toronto agent, minireovirus,
Parramatta agent, Taunton agent,
Montgomery County agent,
and Desert Storm virus

Each virus morphologically identical but antigenically and genetically distinct;
variant in the family Caliciviridae

1980s–1990s Novel agents, e.g., torovirus,
picobirnavirus, and enterovirus 22

Found in fecal specimens of patients with diarrhea more often than controls,
but full association with disease is unclear

2000s–2015 Population based viral gastroenteritis
burden studies

Following widespread rotavirus vaccine implementation, norovirus shown
to be the most common cause of medically attended acute gastroenteritis
in the U.S. (21)
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shedding and the quality of techniques available to detect
the virus present in fecal specimens.

EPIDEMIOLOGY
Viral gastroenteritis occurs in two distinct epidemiologic
settings: childhood diarrhea (i.e., endemic disease) and
outbreaks (i.e., epidemic disease) (Table 3). The majority of
the diarrheal illnesses in children aged less than 5 years is due

to a variety of viral agents—rotavirus (15, 21–23), adeno-
virus (11, 15, 24–27), calicivirus (15, 21, 28), and astrovirus
(15, 27, 29). Infants may be infected in the first few months
of life, and the prevalence of antibody to these agents ap-
proaches 100% by 5 years of age (30).

Globally, rotavirus is the most common cause of severe
gastroenteritis in children < 5 years of age, accounting for
approximately 200,000 deaths per year in children less than
5 years of age, with deaths among children in the poorest

TABLE 2 Microbiological and epidemiological characteristics of viral agents that cause gastroenteritis

Microbiological characteristics Epidemiological characteristics
Virus Morphology Detection method Setting Comment

Rotavirus
Group A 70 nm double-capsid

wheel-shaped (“rota”)
virus with 11
segments of dsRNA

EIA, EM, PAGE, RT-
PCR, culture

Endemic in children Globally, the most common cause
of severe diarrhea in children;
accounts for ca. 13%
hospitalizations for diarrhea in
U.S. children; mode of
transmission unknown

Outbreaks in high-risk
groups in adults

Affects travelers,
immunocompromised patients,
parents of infected children,
elderly residents of aged-care
facilities, and caretakers in day
care centers

Group B Same as group A EM, PAGE, EIA, RT-
PCR

Epidemic Associated with cholera-like
disease in adults; transmitted by
water

Group C Same as group A EM, PAGE, EIA, RT-
PCR

Epidemic Worldwide distribution; outbreaks
in children (newborns to school-
age); mode of transmission and
prevalence of outbreaks
unknown

Noroviruses
(human calicivirus)

27 to 32 nm SRSV
with ssRNA

EM (IEM), RT-PCR/
Southern blot
hybridization; RT-
PCR;
seroconversion
using expressed
antigens

Epidemic and endemic
in all age groups

The most common cause of
childhood diarrhea in the U.S.;
accounts for 17% of diarrhea
hospitalizations in children aged
< 5; most common cause of
sporadic gastroenteritis and
diarrheal outbreaks; all age
groups affected; transmission via
person to person contact,
contaminated food, shellfish,
and water

Sapoviruses
(human calicivirus)

Distinguishable by EM
from Norwalk by
calices and Star-of-
David morphology;
otherwise identical

Expressed antigens not
available; otherwise
identical

Endemic in children Mode of transmission unknown

Adenovirus, enteric
(serotypes 40,41)

70 nm icosahedral virus
with dsDNA;
serotypes 31, 40, and
41 associated with
diarrhea

EM, EIA for hexon
and serotypes 40
and 41

Endemic in children Disease may be more severe than
rotavirus-induced diarrhea

Astrovirus 27 to 32 nm, ssRNA
small round virus (star
configuration)

EM, EIA, RT-PCR Endemic in children;
may cause outbreaks

All children infected in first 3 years
of life; less severe than rotavirus;
mode of transmission unknown;
outbreaks reported in day care
centers, schools, and nursing
homes; winter seasonality

EIA, enzyme immunoassay; EM, electron microscopy; PAGE, polyacrylamide gel electrophoresis; IEM, immunoelectron microscopy; dsRNA, double-stranded RNA;
ssRNA, single-stranded RNA.
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countries accounting for more than 85% of the total (1, 31);
however, widespread implementation of highly effective
rotavirus vaccines since 2006 has resulted in a dramatic shift
in the epidemiology of pediatric viral gastroenteritis in early
introducer countries. Substantial reductions in the burden of

severe rotavirus gastroenteritis were observed following ro-
tavirus vaccine implementation (21, 32–34), and in many
countries, noroviruses have overtaken rotavirus to become
the predominant cause of severe gastroenteritis in the pe-
diatric population (21, 35, 36).

FIGURE 1 Electron micrographs showing agents of viral gastroenteritis. (A) rotavirus; (B) astrovirus; (C) adenovirus; (D and E) Norwalk-
like viruses of the family Caliciviridae.

TABLE 3 Contrasting epidemiological patterns of viral gastroenteritis

Pattern in:
Characteristic Childhood diarrhea (endemic) Outbreaks (epidemic)

Viruses Rotavirus group A, human caliciviruses,
adenovirus, astrovirus

Human caliciviruses, rotavirus groups B and C – astrovirus
or rotavirus (special settings)

Age < 5 yr All ages
Antibody interpretation Seroprevalence is 100% by age 5 Seroprevalence is variable but seroconversions in affected cases
Mode(s) of transmission fecal-oral, contact, droplet Person-to-person, food (shellfish), water
Prevention and control Effective vaccines for rotavirus

licensed and in use
Public health measures to stop transmission by disinfection,
exclusion of ill persons, and removing contaminated
food or water
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Norovirus is estimated to cause 18% of severe diarrheal
disease in children under the age of 5 years worldwide; 17%
of inpatient cases and 24% of community episodes (37).
Following implementation of rotavirus vaccination, among
children under 5 years old in the United States studied in an
active surveillance network, norovirus accounted for 21% of
gastroenteritis requiring medical attention—17% among
inpatient cases and 28% of community episodes (21). Other
important viral causes of gastroenteritis include adeno-
viruses, and astroviruses accounting each for about 5 to 10%
of acute gastroenteritis episodes in medically attended chil-
dren. Recently, adenoviruses 40/41 were found in 12% of
children aged < 5 years suffering from acute gastroenteritis in
the United States, and astroviruses were detected in 5% of
children in this cohort (15).

All the major enteric viruses are transmitted primarily
through close person-to-person contact via the fecal-oral
route (38). Noroviruses are present in vomitus of ill people.
Droplet spread through exposure to vomitus has been
demonstrated to be a mechanism of transmission both in
healthcare and community settings (39, 40). Additionally,
noroviruses are spread through contaminated food and
therefore are a major cause of foodborne and occasionally
waterborne disease (41–43). The modes of transmission of
adenovirus are less well understood, but it is presumed to be
primarily through close contact by fecal-oral spread. Spread
through fomites is possible for each of the agents, and may
play an important role in disease acquired in institutional
settings and group childcare (44). Epidemiologic studies
suggest that transmission within families, communities, and
special settings may occur despite the availability of sanitary
food and water.

Outbreaks of viral gastroenteritis occur in all age groups
and in many different settings (43, 45). Since viral gastro-
enteritis is often mild, we know much more about large
outbreaks that occur in identifiable settings (e.g., weddings,
cruise-ships, long-term care facilities, hospital wards), than
small outbreaks or sporadic cases, where the source of in-
fection cannot easily be traced (3). Noroviruses are the
leading cause of reported outbreaks of acute gastroenteritis in
the United States (42, 46). Outbreaks of norovirus infec-
tions are also frequently reported in institutional settings,
such as nursing homes and day care centers (45). Large
outbreaks of group B rotavirus have also been well docu-
mented in China (47), and smaller outbreaks of group C
rotavirus have been identified among children and adults in
a global distribution (48, 49). Outbreaks of astrovirus (50)
and rotavirus (51, 52), two endemic viruses of children, have
also been documented among people who should already be
immune following their first infections as children. Rota-
virus outbreaks among attendants in day care centers (53),
mothers of children with rotavirus (53), travelers (54), for-
mal dinner attendants (55), retirement communities (52),
and patients in long-term care facilities (56), may be due to
alternate modes of transmission in which direct contact with
a large fecal inoculum overwhelms an individual’s pre-
existing immunity.

In epidemics of viral gastroenteritis, particularly those
caused by noroviruses, a mode of transmission can often be
documented (46, 57). Contaminated food (43, 58), espe-
cially raw shellfish (59) and water (60), are commonly
identified vehicles for transmission, perhaps because the
spread of viruses by airborne droplets (61), vomitus (62), or
direct person-to-person contact (57, 61) is more difficult to
prove (45). Even produce, such as raspberries, contaminated
before retail distribution, may be a source of infection (63).

Contamination of environmental surfaces with noroviruses
has occurred during outbreaks in institutional settings and
may serve as a reservoir that sustains an outbreak (64).
Inapparent contamination of restrooms may be a source of
infection in many settings (65). Primary prevention efforts
can be directed at interrupting transmission by removing the
contaminated vehicle of infection.

While rotaviruses and noroviruses occur in distinct epi-
demiologic patterns, there is considerable crossover in pre-
sentation. Winter seasonal epidemics among infants and
children are the most common presentation of rotavirus, but
these agents do cause disease in adults and the elderly, sug-
gesting that these groups may be exposed to unusually large
inocula in the context of special settings, or that immunity
to rotaviruses wanes over time (52). Epidemics of calici-
viruses are common in older children and adults despite the
fact that most children possess antibody to both genuses of
the family Caliciviridae—noroviruses and the sapoviruses
(66). Noroviruses are now known to be common in children
presenting to medical care (15, 21). Although a rapid and
accurate diagnostic assay is not commonly available for di-
agnosing norovirus infections, epidemiologic features are
useful in confirming norovirus as a cause of outbreaks (67).
Epidemiologic criteria were validated to be highly specific in
discriminating norovirus outbreaks from other etiologies and
could continue to be used until diagnostic assays become
widely available (68).

Risk factors for fatal disease include social- and health-
care system characteristics such as the access to proper re-
hydration therapy, and biological factors such as the
nutritional status and immunocompetence of the child (33,
69). Diarrheal deaths are not uncommon in the elderly (70,
71), and have been identified among patients who became
ill in norovirus outbreaks (72). In these patients, electrolyte
disturbances and secondary infections in patients with pre-
existing health problems have appeared to place these in-
dividuals at particular risk (72).

CLINICAL MANIFESTATIONS
AND PATHOGENESIS
Viral infections of the intestinal tract cause clinical syn-
dromes that can range from asymptomatic infections to
severe, complicated, dehydrating diarrhea, and death. In
infants and young children, mortality rates due to rotavirus
are particularly high in developing low-income countries (1,
31). The key clinical feature determining disease severity of
viral gastroenteritis is the degree and rate at which fluids
and electrolytes are lost, and the rapidity with which these
losses can be replaced by oral or parenteral rehydration
therapy (73).

Despite the variety of viral agents that cause gastroen-
teritis, a number of key features in their epidemiology and
clinical presentation can be explained by the pathophysi-
ology of infection and disease. For those agents studied, the
inoculum size is small; fewer than 100 norovirus viral par-
ticles properly buffered can cause disease (74). The small
inoculum size would permit transmission by airborne droplet
spread or direct contact, although the importance of these
modes of spread has been difficult to document (57, 61, 62).
Following ingestion but prior to the onset of clinical mani-
festations, the virus replicates in the epithelial cells of the
small intestine during an incubation process that can range
from 12 to 48 hours, depending upon the inoculum size (75).
The incubation period of 12 to 36 hours for viral gastroen-
teritis (e.g., norovirus) helps in distinguishing these agents
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from organisms that produce a preformed bacterial toxin
(e.g., Staphylococcus aureus or Bacillus cereus) and typically
have a shorter incubation period ( < 12 hours).

Viral replication may be associated with a low-grade
fever, myalgia, and malaise. Disease is generally of short
duration and lasts from 3 to 5 days, perhaps representing the
time period required for the small intestine to replace cells
damaged by infection and to mount the immune response
necessary to clear the infection (76). Shedding of virus can
persist at low levels for days to weeks after the clinical illness,
depending upon the sensitivity of the assays used for detec-
tion (44).

Acute episodes of viral gastroenteritis are distinguished
by the presence of watery diarrhea and vomiting. A majority
of patients with diarrhea experience vomiting as an associ-
ated symptom, but some patients may present with vomiting
alone (e.g., winter vomiting disease) (77). The mechanism
of emesis during viral gastroenteritis is poorly understood,
but is likely different from the mechanism of the associated
secretory diarrhea. While diarrhea was traditionally be-
lieved to result from cellular damage in the intestine, some
data for rotavirus indicate that tissue invasion may not be
necessary to cause disease (78), as inactivated rotavirus can
cause a secretory diarrhea in animal models. Although
bloody diarrhea has been occasionally described in the
context of rotavirus infections, classic dysentery associated
with tissue invasion and an intense cellular infiltration of
the intestinal mucosa is not recognized in viral gastroenter-
itis. Indeed, the lack of blood in the stool distinguishes vi-
ral diarrheas from the bacterial or amoebic dysenteries.
While viral gastrointestinal infections are generally confined
to the intestine, rotavirus and norovirus infections can re-
sult in antigenemia and the presence of nucleic acid in
the blood of ill patients (79). While extraintestinal disease
is rare, asymptomatic infection is common, especially for
norovirus (28), and is thought to play a role in disease trans-
mission (80).

Chronic, prolonged diarrhea may be associated with
coronaviruses and picobirnaviruses, specifically in patients
infected with HIV (81); however, proof of pathogenicity has
not been established (82).

HIGH-RISK GROUPS
Hospital wards, day care centers, and extended care facilities
for the elderly provide special settings where outbreaks of
viral gastroenteritis commonly occur (45, 52, 83). Similarly,
infections with viral agents are common in persons traveling
from well-resourced countries to middle and low-income
countries (84). Even childhood pathogens such as rotavirus
can cause gastroenteritis in immune travelers, suggesting
that the inoculum to which they are exposed may be large
enough to overwhelm preexisting immunity and involve
alternate routes of transmission, such as the respiratory tract
(54). Viral gastroenteritis remains an important cause of
illness among U.S. military personnel, accounting for an
estimated 68% of all acute gastroenteritis episodes during
2002 to 2012 (85). Large outbreaks of gastroenteritis due to
noroviruses have also been documented among tourists
aboard cruise ships (65) and on commercial airplane flights
(86), where viral gastroenteritis can spread rapidly, disable
passengers and crew, and pose challenging problems for
control (62).

Some populations are at particularly high risk of viral
gastroenteritis due to either their increased exposure to the
viruses or their increased susceptibility to infection (Table 4).

The predisposition of young children and the elderly to viral
gastroenteritis probably reflects a lack of immunity, or wan-
ing immunity with age, plus a concentrated exposure to the
agents in settings such as day care centers or long-term care
facilities, where hygienic precautions can be easily breached
(52, 87, 88).

In the early studies with volunteers challenged with
noroviruses, approximately 13 to 40% of volunteers never
became infected, and only 50% developed illness. Further
investigations showed that susceptibility to norovirus in-
fection, and possibly rotavirus infection, depends on the
presence of histocompatibility-blood group antigen (HBGAs)
receptors in the guts of susceptible hosts (89–93). HBGAs
are carbohydrates expressed on mucosal epithelia, which are
recognized as receptors allowing norovirus attachment and
cellular entry (89). The expression of HBGAs is determined
by three gene families expressing the ABO (A/B enzymes),
secretor (FUT2) gene, and Lewis-type (FUT3). Single nu-
cleotide gene polymorphisms can inactivate the expression
of these gene products, interrupting norovirus binding and
the infection process. Mutations in the FUT2 gene leading
to the absence of HBGA expression (nonsecretor phe-
notype) have been associated with resistance to norovirus
infection, in particular to the GII.4 genotype, which is
the predominant genotype worldwide (89, 90, 94–96). The
host-specificity may also explain why persons with higher
levels of preexisting antibody to noroviruses were more
likely to develop illness on rechallenge with norovirus
(97). Those without antibodies to noroviruses may not get
infected because they lack genetic susceptibility to infection
and thus never mount an immune response to that partic-
ular strain. Recent evidence points to lower susceptibility of
nonsecretors to rotavirus infections in various populations
(91–93).

Children, as well as adults, with congenital or acquired
immunodeficiencies are easily infected with viral agents that
cause gastroenteritis and often experience prolonged shed-
ding of these viruses (82, 98). Severe and prolonged diarrhea
associated with each agent has been reported among chil-
dren with malnutrition, and among children with congenital
or acquired immunodeficiencies (82, 99–102). In HIV-
infected patients, in whom viruses have been intensively
sought, both common viruses (rotaviruses, enteric adeno-
viruses), as well as the less common agents (astroviruses and
caliciviruses) have been identified (101); however, in a large
study in Malawi, severity and duration of clinical symptoms
from rotavirus disease were no different in children with and
without HIV infection (103).

TABLE 4 Groups at high risk for viral gastroenteritis
Increased exposure to viruses

Children and the elderly
Parents and caretakers of children
Hospital wards, day care centers, nursing homes
Travelers in developing countries

Increased susceptibility
Children and the elderly
Immunodeficient
Congenital, e.g., SCID
Acquired, e.g., HIV infection
Chemotherapy, e.g., bone marrow transplant
Individuals with functional FUT2 enzyme (i.e., secretors)
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OTHER VIRAL AGENTS
OF GASTROENTERITIS
In addition to detection of picobirnaviruses in immuno-
compromised patients, other viruses have been identified in
humans in association with gastroenteritis. Toroviruses (en-
veloped, positive-stranded RNA viruses in the family
Coronaviridae) have been shown to cause infection and di-
arrhea in animals, but their role as a cause of gastroenteritis
in humans remains unclear (104, 105). Toroviruses have
been identified by electron microscopy in human stool with
confirmation by enzyme immunoassay (EIA) using reagents
to bovine toroviruses. A survey of specimens found torovirus
present in 8% of 2,800 specimens screened (105). One study
reported torovirus detection among 35% of 206 hospitalized
children with nosocomial gastroenteritis, compared with
14% of 206 controls without gastroenteritis (104). Patients
infected with torovirus were more often immunocompro-
mised and infected in the hospital compared with patients
infected with rotavirus or astrovirus. Clinically, patients with
torovirus exhibit bloody diarrhea more often, but vomiting
less often compared with patients infected with rotavirus or
astrovirus.

Coronaviruses are important causes of respiratory infec-
tions in humans and other species, and have been identified
as a cause of gastroenteritis in several animal species. Earlier
studies in humans found coronavirus in association with
diarrhea and tropical sprue (18, 106). Coronaviruses have
been observed by electron microscopy in 0 to 6% of stool
specimens examined (107, 108). In 2002, a novel corona-
virus was identified as the cause of the newly emerging severe
acute respiratory syndrome (SARS). Interestingly, over a
third of the SARS patients had diarrhea and in some, diar-
rhea was the presenting symptom (109). Fecal-oral trans-
mission was documented and fecal shedding occurred in
one patient for 73 days after onset of illness (110). Gas-
trointestinal coronavirus infection during global SARS
outbreak demonstrates the public health and clinical im-
portance of this finding with regard to interruption of fecal-
oral transmission and use of stool samples to diagnose illness,
since stool samples have the highest yield for SARS and pose
less risk for transmitting illness to the healthcare workers
collecting the samples. The recently described Middle East
Respiratory Syndrome coronavirus (MERS-CoV) has been
associated with diarrhea in a large proportion of patients
(111), and MERS-CoV RNA has been detected in blood
and stool in some patients. In the future, use of molecular-
based diagnostic tests may help clarify the role of corona-
viruses as a cause of both sporadic and epidemic gastroenteritis
in humans.

It should be noted that gastroenteritis has been increas-
ingly recognized with other respiratory infections, particularly
avian and pandemic influenza, and, more recently, Ebola.

ASSOCIATED DISEASES
The group of viruses that cause gastroenteritis in humans
also cause a variety of other illnesses in other animal spe-
cies. Rotavirus and astrovirus can cause fatal hepatitis in
SCID mice and normal ducks, respectively, and a calicivirus
(hepatitis E virus) causes hepatitis, while other caliciviruses
cause a variety of bullous lesions in many animal species
(112, 113). Nonenteric adenoviruses have a wide diversity
of clinical presentations in humans. Yet, despite these bio-
logical similarities, it has been difficult to document im-
portant extraintestinal manifestations of this group of
human gastrointestinal viruses in humans.

Rotavirus has been found in extraintestinal sites such as
the hepatic tissue of children who have died with SCID (114)
and in the cerebrospinal fluids of children with rotavirus
diarrhea who had convulsions (115, 116). These systemic
complications have been unusual findings, but antigenemia
and viremia after rotavirus infection may be more common
than previously suspected (115). A reduction in childhood
seizures has been associated with rotavirus vaccination of
children (117). While rotavirus detection has been reported
in children with a wide variety of clinical problems—
including gastrointestinal bleeding (118), Sudden Infant
Death Syndrome (119), ulcerative colitis (120), Reyes syn-
drome (121), Kawasaki disease (122), intussusception (123),
and necrotizing enterocolitis (124)—the association with
disease has not been confirmed and rotavirus is probably not
the causal agent of disease for most of these conditions.

DETECTION METHODS
The greatest impediment to our understanding of the viral
agents of gastroenteritis has been the lack of simple and
sensitive diagnostic tests—with the exception of tests for
rotavirus—that would permit physicians to make a rapid
diagnosis and epidemiologists to study the burden and spread
of disease. A diagnosis of viral gastroenteritis rests on finding
the virus or one of its components in a fecal specimen, or
detecting a rise in significant antibody titer in the sera of
an infected patient. Shortly after the first identification of
rotavirus as a cause of infant gastroenteritis, simple enzyme
immunoassays were developed that were sensitive, specific,
inexpensive, and easy to use in the field (125, 126). Cur-
rently, commercial diagnostic tests based on immunoassays
are available to detect rotavirus, norovirus (low sensitivity),
and adenovirus in fecal specimens.

Molecular diagnostic methods have markedly improved
understanding of the etiology of gastroenteritis, e.g., doc-
umenting that noroviruses are one of the leading causes of
diarrhea worldwide (22, 127, 128). Real-time (quantitative)
PCR (RT-PCR) is the preferred laboratory method for
detecting noroviruses. These assays are highly sensitive and
are able to detect as few as 10 norovirus copies per reaction
and provide a semiquantitative estimate of viral load. The
assay is generally used to detect norovirus in stool, but can
also be used for vomitus, foods, water, and environmental
specimens for outbreak investigations, though with reduced
sensitivity. Norovirus genotyping is conducted by sequence
analysis of the RT-PCR products (129). Given the exquisite
sensitivity of RT-PCR for norovirus, and the high frequency
with which the virus can be found in healthy individuals
(21, 28), diagnostic results should be interpreted in the light
of clinical characteristics and, if available, the background
level of detection in a control population. A commercial
EIA for norovirus was approved in the United States in
2011; however, these assays have low sensitivity and are not
recommended for diagnosing norovirus infection in sporadic
cases (130–132). Norovirus EIAs may be useful in outbreak
investigations, where even confirmation of norovirus in a
proportion of patients would help determine the etiology of
the outbreak.

Caliciviruses and other viruses can sometimes be visual-
ized by electron microscopy in fecal specimens if the con-
centration of virus exceeds 106–7/gram of stool, the threshold
for detection (133). It is not surprising that we know most
about rotavirus since this virus is shed in huge numbers (up
to 1012/gram of stool) during the acute illness. Unfortunately
some viruses (e.g., astrovirus, calicivirus) often cannot be
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visualized by electron microscopy even during acute diar-
rheal episodes, indicating that their concentration in stool is
below the level of detection. Virus is shed in greatest con-
centrations during the period of acute diarrhea. Thus, fecal
samples collected within 48 hours of disease onset are most
likely to yield a positive diagnosis. Virus can be shed in
smaller quantities for several hours before the onset of dis-
ease and for days to weeks after the illness is resolved, but
special research techniques (e.g., nucleic acid detection,
cultivation) are needed for detection (134).

For epidemiologic research, serosurveys can provide ad-
ditional understanding of the extent of infection. While
current methods may not detect virus in fecal specimens,
documentation of a rise in antibody titer to a specific agent
can help confirm that the patient was infected, even though
the patient’s illness has usually passed. For norovirus, serol-
ogy has long been utilized for outbreak investigations, since
it is often easier to collect and test paired sera from many
patients than it is to detect virus in stool (135). Ser-
oprevalence studies have also increased appreciation of
caliciviruses as a common infection in young children, and
the virus can now be detected in their stool samples (66,
127). The discrepancy between a high seroprevalence of
antibodies to the virus, but low rates of detection noted in
the past, can now be explained because past assay of virus in
stool specimens were quite insensitive (136). Serologic as-
says have been developed for the other viral agents of gas-
troenteritis (e.g., groups B and C rotavirus, astrovirus), but
are only available in reference laboratories.

Efforts to cultivate noroviruses in available cell culture
systems or to develop an animal model have long been un-
successful (137). Recently, B cells were identified as a cel-
lular target of human noroviruses and enteric bacteria as a
stimulatory factor for norovirus infection, leading to the
development of an in vitro infection model for human nor-
oviruses but this system is not widely available (138).

TREATMENT AND PREVENTION
No virus-specific therapies are available for viral gastroen-
teritis. Case management depends on accurate and rapid
assessment of the severity of dehydration, correction of fluid
loss and electrolyte disturbances, and maintenance of ade-
quate hydration and nutrition (73). In 2004, the WHO and
UNICEF recommended low-osmolarity Oral Rehydration
Solutions (ORS) (245 milliosmoles/liter), which were shown
to exert decreased stool output and vomiting in comparison
with children treated with traditionally recommended ORS
(311 milliosmoles/liter).

Oral rehydration therapy may also be used for traveler’s
diarrhea of either viral or bacterial origin (139). Breastfed
infants should continue to nurse on demand. As tolerated,
patients should begin taking food early in the illness since
adequate caloric intake has been found to enhance patient
recovery.

Intravenous rehydration may be required for children
with severe dehydration (‡ 10% fluid deficit, shock, or near
shock), intractable vomiting, or ORS failure. Factors such as
young age, unusual irritability or drowsiness, progressive
course of symptoms, or uncertainty of diagnosis might indi-
cate a need for close observation (73).

The volume of fluid to be replaced may be assessed
clinically by determining the severity of dehydration. When
severe dehydration is present, more rapid fluid replacement
may be necessary using intravenous fluids (140). Great at-
tention must be paid to infants and younger children pre-

senting with diarrhea, vomiting, and clinically significant
dehydration (i.e., moderate-severe dehydration). Such pa-
tients require early oral or parenteral fluid plus electrolyte
replacement. In the case of rotavirus diarrhea, vomiting and
diarrhea may occur together, but diarrhea and subsequent
dehydration often persist from 4 to 8 days after onset, ne-
cessitating persistent and regular fluid replacement (140). In
some settings, elderly patients may develop acute vomiting
and diarrhea. Such illnesses in high-risk elderly patients
who may be immunocompromised or undernourished, or
who have underlying diabetes or heart disease, must be
recognized as potentially life-threatening (141). Given these
risk factors for gastroenteritis in the elderly, prompt atten-
tion and treatment of dehydration and electrolyte imbal-
ances during acute gastroenteritis may be critical to patient
survival. Routine infection control procedures during care
of ill residents, including hand-washing and barrier pre-
cautions (e.g., gloves), should help reduce transmission of
viral gastroenteritis in long-term care facilities for the
elderly.

There is no role for antibiotic therapy for the treatment
of uncomplicated viral gastroenteritis in children. Indiscri-
minant use of antibiotics may result in adverse consequences
such as spread of antibiotic resistant bacteria and treatment–
related adverse events. While diphenoxylate or loperamide
may reduce symptoms such as abdominal cramping or stool
frequency, they have not been demonstrated to reduce in-
testinal fluid losses, have no practical value, and should be
avoided since they may be harmful in some cases, particu-
larly those younger than 3 years of age (142, 143). There is
conflicting evidence regarding the use of oral probiotics,
such as Lactobacillus species, to reduce the duration of diar-
rhea caused by rotavirus (144–146). Zinc, used both as
supplement and treatment, reduces severity, duration, and
incidence of diarrhea in low-middle income countries and is
considered one of the mainstays of pediatric acute gastro-
enteritis treatment in developing countries (147, 148).

Those patients in the special populations discussed above
with persistent or chronic diarrhea may need additional
nutritional support in conjunction with fluid and electrolyte
replacement. Selected children who are immunodeficient
and develop chronic rotavirus illness may be treated with
oral feedings of human milk containing antirotavirus anti-
body (149). At the present time, no specific antiviral agents
have been recommended to treat gastroenteritis due to viral
agents, although several agents including protease inhibitors
have been studied (150).

While no chemoprophylaxis for agents of viral gastro-
enteritis is currently available, many investigators feel that
breast milk protects against the development of clinically
severe rotavirus diarrhea with dehydration in feeding in-
fants (151, 152). In premature infants, oral human serum
globulin that contains rotavirus antibody has been admin-
istered prophylactically and shown to protect against rota-
virus gastroenteritis. Also, bovine colostrum containing
antirotavirus antibodies has been administered to infants
and young children as a form of passive immunization, and
this was found to prevent rotavirus diarrhea (152).

Prevention of viral gastroenteritis depends upon the
epidemiologic setting. For childhood disease, prevention
strategies other than vaccination may be of limited value.
Recommendations include proper diaper handling and
disposal of feces by caregivers, double-diapering of infants,
routine hand-washing, and use of barrier precautions to re-
duce transmission in hospital and day care settings. For
outbreaks associated with norovirus, identification of the
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mode of transmission can lead to specific public health in-
terventions to remove contaminated foods or water.

In 2006, two live oral rotavirus vaccines—pentavalent
human-bovine reassortant RotaTeq (Merck Vaccines, White-
house Station,NJ) andmonovalent attenuated humanRotarix
(GlaxoSmithKline Biologicals, Rixensart, Belgium)—were
licensed for use in many countries. Large prelicensure clin-
ical trials of each of these vaccines have demonstrated high
efficacy (85 to 98%) against severe Group A rotavirus (i.e.,
the most common cause of endemic diarrhea in children < 5
years of age) disease and a good safety profile (153, 154). The
use of these vaccines was shown to be highly effective in
reducing rotavirus disease burden and the overall impact
from diarrhea among children in the several countries, in-
cluding high and middle income settings (33, 34, 155, 156).
A third live attenuated oral monovalent human-bovine
(116E) rotavirus vaccine has recently been successfully tes-
ted in Indian infants (157).

The observation that adults are at risk of repeated in-
fections with the caliciviruses suggests that either immunity
is short-lived (158), or that the antigenic diversity of strains
is too great to permit natural immunity to all the virus strains
most often responsible for human disease (159); however,
several human norovirus vaccine candidates are in various
stages of clinical trials (160, 161). In a norovirus challenge
trial of a vaccine candidate composed of bivalent virus-like
particles (VLPs), the vaccine reduced vomiting and diarrhea
in healthy volunteers (161). Phase 3 trials are about to be-
gin for this vaccine candidate. Vaccines against other viruses
may be warranted when the full disease burden of these
infections can be fully assessed.
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Viral hepatitis describes a characteristic clinical syndrome
resulting from necro-inflammatory pathology of the liver
that is caused by one of the recognized hepatitis viruses.
There are five established human hepatotropic hepatitis
viruses: hepatitis A virus (HAV), hepatitis B virus (HBV),
hepatitis C virus (HCV), hepatitis D virus (HDV), and
hepatitis E virus (HEV). Acute hepatitis can also be a
manifestation of other systemic viral infections, including
herpesviruses (Epstein-Barr virus, cytomegalovirus, and
herpes simplex virus) and yellow fever. Although the human
hepatitis viruses can all cause the syndrome of acute hepa-
titis, they have distinct virology, phylogeny, routes of
transmission, and risk of chronicity. In this chapter, we dis-
cuss the typical clinical syndromes and pathological features
of viral hepatitis due to the hepatitis viruses A-E (Table 1),
as well as the diagnostic evaluation of patients presenting
with suspected viral hepatitis.

Historical Perspectives
The identification and characterization of the different
hepatitis viruses has been among the most significant med-
ical breakthroughs in the last 50 years, leading to effective
vaccines and drug development that will save millions of
lives. The first account of the clinical syndrome of hepatitis
dates as far back as the 3rd millennium BC, based on de-
scriptions of jaundice engraved on Sumerian clay tablets.
In 460 BC Hippocrates described epidemic jaundice and
fulminant liver failure in patients who died within 11 days
(1). By the Middle Ages, jaundice had become a well-
recognized entity, although its etiology remained anchored
in mythical roots. The first description of an epidemic
of “serum hepatitis” was documented by Lurman in 1885
among 191 German ship workers in Bremen after a small-
pox vaccination campaign using human lymph (2). Multi-
ple outbreaks of acute hepatitis have been reported during
military campaigns. The largest documented outbreak of
“serum hepatitis” occurred in 1942 when 50,000 U.S. army
men were hospitalized with jaundice following vaccina-
tion with yellow fever vaccine that was contaminated
by plasma, in an epidemic affecting 300,000 servicemen.
(3, 4). This outbreak led to the conclusion that there was an
infectious agent in the human lymph administered with the
smallpox vaccine, a conclusion subsequently confirmed by
the prospective demonstration that viral hepatitis was

transmissible to volunteers following administration of fil-
tered inocula (5).

The existence of more than one hepatitis virus was first
proposed in 1946 by MacCallum with the suggestion of
“serum” vs “infectious” hepatitis (6), now recognized as as-
sociated with HBV and HAV, respectively. A series of ex-
periments from 1958 to 1964 led by Krugman and colleagues
at the Willowbrook State School in Staten Island, NY,
confirmed the distinct incubation periods and primary
modes of transmission of serum and infectious hepatitis (7).
These experiments also demonstrated the protective effects
of inoculating susceptible individuals with boiled HBV
serum as well, the first step towards developing an effective
HBV vaccine (8, 9). This work was not without controversy,
involving the intentional infection of mentally disabled
children and, with the Tuskegee Syphilis Study (10), was
one of a number of clinical experiments leading to the
National Research Act (1974) and the Belmont Report:
Ethical Principles and Guidelines for the Protection of
Human Subjects of Research (1979) in the United States,
the foundation for guidelines for ethical human research.
Despite the recognition of the distinct clinical syndromes
of “serum” and “infectious” hepatitis, the causative agents
remained elusive, until 1964 when Blumberg and colleagues
serendipitously discovered a novel antigen in the serum of an
Australian Aborigine that precipitated antibody in patients
with acute leukemia who had received multiple blood
transfusions. Termed the Australia antigen, it was initially
postulated as a biomarker to aid the diagnosis of leukemia.
Three years later, the association between Australia antigen
and “serum” (posttransfusion) hepatitis was recognized (11).
The Australia antigen, the HBV surface antigen (HBsAg)
that forms the viral envelope, would become the prototypal
seromarker of HBV infection (12). Blumberg would go on to
win the Nobel Prize in medicine for his work. Dane and
colleagues later took HBsAg positive sera and visualized the
complete hepatitis B virion using electron microscopy (13).
HBV was found to be a 3020–3320 nucleotide DNAvirus of
the family Hepadnaviridae (Table 1). More detailed virolog-
ical characterization followed, with the identification of the
HBV e protein (HBeAg) (14), and the later definition of
HBeAg-negative chronic hepatitis B (15, 16). HBsAg and
HBeAg were identified as biomarkers for risk of hepatocel-
lular carcinoma (HCC) (17), with prospective studies then
showing that much of this risk was explained by persistent
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high-level HBV DNA replication (18, 19), a key determi-
nant of long-term risk of liver cirrhosis and HCC. The de-
velopment of experimental models of HBV replication, and
recognition of the similarity between the HBV DNA poly-
merase and the HIV reverse transcriptase, has also led to
effective nucleos(t)ide analogue therapy for HBV, starting
with lamivudine in 1998 (20), paving the way for the cur-
rent first-line agents entecavir and tenofovir.

An effective HBV vaccine has been available since 1982
(21). The first plasma-derived HBV vaccine was developed
following the recognition by Krugman and colleagues that
boiling serum containing HBV inactivated the virus but
preserved HBsAg antigenicity. Soon after, the second
generation vaccine containing recombinant HBsAg was
released. The HBV vaccine is on the World Health Orga-
nization (WHO)’s list of essential medicines. WHO rec-
ommends universal neonatal HBV vaccination. In countries
with low or intermediate endemicity, all children and ado-
lescents younger than 18 years old and not previously vac-
cinated should receive the vaccine. Adults in high-risk
groups in these countries should also be vaccinated, in-
cluding people who inject drugs, people in custodial settings,
men who have sex with men, family members of people with
hepatitis B infection, and healthcare workers. In high
prevalence countries, HBV vaccination programs have now
been shown to reduce the prevalence of chronic hepatitis B
infection, as well as rates of fulminant hepatitis and hepa-

tocellular carcinoma in young adults. It is possible with
broad vaccine coverage that HBV could be eliminated as a
public health problem.

The first description of “infectious” hepatitis, or HAV,
was in the early 20th century in separate reports by Cock-
ayne and Blumer (22, 23). They described epidemic out-
breaks of hepatitis that were not related to parenteral
exposures. These outbreaks were transmitted by person to
person contact, developing 7 to 10 days following exposure,
and mostly affected children and young adults. Krugman
later confirmed the distinct mode of transmission and in-
cubation period of “infectious” hepatitis in his Willowbrook
hepatitis studies, but the virus itself remained elusive.
Hepatitis A virus was finally identified in 1973 by Feinstone
and colleagues using electron microscopy to examine fil-
trates of feces from infected individuals (24). Detailed vi-
rological, serological, and clinical characterization showed
that HAV was an RNA virus of the family Picornaviridae
causing acute, transient hepatitis (Table 1). The virus was
grown in tissue cultures and an inactivated HAV vaccine
was developed 20 years later. Despite vaccination programs,
more than 1.5 million cases of symptomatic HAV infection
continue to occur annually. Levels of endemicity correlate
with hygienic and sanitary conditions, with most cases
reported in the developing world.

Hepatitis D virus, also known as delta virus, was iden-
tified next, when in 1977 Rizzetto and colleagues first

TABLE 1 Clinical and epidemiological features of viral hepatitis

Feature HAV HBV HCV HDV HEV

Classification Picornavirus
ssRNA (+)

Orthohepadnavirus
dsDNA

Flavivirus
ssRNA (+)

Deltavirus ssRNA (-) Hepevirus ssRNA (+)

Incubation
period
(clinical)

15–45 d 45–160 d
- HBV DNA detectable

10–30 d
- HBsAg detectable

3 weeks after
HBV DNA

10–160 d
- HCV RNA
detectable 10–50 d

- Anti-HCV
detectable 4–10 wks

30–60 d 15–60 d

Development
of chronic
hepatitis

0 Neonates > 90%
Adults < 5%

50–75% Common
(invariable in
superinfection)

< 1%
(chronicity
reported in
immunosuppressed)

Transmission
- Enteric +++ - - - +++
- Percutaneous - +++ +++ +++ -
- Sexual - ++ + ++ -
- Perinatal - +++ + + -
Acute liver
failure

0.1% 0.1–1% Rare 5–20% 1–2%
(10–20% in pregnancy)

Prognosis Excellent Liver related mortality
associated with
chronic infection =
15–40%
without treatment

Variable
Liver related morbidity

more common
in patients with
comorbidities including
alcoholism and
nonalcoholic
steatohepatitis

Chornic
infection has
a poor prognosis

Good except
in pregnant women

Vaccine 10 year protection 3 injections,
lifetime protection

None available None available Investigational
(approved in China)
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detected a novel “delta” antigen in the nucleus of hepato-
cytes in HBsAg-positive patients (25). Clinical and chim-
panzee studies then demonstrated the dependency of the
HDV life cycle on coinfection with HBV. HDV is a defective
RNA virus that requires the presence of HBsAg for viral
packaging and secretion. Because HDV requires the pres-
ence of HBV for replication, it is always present as part of a
dual infection with HBV. Hepatitis D virus infection may
occur during primary coinfection with HBV by super-
infection of individuals who are chronically infected with
HBV. The two viruses share common routes of transmission
(Table 1). Coinfection with HDV-HBV is typically more
aggressive disease, and can cause fulminant acute hepatitis,
as well as rapidly progressive chronic hepatitis. The treat-
ment of chronic HDV-HBV coinfection is challenging; in-
terferon-a is the only available therapy, and efficacy is
modest. The goal of treatment is to suppress HDV replica-
tion, and ultimately, to effect HBsAg clearance, as HDV
cannot persist after HBsAg clearance. There is no preven-
tative vaccine for HDV.

Until the early 1970s, it was assumed that there were only
two types of viral hepatitis. However, once serological assays
for HBVand HAV became available, cases of posttransfusion
hepatitis were identified that could not be attributed to ei-
ther HBV or HAV. In fact, most sera from stored samples of
prospectively collected cases of posttransfusion hepatitis
were sero-negative (26, 27). This new entity was labeled
“non-A, non-B” hepatitis. It was another 15 years before
hepatitis C virus (HCV) was identified. By extracting nu-
cleic acid from plasma and cloning it in an expression vector,
the techniques employed in the discovery of HCV heralded
the development of molecular diagnostic virology (28). For
the first time a pathogenic agent was identified without se-
rology, tissue culture, or electron microscopy. HCV is a
single-stranded RNA virus of the family Flaviviridae, and is
classified into 7 genotypes. The prevalence of chronic HCV
infection globally is approximately 80 to 170 million (29,
30), second only to HBV. Chronic HCV infection is a
leading cause of cirrhosis and HCC in the Western world,
and the most common indication for liver transplantation.
The HCV-replicon system was first developed in 1999 by
Lohmann, Bartenschlager and colleagues as an experimental
model for HCV replication (31). Together with the crys-
tallization of the nonstructural HCV proteins, including the
NS3 protease and the NS5B RNA-dependent RNA poly-
merase, this allowed high throughput screening of antiviral
candidates. The therapeutic developments for HCVover the
past 2 decades represents one of the true success stories for
translational biomedical research, starting with standard
interferon-a monotherapy in the early 1990s, the combi-
nation with ribavirin (1998), the synthesis of long-acting
peginterferon-a (2001), and more recently, the introduction
of direct-acting antiviral agents (DAA) (2011), first in
combination with peginterferon and ribavirin, followed by
interferon-free combination regimens (2014). In 2016, the
standard of care treatment for HCV is the combination of all
oral, well tolerated and highly effective DAA combination
regimens that confer cure rates ‡ 95% in clinical trials (see
Chapters 13 and 54). The efficacy of these regimens is such
that the WHO has proposed targets for the elimination of
HCV by 2030, including 90% reduction in new cases of
chronic HCV infection, 65% reduction in hepatitis C
deaths, and 80% of treatment-eligible persons with chronic
hepatitis C infections treated (32).

Hepatitis E virus (HEV), the most recently discovered
hepatitis virus, causes an acute HAV-like illness (Table 1).

The first epidemic outbreak recorded was in 1955 when
29,000 people in New Delhi developed an acute hepatitis
from a water-borne source (33). It had an impressively high
mortality, particularly in pregnant women in whom rates of
acute liver failure were reported as high as 30%. This out-
break, as well as other similar waterborne epidemics of acute
hepatitis on the subcontinent, was initially attributed to
HAV, but subsequent serological testing in the early 1980s
failed to implicated HAV or HBV. Further, the age distri-
bution was older than was typical for HAV, puzzling because
the Indian population is almost universally immune to HAV
from childhood exposure. In 1983, Russian virologist
Mikhail Balayan confirmed the existence of a non-A, non-B
hepatitis transmitted via the fecal-oral route, by ingesting
infected stool extracts and developing an acute hepatitis
himself. He then used his own stool for electron microscopy
and identified HAV-like viral particles, to which antibodies
appeared during convalescence (34). However, the virus
could not be grown in cell culture, and HEV was not cloned
until 1990 (35). HEV is a single stranded RNA virus. Pre-
viously classified in the Caliciviridae family, HEV has now
been classified into the Hepeviridae family (genus Ortho-
hepevirus). Ingestion of contaminated feces is the most
common route for transmission, responsible for most epi-
demic outbreaks, and in the West, cases are almost exclu-
sively limited to returned travelers from endemic areas. More
recently, animal reservoirs have been described, most com-
monly swine as well as rabbits, deer, and possibly rats. There
are emerging case reports of human transmission after con-
sumption of pork, wild boar, and uncooked deer meat in
Western countries, although the rate of transmission to
humans by this route, and the public health importance
of this, are still unclear (36). While HEV infection almost
always causes an acute, self-limited hepatitis, in immuno-
compromised subjects, particularly in solid organ trans-
planted patients, HEV may cause a chronic infection (36),
with the risk of progressive liver fibrosis and cirrhosis. HEV
can be particularly aggressive in pregnant women and has
been associated with a high mortality rate of up to 20% due
to fulminant hepatitis. There are only case reports of riba-
virin being an effective antiviral agent for the treatment of
chronic HEV infection (37). A recombinant HEV vaccine
has been developed and was licensed in China in 2012.

Although these 5 hepatitis viruses are responsible for
> 95% of acute and chronic viral hepatitis, rare sporadic
cases of non-A-E hepatitis continue to occur. Despite con-
siderable effort, no novel viral hepatitis agents have been
discovered in the past two decades. Candidates have in-
cluded GB virus A/B, GB virus C/hepatitis G virus, TT
virus, and SEN virus, but to date the data are not convincing
that these agents cause hepatitis or other disease in humans.

Epidemiology

Enterically Transmitted Agents—HAV, HEV
HAV is one of the most frequent causes of food and water-
borne infection worldwide and every year there are an esti-
mated 1.5 million symptomatic cases (38). Acute hepatitis
A is typically a subclinical infection of childhood. Infection
in adulthood is more likely to be symptomatic, but fulminant
liver failure is uncommon (0.1%), and the mortality rate of
HAV is low in Western countries. However, it remains a
significant cause of morbidity globally. There are distinct
geographic patterns of HAV distribution, and regions of high
seroprevalence are typically in the developing world, where
poor sanitation, crowding, and lack of access to clean water
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are common (39). Regions of high endemicity include
Africa, Southeast Asia, India, and Nepal, where most chil-
dren are infected before age 5. High seroprevalence rates
have also been noted in South America and the Middle East,
but the numbers are declining thanks to improvements in
sanitation (40). Paradoxically, as sanitation improves, and
fewer children are infected (40), the number of adults with
protective HAV antibodies in endemic areas has declined,
both increasing the risk of outbreaks due to poor herd im-
munity and the age-related risk of severe infection. In con-
trast, urbanized Asian countries such as Singapore and
Japan, as well as most Western countries, have a low ser-
oprevalence. Scandinavia boasts the lowest seroprevalence
worldwide; Eastern and Southern European countries have
intermediate seroprevalence, possibly a reflection of socio-
economic status. In Western populations, travel to endemic
countries remains the most common risk factor for con-
tracting HAV (41).

HEV is also enterically transmitted, either by drinking
contaminated water or food. HEV is endemic in many de-
veloping countries including India and China with ser-
oprevalences in adults of 20 to 45% (42). Outbreaks are
typically seasonal and often associated with monsoon peri-
ods due to the breakdown in clean water supplies. These
outbreaks can be severe, with a clinical attack rate of 1 in 2,
affecting tens of thousands of people (43). The predominant
genotypes in developing countries are HEV 1 and HEV 2. In
industrialized, nonendemic countries, a different pattern of
infection prevails, and the epidemiology of HEV is evolving.
Travel to regions with high HEV endemicity remains the
most common risk factor for infection, but there are recent
reports of autochthonous HEV in Europe, North America,
Japan, Australia, and New Zealand (36, 44). The source is
zoonotic transmission from the consumption of under-
cooked pork, game, and offal (43), and the most prevalent
genotypes are HEV 3 and HEV 4. A significant proportion of
patients will have been misdiagnosed with drug-induced
liver injury. In immunocompetent hosts, HEV follows the
same acute, self-limiting clinical course as HAV. Adults are
more likely to be symptomatic, and the average age of in-
fection with HEV is older than for HAV. Infection during
pregnancy is associated with a particularly high mortality
rate at up to 30% (45). In immunocompromised hosts, HEV
can persist and cause chronic hepatitis. Although uncom-
mon, chronic autochtonous genotype 3 HEV has been
reported in solid organ transplant recipients, patients with
advanced HIV, and patients with hematological malignancy
on rituximab chemotherapy.

Percutaneous Transmission—HBV, HCV, HDV
The transmission of HBV, HCV, and HDV is human to
human, via percutaneous, sexual, or vertical transmission.
There are no known animal or environmental reservoirs of
the virus.

The introduction of the HBV vaccine has had a dramatic
impact on the reported incidence of acute hepatitis B
(AHB). The reported rate of acute HBV infection in the
United States has declined since 1990, falling from 8.5 to 0.9
per 100,000 population in 2011, the lowest rate ever re-
corded (46, 47). Symptomatic AHB is primarily a disease of
adulthood; in the same survey, the highest rates of AHB
occurred among persons aged 30 to 39 years (2.0 per
100,000), and the lowest rates among persons < 19 years
(0.04 per 100,000). The most common risk factors were
sexual exposure (multiple sexual partners, men having sex
with men, and sexual contact with a person known to have

HBV infection) and injecting drug use (IDU). Similar trends
have been seen in other countries including Italy and Egypt,
where the frequency of acute HBV infection as a cause of
symptomatic hepatitis decreased from 43.4% in 1983 to
28.5% in 2002, following the introduction of childhood
immunization in 1991 (48).

Between 240 to 400 million people have been estimated
to have chronic hepatitis B (CHB) (49). HBV infection is
the 10th leading cause of death worldwide (49), and 15 to
40% of patients with CHB develop serious liver disease,
leading to 1.2 million deaths per year. Chronic hepatitis B is
endemic in Southeast Asia, China, sub-Saharan Africa,
Micronesia, and Polynesia, and the indigenous populations
of Alaska, Northern Canada, Greenland, Australia, and
New Zealand. More than 7% of the population is chroni-
cally infected in these high prevalence regions (50). Most
infections are acquired early in childhood and the risk of
chronicity is inversely related to the age of infection. Peri-
natal infection leads to chronicity in > 90% cases. In con-
trast, infections acquired later in life tend to have a
symptomatic acute phase but only a small proportion of
immunocompetent patients develop chronic HBV ( < 5%)
(51). Approximately 45% of the global population lives in
an area of high prevalence. Moderate prevalence rates of 2 to
7% are seen in the Southern regions of Eastern and Central
Europe, the Amazon Basin, the Middle East, and the Indian
subcontinent. Low prevalence regions include much of
North America, the United Kingdom, and Northern Eur-
ope, where the incidence of chronic HBV infection is less
than 2%. In these countries, HBV is seen predominantly in
immigrants from countries with high prevalence, and their
unvaccinated offspring, as well as in specific groups with
percutaneous and sexual risk factors.

Ten different HBV genotypes (A-J) have been identified,
which differ by > 8% of the nucleotide sequences across the
genome (52). Genotype prevalence varies according to ge-
ography. Genotype A is common in Northern Europe,
America, and Africa, genotype D is prevalent in the Medi-
terranean basis and the Middle East, whereas Asian patients
are almost exclusively infected with genotypes B and C
HBV. Genotypes may influence the natural history of
HBV, including the timing of HBeAg seroconversion, the
risk of hepatocellular carcinoma (HCC) and response to
interferon-a.

Of the 240 to 400 million carriers of CHB, it is estimated
that 15 million are coinfected with HDV (53). While there
is a similar worldwide distribution to HBV, there is marked
geographic and subpopulation variation of HDV prevalence
within HBV cohorts. This discrepancy is likely due to the
differences in the modes of transmission. Perinatal trans-
mission of HDV is rare, whereas percutaneous transmission
via IDU, household contact, and sexual transmission are the
most common routes of infection. Coinfection is highest in
the Pacific Islands, Mediterranean Europe, the Middle East,
South Africa, and parts of Asia (54). In the Pacific Islands
rates of coinfection have been reported of up to 90%. One
survey of HBsAg positive patients in mainland China
reported HDV prevalence varying from 0.8% in Sichuan
1987 to 13.3% in Guangzhou in 1990 (55). Since the in-
troduction of the HBV vaccine there has been an overall
decline in HDV. Rates in Italy have fallen from 23% in 1983
to 8.3% in 1997 (56). However there has been a recent
resurgence, with the decline in Italy plateauing and rates in
London, United Kingdom, rising from 2.6% in the 1980s to
8.5% in 2005 and in Germany where rates rose from 6.8%
in 1997 to 8.3% in 2010 (57). While immigration from
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endemic countries is partly responsible for this trend, high
risk behaviors such as intravenous drug use (IVDU) and
sexual practices may play a role. HDV has 4 major genotypes
defined by nucleotide variation > 40% across the entire
genome (58); genotype 1 HDV is the most predominant in
the West. The clinical relevance of HDV genotypes remains
unclear.

Chronic HCV affects 130 to 150 million people globally
and about 500,000 people die of HCV liver-related com-
plications every year (59). HCV is the main cause of liver
transplantation in developed countries (60). There is a sig-
nificant geographic variability in prevalence. Asia, North
Africa, and the Middle East are areas of high prevalence.
Southeast Asia, Sub-Saharan Africa, Australasia, Latin
America, and Europe have moderate prevalence, while
North America and the Asia Pacific are regions of low
prevalence of < 1.5% (61). The transmission of HCV in
developed countries is largely from IVDU, whereas in the
developing world, the major route of transmission has been
nosocomial through contaminated blood supply and inade-
quate sterilization of medical equipment, particularly unsafe
injection practices. In Mediterranean countries, contami-
nated vaccination practices 50 years ago may explain the
high prevalence in the elderly population. In Egypt, more
than 10% of the population is chronically infected with
HCV as a result of infection secondary to shared needles
during mass antischistosomal treatment programs (62).
There are six HCV genotypes, defined by sequence hetero-
geneity > 30%, and over 50 subtypes of HCV (63). HCV
genotype varies by geography also; the most common geno-
type globally is genotype 1 HCV. HCV genotype is very
relevant clinically, as it determines the treatment regimen
and likelihood of cure. Emerging data suggest that the nat-
ural history of genotype 3 HCV may be more aggressive than
genotype 1 HCV (64).

PATHOPHYSIOLOGY
The pathophysiology of each hepatitis virus is complex and
beyond the scope of this chapter. However, there are com-
mon features that characterize acute hepatitis. The acute
injury observed in nonhepatotropic viruses such as herpes
zoster, HSV-1, HSV-2, and adenovirus appears to be medi-
ated by direct viral toxicity and the innate immune response
and is characterized by necrosis of hepatocytes. In contrast,
for the hepatotropic viruses, it is thought that host immunity
is responsible for the acute liver injury, rather than a direct
cytopathic effect of the virus. Both innate and adaptive
immune responses have been implicated in hepatocyte in-
jury as well as viral clearance, including the Toll-like re-
ceptor signaling pathway, PD-1/PD-L1 expression, NK cells,
and cytotoxic T lymphocytes and regulatory T-cells. Symp-
tomatic acute hepatitis correlates with greater intrahepatic
inflammation, but the host determinants of symptomatic
versus subclinical hepatitis are not fully understood (65).
HAV and HEV cause a self-limiting hepatitis in immuno-
competent hosts, whereas HBV and HCV may persist to
cause chronic hepatitis. Age of infection is the most im-
portant determinant of HBV persistence, but the underlying
mechanism is not understood. Host IL28B genotype is the
most important determinant of spontaneous clearance of
HCV infection (66, 67). Viral factors may however influence
disease course. Fulminant liver failure is more common in the
setting of acute HDV superinfection in individuals with
chronic hepatitis B infection. Coinfection of HBV with
HCV, or HBV with HAV, can also increase the severity of

acute hepatitis. Variants of HBV, including the basal core
promoter variant (A1762T/G1764A), have also been im-
plicated in causing greater disease severity.

Hepatitis viruses may be directly cytopathic. This is rare,
but may occur in immunosuppressed hosts. Fibrosing cho-
lestatic hepatitis (FCH) due to HBV is caused by very high
level HBV replication and massive accumulation of HBsAg
within hepatocytes. FCH occurs in the immunosuppressed
state post-liver transplantation; a similar syndrome is de-
scribed involving aggressive recurrent HCV infection post-
transplantation.

The histopathology of acute viral hepatitis is character-
ized by hepatocyte injury and necrosis, with predominantly
sinusoidal and lobular mononuclear cell infiltrate, occa-
sional neutrophils and eosinophils, and Kupffer cell hyper-
plasia (Figure 1) (68). Hepatocyte injury may be spotty or
panlobular, and manifests as ballooning degeneration and
apoptosis, with scattered acidophilic apoptotic bodies or
Councilman bodies. Cholestasis is variable, and may be
more prominent in HAV/HEV infection. Large hepatocytes
with a “ground-glass” cytoplasmic appearance may be seen in
HBV infection, with the cytoplasmic appearance reflecting
accumulation of HBsAg. Hepatocellular steatosis may be
present, but is normally mild in the acute setting. More
prominent steatosis occurs in the setting of chronic infection
with genotype 3 HCV infection as a direct viral effect. In
HBV infection immunohistochemistry will demonstrate
HBsAg in the cytoplasm of hepatocytes. Hepatitis B core
antigen is normally found in the hepatocyte nucleus, but low
concentrations may be found in the cytoplasm and on the
cell membrane. The reticulin framework of the liver is pre-
served in uncomplicated acute viral hepatitis. In more severe
cases of acute hepatitis, bridging hepatic necrosis may be
seen. Bridging necrosis describes the confluent loss of he-
patocytes in multiple acini, with the appearance of extensive
hepatic necrosis linking venules to portal tracts. In fulmi-
nant hepatitis there is massive necrosis and dropout of liver
cells in most lobules, with extensive collapse of the reticulin
framework.

There is a spectrum of histological change in chronic
viral hepatitis, with variable degrees of necro-inflammatory
activity as well as liver fibrosis progression. Minimal necro-
inflammation is confined to the portal tract. Moderate

FIGURE 1 Viral hepatitis. Top long arrow shows focal steatosis
and bottom arrows show portal inflammation. Source: Prof
Richard Williams, Anatomical Pathologist, St Vincent’s Hospital,
Melbourne.
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inflammation involves piecemeal necrosis (interface hepa-
titis), in which the inflammatory infiltrate disrupts the
limiting plate of periportal hepatocytes and extends beyond
the confines of the portal tract. As the inflammation extends
deeper into the liver parenchyma, lobular hepatitis develops.
Severe lobular hepatitis is often accompanied by bridging
necrosis. Surviving hepatocytes can cluster together forming
“rosettes.” There is usually no bile plugging in chronic
hepatitis. Marked cholestasis is suggestive of an alterna-
tive diagnosis such as drug induced liver injury. Necro-
inflammatory activity drives liver fibrosis progression as part
of the “wound-healing” response. Progression of fibrosis is a
sequential process, involving enlargement of portal tracts,
the development of periportal fibrous septae, and eventual
bridging septae that connect portal tracts (bridging fibrosis).
The development of intrahepatic nodules with architectural
distortion is the hallmark of cirrhosis. There are a number of
scoring systems for hepatic necro-inflammatory activity and
fibrosis stage in viral hepatitis, including the METAVIR
score, the Knodell Index, and the Scheuer score. Fibrosis can
regress with treatment of viral hepatitis.

Fibrosing cholestatic hepatitis is a syndrome involv-
ing massive accumulation of viral antigens within hepato-
cytes. As noted, it is most common in immune-suppressed
individuals post-liver transplantation. It was first described
for HBV, but a similar syndrome may occur with HCV
posttransplant. The pathological features include marked
periportal fibrosis and cholestasis, with relatively minor in-
flammatory infiltrate, but widespread ballooning degenera-
tion of hepatocytes, which likely reflects a direct cytopathic
effect of the virus. Rapid progression and liver decompensa-
tion occur without treatment, but fortunately viral suppres-
sion with potent antivirals is now very effective.

CLINICAL FEATURES
Acute Viral Hepatitis

Clinical Presentation
Acute viral hepatitis presents with a characteristic syndrome
that is common to all five hepatitis viruses. The spectrum
and presentation of acute viral hepatitis can vary from a
subclinical infection to severe fulminant liver failure. Sub-
clinical infection is common in children, whereas adults are
more commonly symptomatic. Onset of symptoms follows a
variable incubation period (Table 1). Prodromal symptoms
are typically nonspecific and include constitutional symp-
toms such as anorexia, nausea, fatigue, mild right upper
quadrant abdominal pain, and low-grade fevers. Prodromal
symptoms coincide with an elevation in aminotransferases
and typically precede the onset of jaundice by 1 to 2 weeks.
As the icteric phase begins the prodromal symptoms often
settle. Clinical jaundice is associated with dark urine, pale
stools, and pruritus. The liver becomes swollen and tender,
with right upper quadrant pain, nausea, and anorexia.
Jaundice may last for a number of weeks; biochemical tests
can take longer to settle. Complete clinical and biochemical
recovery normally occur in 1 to 2 months after the onset of
HAV/HEV. A similar time course for clinical and bio-
chemical recovery from icteric acute hepatitis B or C is
observed when spontaneous clearance occurs; persistence
and chronicity for HBV and HCV infection is defined by
HBsAg or HCV RNA persistence for more than 6 months.

Beyond this stereotypical presentation, there are varia-
tions characteristic for each virus. These are best charac-
terized for acute hepatitis A and B. HAV can have an

atypical course with a prolonged cholestatic phase with the
usual symptoms of pruritus, anorexia, and diarrhea caused by
an accumulation of toxic mediators, primarily bile salts (69,
70). Despite a high serum bilirubin, aminotransferases can be
normal during this phase. Cholestatic HAV has an excellent
prognosis. HAV can also follow a relapsing course. Although
acute HAV infection normally confers lifelong immunity, a
small proportion of patients experience a relapsing form of
the disease (71, 72). IgM anti-HAV is present, but there is
evidence of viral shedding in the stool and patients are in-
fectious. Relapses are typically mild and transient, before
eventually resolving.

HAV may also be associated with extra-hepatic mani-
festations including a transient rash and arthralgia. Clinical
manifestations of immune complex formation (involving
IgM anti-HAV) are uncommon but include vasculitis, glo-
merulonephritis, cryoglobulinemia, and blood dyscrasias.
Several reports describing an episode of HAV immediately
prior to the onset of autoimmune hepatitis (AIH) suggest a
possible association between HAV and AIH, although cau-
sality has not been established.

The majority of acute HBV infections are clinically si-
lent, especially in children. Icteric hepatitis is more common
in adults. The disease tends to be more severe if the patient is
coinfected with another hepatitis virus or has underlying
liver disease. Chronicity of HBV infection is determined by
the age of infection, size of the inoculum, and immune re-
sponse of the host. As noted, age of infection is the most
important determinant of persistence. Extrahepatic mani-
festations of HBV infection include the serum sickness-like
prodrome of acute HBV infection, polyarteritis nodosa,
HBV-associated glomerulonephritis, mixed essential cryo-
globuliemia, and neurological manifestations and are also
thought to be mediated by circulating immune complexes
(73). A serum sickness-like prodrome precedes acute HBV
infection by 1 to 6 weeks in 10 to 30% of cases. Also known
as the “arthritis-dermatitis” syndrome, it is characterized by a
symmetrical generalized inflammatory arthritis, typically
involving the small joints of the hands and feet. The joint
lesions are nondestructive. Fever is common. Skin mani-
festations are variable, occurring in more than 50% of those
with joint symptoms. Lesions described include maculo-
papular, petechial or purpuric rash, palpable purpura,
Henoch-Schönlein-type purpura, erythema multiforme,
toxic erythema, lichenoid dermatitis, and urticaria. Renal
involvement with proteinuria or hematuria is much less
common. Angioneurotic edema may rarely occur. Poly-
arteritis nodosa (PAN) is a rare but serious complication of
HBV infection. The syndrome normally presents within 4
months of the clinical onset of HBV infection, with ab-
dominal pain due to arteritis of medium-sized vessels causing
ischemia of the intestine and gallbladder. Angiography
demonstrating microaneurysms of blood vessels in the renal,
hepatic, or mesenteric circulations is virtually pathogno-
monic. Tissue biopsy of affected organs reveals inflammation
of the medium-sized arteries. The prognosis is poor without
treatment, with mortality of up to 50%. Glomerulonephritis
(GN) and other HBV-related manifestations are more
common in the setting of chronic HBV infection and will be
discussed below.

Fulminant Viral Hepatitis
Fulminant viral hepatitis is the most severe form of acute
hepatitis presenting as acute liver failure (ALF). ALF is
defined by the development of severe acute liver injury
with encephalopathy and impaired synthetic function
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International Normalised Ratio (INR) of ‡ 1.5) in a patient
without cirrhosis or preexisting liver disease. ALF is often
associated with multisystem organ failure, disseminated in-
travascular coagulation, and it is often complicated by sepsis
and cerebral edema. Patients with ALF should be managed
by a liver transplant service in the intensive care unit. The
mortality rate for ALF very high, but outcome post-liver
transplantation is good. Viral hepatitis is the most common
cause of ALF in developing countries (74) and develops in
approximately 0.3% of HAV patients and in approximately
0.5% of HBV patients. It is more common in adult-onset
infection and when infection occurs in an individual with
premorbid liver disease; e.g., acute HAV infection in a per-
son with chronic hepatitis C, especially if cirrhotic. Coin-
fection of super-infection with HDV confers a significant
risk for ALF and testing for delta virus is recommended in all
cases of HBV-related ALF (75). It is very rare for HCV to be
associated with ALF. Where HCV is associated with ALF, it
is normally in the setting of HBV or HAV coinfection. The
majority of patients with fulminant HCVare coinfected with
HBV. HEV is an important cause of ALF in endemic areas
with a fatality rate of up to 25% in pregnant women, espe-
cially in the third trimester (76). HSV in pregnancy, al-
though rare, is also associated with a fulminant course with
high mortality and morbidity. Timely administration of
acyclovir can reduce the risks to mother and infant (77, 78).

Liver Function Tests
All forms of acute viral hepatitis cause biochemical abnor-
malities in liver function tests. Typical laboratory abnor-
malities include marked elevations of the aminotransferases,
alanine aminotransferase (ALT), and aspartate aminotrans-
ferase (AST), which indicate hepatocellular injury. Serum
ALT is usually higher than AST in viral hepatitis. Bilirubin
also rises acutely and may continue to rise even after the
aminotransferases have started declining. Once bilirubin
exceeds approximately 3 mg/dl (50 micromol/l), jaundice
becomes clinically apparent, with yellow pigmentation of

the sclera and dark urine. The titer of serum aminotrans-
ferases and bilirubin can be quite impressive, but they are not
markers of severity or prognosis. Coagulopathy is a marker of
fulminant hepatitis (see below). Fulminant hepatitis is in-
dicated by a loss of synthetic function acutely with prolon-
gation of the prothrombin time.

It is important to recognize that a presentation with acute
hepatitis on clinical and biochemical grounds is not specific
to viral hepatitis. Important differential diagnoses to con-
sider for acute hepatitis include systemic viral infections,
drugs and toxins, ischaemia, autoimmune hepatitis, Wilson’s
disease, Budd-Chiari Syndrome, and pregnancy-related liver
disease amongst others (see Table 4). In children, rubella
has been associated with hepatitis. In returned travelers,
the hemorrhagic fever viruses (including Ebola, Marburg,
Lassa viruses) and yellow fever (group B arbovirus) have
been associated with hepatitis as part of a severe systemic
illness.

The pattern of abnormalities of laboratory tests may be
suggestive of a diagnosis but imagining and specific tests are
required to confidently establish the etiology.

Virus-Specific Serologic Features
The acute viral hepatitides can be differentiated on the basis
of serology (Table 2).

HAV
HAV is diagnosed based on the presence of anti-HAV

antibodies in the serum. The gold standard diagnostic for
acute HAV infection is the presence of anti-HAV IgM,
which, in presence of the features of an acute hepatitis, is
sufficient to confirm the diagnosis. Anti-HAV IgM is posi-
tive by the time of symptom onset, peaks during the icteric
phase and remains positive for approximately 6 months.
Anti-HAV IgG appears in the convalescent phase, remains
detectable for decades, and correlates with immunity against
further HAV infections. HAV can also be detected in fecal
samples by electron microscopy or measuring HAV RNA but

TABLE 2 Common serological patterns of viral hepatitis

Virus Serologic pattern Interpretation

HAV IgM anti-HAV+ Acute infection
IgG anti-HAV+ Past infection

HBV HBsAg+, IgM anti-HBc+ Acute infection
HBsAg+, IgG anti-HBc+, HBeAg+, HBV DNA + Chronic, replicative infection
HBsAg+, IgG anti-HBc+, HBeAg-, anti-HBe+
HBV DNA > 104 copies/ml

Chronic, replicative infection with precore or core promoter mutant

HBsAg+, IgG anti-HBc+, HBeAg-, anti-HBe+
HBV DNA < 104 copies/ml

Chronic, minimally replicative infection

HBsAg-, HBV DNA+ Occult HBV
HDV Anti-HDV+, HBsAg+ HDV infection

HBsAg +, IgM anti-HBc+, low titer anti-HDV Acute coinfection
HBsAg+, IgG anti-HBc+, HDV RNA +,

rapidly increasing titers anti-HDV
Acute superinfection

HBsAg+, IgG anti-HBc+,HDV RNA+,
High titers anti-HDV

Chronic HDV

HCV Anti-HCV+, HCV RNA+ HCV infection
Anti-HCV+, HCV RNA- Past infection or false positive antibody

HEV IgM anti-HEV+ Acute infection
IgG anti-HEV+ Past infection
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these remain research tools. Serology is the simplest and
most convenient test available and is therefore the gold
standard.

HBV
The standard serology panel for diagnosis of HBV infec-

tion, past or present, should include HBsAg, anti-HBs, and
anti-HBc. Hepatitis B surface antigen (HBsAg) is the first
serologic marker to appear at approximately 1 to 10 weeks
after inoculation. HBsAg precedes the onset of biochemical
or clinical abnormalities. In patients who achieve sponta-
neous clearance, HBsAg will decline to be undetectable at 6
months. HBsAg persisting beyond the 6-month mark is by
definition chronic HBV infection. HBsAg levels can be
quantified, and in the setting of chronic hepatitis B, have
been correlated with HCC risk as well as interferon-a
treatment response (see below) (79). Resolution of HBV
infection is marked by the appearance of anti-HBs anti-
bodies in the serum. There may be a lag of weeks to months
between the clearance of HBsAg and the appearance of anti-
HBs (the serological “window” period). During this window
period, the only serological evidence of HBV infection is the
presence of antibodies against hepatitis B core antigen (IgM
anti-HBc). Anti-HBs antibodies also become detectable
following vaccination; protective immunity following the
standard 3 dose vaccine course is indicated by and anti-HBs
titre > 10 IU/ml.

HBV core antigen (HBcAg) forms the capsid of the virus,
and is found in infected hepatocytes rather than serum.
However, antibodies to HBcAg, or anti-HBc, are detectable
in serum approximately 1 to 2 weeks after the appearance of
HBsAg. IgM anti-HBc appears first. The presence of anti-
HBc IgM, especially at high titer, is a marker of acute HBV
infection, and can help differentiate true acute infection
from a relapse of chronic HBV infection. For the first 6
months of infection, the predominant class of anti-HBc is
IgM. As noted, anti-HBc may be the only serological marker
of acute HBV infection during the window period. Titers
of anti-HBc IgM decline over 6 months, after which IgG
appears and becomes the predominant class of anti-HBc.
Anti-HBc persists long term. Anti-HBc is a marker of HBV
exposure. Anti-HBc differentiates immunity due to past
infection from vaccine-induced immunity. Anti-HBc may
be the only marker indicating past infection in older patients
as anti-HBs levels wane. Testing for anti-HBc is particularly
important when screening patients for HBV prior to im-
munosuppression. Isolated anti-HBc has been reported in
approximately 2% blood donors in areas of low endemicity
but approximately 10 to 20% in areas of high prevalence and
in the HIV population (80–82). There is a risk of fulminant
HBV reactivation in people who are HBsAg negative, anti-
HBs negative, but anti-HBc positive (e.g., in the setting of
the anti-CD20 monoclonal antibody rituximab).

The hepatitis B “e” antigen (HBeAg), or precore protein,
is a secreted, soluble protein that can be detected in serum.
Although it not necessary for viral replication, HBeAg is
believed to act as a tolerogen to attenuate the immune re-
sponse to HBV and promote viral persistence. HBeAg is
considered a surrogate marker of HBV replication and in-
fectivity. HBeAg is almost always present during acute HBV
infection. Seroconversion to anti-HBe occurs with viral
clearance as the HBV DNA falls, and often precedes the
appearance of anti-HBs. However there are viral variants
defective for the HBeAg, the most common carrying a
G1896A precore mutation which abrogates HBeAg pro-
duction. This variant is commonly selected in the course of

chronic hepatitis B, emerging as an immune escape variant
to cause HBeAg-negative CHB. Testing for HBeAg provides
limited clinical information in the acute setting, but is im-
portant for patients diagnosed with chronic hepatitis B as it
helps identify the phase of infection as well as the emergence
of immune escape variants.

Polymerase chain reaction (PCR) testing for serum HBV
DNA can be positive in patients as early as 10 days post-
infection. Recovery fromHBV is associated with clearance of
HBV DNA from the serum. As for HBeAg, measuring HBV
DNA levels in the setting of acute HBV infection provides
little extra information and is not routine. In the setting of
chronic hepatitis B, HBV DNA levels are very important for
prognostication and monitoring treatment response.

HCV
The screening test for HCV infection is serology, and

anti-HCV antibodies are detectable in the majority of pa-
tients at presentation, becoming positive 4 to 10 weeks
following infection (Table 1). Anti-HCV indicates expo-
sure, but remains positive following spontaneous clearance.
Therefore, diagnostic testing for HCV includes serology as a
screening test followed by confirmatory testing with mo-
lecular assays that quantify viral load (HCV RNA). Anti-
HCV can be falsely negative early in acute HCV as the
antibodies can take 2 to 6 months to appear. Serum HCV
RNA is more sensitive and becomes detectable as early as 10
days postinfection.

HDV
HDV depends on HBV coinfection, so HBsAg should be

included in any testing algorithm for HDV. HDV antigen
(HDAg) appears early but is short-lived as circulating anti-
HDV interferes with the assay. Testing for anti-HDV is more
reliable. As for HCV, serology for HDV should be considered
a screening test, to be confirmed by molecular virology.
Although there are no licensed assays for serum HDV RNA,
most specialty laboratories will offer an in house assay. It is
likely that there will be an approved assay in the near future.
The differentiation of acute HDV/HBV coinfection vs HDV
superinfection is most commonly made on clinical grounds.
The pattern of anti-HBc serology may help; detectable anti-
HBc IgM is suggestive of acute coinfection, while anti-HBc
IgG suggestions superinfection. Acute coinfection typically
presents as a severe acute hepatitis that then resolves. The
majority of HDV superinfections (> 70%) become chronic.

HEV
The routine screening test for the diagnosis of HEV is

serology. IgM anti-HEV appears early before waning over
months. IgG appears shortly after IgM and persists for years
after the illness, providing protective immunity. Antibody
tests in HEV are not optimal as they are associated with
frequent false positive and negative results. Moreover the
assays can be variable depending on which commercial
testing kit is used (83). HEV RNA testing of serum or stool is
offered by research laboratories, and can considered when
there is diagnostic doubt. HEV RNA testing must be per-
formed early in the disease course. HEV can be detected in
the stool about a week before symptoms appear and until two
weeks after resolution of the infection. Fecal shedding
implies infectiousness.

Chronic Viral Hepatitis
HBV and HCV are the most common causes of chronic
viral hepatitis. Most patients with chronic hepatitis B or
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hepatitis C are asymptomatic. Screening strategies targeted
to high-risk individuals are important (Table 3). The com-
mon symptoms attributed to chronic hepatitis are malaise,
fatigue, and anorexia. The long-term hepatic complications
of viral hepatitis include progressive liver fibrosis, cirrhosis,
liver failure, and hepatocellular carcinoma. Chronic hepa-
titis B is associated with a particularly high risk of HCC,
which may arise in the noncirrhotic liver. Viral hepatitis is
the most common cause of HCC globally, and a major cause
of global mortality. The clinical features and natural history
of chronic hepatitis B and C are discussed in detail in
Chapters 32 and 54, respectively.

Extrahepatic manifestations of chronic viral hepatitis
warrant consideration here. They are an indication for an-
tiviral therapy. Glomerulonephritis (GN) is commonly as-
sociated with CHB. The most common presentation is
nephritic syndrome. A number of patterns of glomerular
injury have been described, including membranoprolifera-
tive GN, membranous GN, and rarely mesangial prolifera-
tive GN. In children the disease is usually self-limited;
however, progression to renal failure has been described in
adults. The association of HBV infection with mixed es-
sential cryoglobulinaemia is controversial. Rare cases have
been reported; however, the majority of cases are now rec-
ognized to be associated with HCV infection (73).

CHC is also associated with extra-hepatic manifestations.
Mixed cryoglobulinemia is a systemic problem that results in
the deposition of immune complexes in small and medium
blood vessels. It is common in HCVand typically presents as
a purpuric, vasculitic rash usually on the shins, arthralgia,
and glomerulonephritis. HCV can be associated with a
membranoproliferative glomerulonephritis and membranous
nephropathy (84). HCV is also associated with autoimmune
disorders including immune thrombocytopenic purpura,
autoimmune hemolytic anemia, thyroid problems, and my-
asthenia gravis.

Role of Liver Biopsy
Liver biopsy is now rarely performed in patients with viral
hepatitis. Liver biopsy is not usually necessary for either the

diagnosis of acute hepatitis or for differentiating etiology.
Liver biopsy is indicated when there is diagnostic doubt.
Liver biopsy was used for many years to stage liver fibrosis in
patients with chronic viral hepatitis, for determining prog-
nosis, and identifying treatment candidates. However, the
recent introduction and wide availability of noninvasive
markers for liver fibrosis, including transient elastography
and serum biomarkers, has largely replaced histology for
staging liver fibrosis. Liver biopsy is reserved for those pa-
tients in whom the results of less invasive techniques are
unclear, and when clinical decision-making will be directed
by the result of the biopsy.

SPECIAL POPULATIONS
Transmission in Healthcare Workers
Healthcare workers are at risk of infection from blood-borne
pathogens including HBV, HCV, and HIV through occu-
pational exposure to blood products and body fluids. All
body fluids and tissue should be considered potentially in-
fectious. Needle stick injuries from contaminated needles are
the most common route of transmission in the healthcare
setting, but transmission can also occur through exposed
mucosa or abraded skin. The risk of acquiring HBV fol-
lowing occupational exposure depends on the serum HBV
DNA level and HBeAg status of the source (85). HBV is
highly infectious; the risk of transmission is 20 to 60%
depending on the HbeAg status of the source. HBV trans-
mission in healthcare workers is dropping thanks to routine
recommendations for HBV immunization among healthcare
workers (86). The risk of HCV transmission is significantly
less than HBV, of the order of 1 to 4% (87), but the risk of
chronicity is high. Unfortunately there is no preventative
vaccine for HCV. Risk minimization and management
should be a central part in occupational health and safety
programs, as well as the infection control plans of any
healthcare facility. This includes staff education, the use of
protective equipment, sharps disposal facilities, universal
HBV vaccination, and postexposure prophylaxis. Standard
precautions including hand hygiene and the use of gloves,
gowns, and protective eyewear should be strictly adhered to.

Following exposure, wound care with flushing of the site
should be immediately instituted. If the healthcare worker
has evidence of anti-HBs, either from previous exposure or
vaccination, postexposure management is not required. If
there is no preexisting protection against HBV, hepatitis B
immunoglobulin (HBIg) should be administered as soon as
possible, which can reduce the risk by 75% (88). HBIg
should be administered concurrently with the first dose of the
HBV vaccine. There is no postexposure prophylaxis for
HCV. The recent development of oral highly effective an-
tiviral therapy for HCV is likely to lead to studies of the use of
these agents for postexposure prophylaxis, particularly in
endemic areas, or in healthcare workers who might face
exclusion from the workplace pending diagnostic evaluation.

Hepatitis in Pregnancy
The most common cause of jaundice in pregnancy globally is
viral hepatitis (89). Acute HAV during pregnancy is asso-
ciated with preterm labor, but the clinical course is otherwise
unremarkable. HAV is not vertically transmitted. The HAV
vaccine is safe in pregnancy and should be administered to
pregnant women traveling to endemic areas (103). Similarly
HAV immunoglobulins are safe and can be administered
following exposure to HAV. HEV in pregnancy can lead to

TABLE 3 Screening for HBV and HCV is recommended
in people with the following risk factors
People who inject drugs
People with a history of tattooing or body piercing
People in custodial settings
Sex workers
Sexual partners of an HCV-infected person should be tested for
HCV

Partners and other household and intimate contacts of people who
have acute or chronic hepatitis B infection should be tested for
HBV infection

Children born to HCV- or HBV-infected mothers
Pregnant women
People who received a blood TF/organ Tx prior to 1990
People infected with HIV or HBV/HCV, respectively
People with evidence of liver disease (persistently elevated ALT
level)

People who have had a needle-stick injury
Migrants from high prevalence regions (Egypt, Pakistan,
Mediterranean and Eastern Europe, Africa, and Southern Asia)
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fulminant liver failure with a high mortality of up to 25% in
the third trimester. It is a major cause of maternal and fetal
mortality in areas of high endemicity such as India, China,
and Africa. HEV infection in pregnancy not only carries a
high maternal mortality risk, but is also associated with a
higher rate of obstetric complications and poor fetal out-
comes including spontaneous abortion, stillbirth, preterm
delivery, and antepartum hemorrhage (90). A high rate of
vertical transmission has been reported in HEV (91) espe-
cially if the maternal viral load is high. There is no current
treatment for HEV in pregnancy. Ribavirin is teratogenic
and is therefore contraindicated in pregnancy and there is no
evidence of efficacy in the pregnant patient. There are no
safety or efficacy data for the new HEV vaccines in the
pregnant population.

Acute HBV during pregnancy is usually not severe as
pregnancy is a state of immunosuppression. There have been
reports of prematurity and low birth weight, but there is no
increased risk of mortality or teratogenicity. In chronic HBV,
HBV DNA levels tend to be stable throughout pregnancy.

HBV may flare in the postpartum period because of immune
reconstitution and HBe seroconversion can occur during
those flares. The perinatal transmission rate in untreated
HBeAg positive mothers is approximately 90% (92). Most
infections appear to occur at the time of delivery. HBV
screening during pregnancy and universal vaccination of all
newborns has reduced transmission rates. Prophylactic ad-
ministration of HBIg at birth followed by routine vaccina-
tion reduces transmission rates to 5 to 10%. The most
important risk factor for vertical transmission is the mother’s
viral load. Antiviral therapy is now recommended in the
third trimester for mother’s with a serum HBV DNA level
> 106 IU/ml (93). The baby should still receive HBIg and
vaccine immediately postpartum. The nucleotide analogue,
tenofovir is a Category B drug that can be used safely in
pregnancy. Lamivudine is classified a Category C but it has
been used extensively in the HIV population with a rea-
sonable safety profiles. Normal vaginal delivery is recom-
mended as Cesarean delivery does not reduce the risk of
infection (94); breastfeeding is safe (95).

Vertical transmission of HCV is much less efficient than
of HBV, but the 35% risk is higher in the setting of HIV
coinfection (96), in which the viral load is higher (97). Most
pregnancies are uncomplicated although a lower birth
weight has been reported. As with HBV, normal vaginal
delivery and breastfeeding are still recommended (98).
Newborns will test positive for anti-HCV as they automat-
ically acquire maternal antibodies so they need to be tested
for HCV RNA.

Chronic viral hepatitis with cirrhosis causes a unique set
of challenges for pregnancy. Cirrhosis is associated with in-
fertility; those who become pregnant have a variable course.
There is a risk of hepatic decompensation. The risk of poor
fetal outcomes including miscarriage, stillbirths, and preterm
labor is increased. Portal hypertension may worsen in preg-
nancy due to the increase in total blood volume and the risk
of variceal hemorrhage is significant. Screening for varices
and prophylactic banding should be considered prior to
pregnancy.

Viral hepatitis is not the only cause of liver problems in
pregnancy. Differential diagnoses unique to pregnancy must
be also be considered during assessment and include hyper-
emesis gravidarum, acute fatty liver of pregnancy, in-
trahepatic cholestasis of pregnancy, and preeclampsia/
HELLP syndrome (a variant of preeclampsia presenting with
hemolysis, thrombocytopenia, and liver disease). Sympto-
matic gallstones are common in pregnancy.

Viral Hepatitis in the HIV Population
With shared transmission risks, the prevalence of chronic
hepatitis B and hepatitis C is higher in the HIV-infected
population. With improved control of HIV disease with
antiretroviral therapy, liver disease has emerged as one of the
leading causes of death in patients with HIV (30). HIV
impacts directly on the outcome of HCV and HBV infec-
tion, complicating its natural history, diagnosis, and man-
agement. For reasons that remain unclear, liver damage,
especially fibrosis, progresses at a faster rate than in HCV or
HBV mono-infection, despite hepatic necro-inflammation
typically being less severe. Levels of HCV or HBV viremia
tend to be higher. This is possibly due to increased replica-
tion in the setting of the relative immunosuppressive effect
of HIV or a direct effect of the HIV itself that facilitates the
engagement of coreceptors (99). Therefore, all patients with
HIV should be screened for HBV and HCV infection. It is
recommended that testing for both anti-HBc and HBsAg be

TABLE 4 Differential diagnoses for acute liver injury

Differential diagnosis Clues on diagnostic tests

Systemic infections
� Herpes Simplex

Virus (HSV-1, HSV-2)
� Cytomegalovirus (CMV)
� Epstein Barr Virus (EBV)
� Varicella Zoster

virus (VZV)
� Parvovirus B19

Markedly elevated
transaminases,
leukopenia, low bilirubin

Drugs/Toxins
� Acetaminophen
� Idiosyncratic drug reactions
� Herbal preparations
� Amanita Phalloides

mushroom

Very high enzyme
elevation, low bilirubin

Ischaemic hepatitis Very high aminotransferase
levels (25 to 250 times
the upper limit of normal),
elevated serum LDH levels

Autoimmune hepatitis Auto-antibodies (ANA,
ASMA, ALKM-1)*

Wilson’s disease Coombs-negative hemolytic
anemia, aminotransferase
levels < 2,000 IU/l, AST
to ALT ratio of > 2, normal
or markedly subnormal
ALP (< 40 IU/l), ALP
to total bilirubin ratio
< 4, low uric acid levels

Veno-occlusive disease
� Budd-Chiari
� Portal vein thrombosis

Doppler ultrasound

Pregnancy-related liver failure
� Acute fatty liver

of pregnancy
� HELLP syndrome

Aminotransferase levels
< 1,000 IU/l, elevated
bilirubin, low platelet count

*ALP: Alkaline phosphatase, ANA: Anti-nuclear antibody, ASMA: Anti
smooth muscle antibody, ALKM-1: Anti liver kidney micosomes.
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performed, as patients with HIV can have occult HBV, with
high levels of HBV DNA and anti-HBc, but not HBsAg.
Similarly, all HBV/HCV patients should undergo HIV
testing (24). In the past, treatment of both HBV and HCV
has been less effective in HIV coinfected patients. This is no
longer the case with potent first line direct DAAs, and re-
sponse rates are generally equivalent to those observed in the
mono-infected population. The management of drug-drug
interactions is more complicated in patients taking HAART
and there is a risk of hepatotoxity. Flares of hepatitis due to
immune reconstitution have also been reported (100, 101).
However the benefit of HAART is thought to outweigh the
risk as it is associated with a slower rate of liver fibrosis (102).
HCV/HIV and HBV/HIV coinfection will be considered in
further detail in separate chapters.

Hepatitis in Patients Undergoing
Immunosuppressive Therapy
Screening for HBV and HCV infection is recommended for
all patients being considered for immunosuppressive therapy.
Monoclonal anti-CD20 therapy, and stem cell transplanta-
tion are particularly high risk. Immunosuppression is associ-
ated with risk of severe hepatitis flares in patients with
chronic hepatitis B infection. This can be prevented by the
use of nucleos(t)ide analogue therapy. In patients with
chronic hepatitis C, immunosuppression is associated with
higher levels of serum HCV RNA and more rapid fibrosis
progression; this can be prevented by curative antiviral ther-
apy. Specific details regarding recommendations for testing
and treatment are considered in pathogen-specific chapters.

Liver Transplantation in Viral Hepatitis
HBV and HCV are common causes of cirrhosis and HCC
and remain the main indications for liver transplantation.
HCV is the most common indication for liver transplanta-
tion. Following liver transplantation for HCV, graft recur-
rence has been universal, and the progression to fibrosis in
the graft may be rapid due to the concurrent use of immu-
nosuppressants. There is also a risk of fibrosing cholestatic
hepatitis However, these events can now be prevented by
complete HCV suppression with DAA therapy pretrans-
plant. New DAA therapies for HCV are also very effective
posttransplant, and can prevent rapid fibrosis progression, as
well as effectively treat FCH. Graft recurrence with HBV is
also universal and requires posttransplant prophylaxis with
nucelos(t)ide analogue therapy and HBIg. The prognosis
post-liver transplantation for patients with chronic hepati-
tis B is excellent.
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Viral Infections in Organ Transplant Recipients
JOHN A. ZAIA

6
Solid organ transplantation (SOT) and hematopoietic cell
transplantation (HCT) represent continually expanding
fields of medicine, and, with many innovative methods for
allograft management, new and unusual presentations of
virus infections continue to occur. These new drugs or mo-
dalities aim to protect the SOT recipient from rejection of
the newly acquired organ by the endogenous immune system
or to protect the recipient from attack by the graft (Graft vs.
Host Disease, GVHD). For example, in the mid-1960s, with
the introduction of cytotoxic drugs such as azathioprine and
cyclophosphamide in renal transplantation, pneumonitis
associated with human cytomegalovirus (CMV) infection
was first observed (1). Soon thereafter, it was noted that
transplant recipients with Epstein-Barr virus (EBV) infec-
tion developed a previously unrecognized clinical syndrome,
posttransplantation lymphoproliferative syndrome (PTLD)
(2). In populations with a high prevalence of human her-
pesvirus 8 (HHV-8) infection, Kaposi sarcoma became a
problem following SOT (3). With time, most of the en-
dogenous herpesviruses and polyomaviruses of humans have
emerged as particular problems. At the same time, respira-
tory viruses and hepatitis viruses complicate successful
management of the SOT and HCT recipient as methods
of iatrogenic immunosuppression change. The donor tissue
itself can be the source of transmission of virus infec-
tion, including rabies (4), West Nile virus (5), human T
leukemia virus type I (6), human immunodeficiency virus
(7), lymphocytic choriomeningitis virus (8), and B19 par-
vovirus (9).

Complex factors determine when and which active in-
fection will occur and whether it will progress to disease. The
time of onset of the most common viral infections after
transplantation is fairly predictable (Fig. 1), and during the
first year, infections with CMV, EBV, HHV-6, HHV-8, and
BK virus (BKV) become a major focus of attention for the
clinician. Consequently, management of these virus infec-
tions will be emphasized in this chapter. Correct manage-
ment of hepatitis B virus and hepatitis C virus infections
(Chapters 32 and 54) and of the several respiratory virus
infections (Chapters 27, 37, 43) are equally important in
patient outcome, but are discussed elsewhere in this volume.

CYTOMEGALOVIRUS INFECTION
Epidemiology, Risk Factors, and Pathogenesis
of CMV Disease

Epidemiology
Human cytomegalovirus (CMV) (Chapter 23) was initially
identified, and, in fact, was named because of its effect on
the fetus (10), but the virus has come to be recognized as a
major pathogen in the organ-transplant recipient (11). Be-
yond the newborn, CMV produces disease almost exclu-
sively in the immunologically impaired individual, and, in
doing so, it demonstrates considerable variability in the types
of clinical syndromes that are seen in different at-risk groups.
Thus, in the fetus and in the child with perinatal infection,
there can be hearing loss, central nervous system disease, and
retinal damage (12). In SOT recipients, chronic CMV in-
fection produces mononucleosis-like syndromes, arthralgia,
enteritis and hepatitis, and pneumonitis (13, 14). With
the introduction of preventive antiviral strategies, there
has been a significant change in the occurrence of life-
threatening CMV infection and in the management of
transplant patients. In the 1980s, the CMV-related mortality
was 10 to 30% for recipients of allogeneic HCT (15), but,
with the use of ganciclovir, mortality has dropped to 2 to 6%
in this population (14, 16, 17).

The use of antiviral chemotherapy has altered the natural
course of posttransplantation CMV. In the pre-antiviral era,
the onset of disease occurred at 2 to 3 months post trans-
plant, but with the use of antiviral suppression, CMV reac-
tivation and disease onset is delayed and occurs in the 4- to
12-month period post transplant (16). Of note, however, in
the HCT population, the best antiviral agents have not been
able to prevent late CMV disease (18). In a review of 9,469
recipients of allogeneic HCT between 2003 and 2010, CMV
reactivation remained a significant risk factor for lower
overall survival (17). Thus, with a shift in disease onset to
later times after transplantation and with the side effects of
antiviral treatment, the strategies for management of the
transplant recipient have become more complicated.
Treatment plans must weigh these risks, including costs,
against the anticipated benefits and develop a rational
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approach. Thus, the person with responsibility for the care of
transplant recipients must be familiar with the changing
aspects of CMV infection and prevention.

Risk Factors for CMV Infection in the Allograft
Recipient
The management of HCT and SOT recipients is based on
patient risk factors, and, in order to better understand the
biologic aspects of CMV infection and to minimize CMV
complications in these patients, it is important to recognize
these factors (Table 1). The most significant one is the de-
velopment of CMV infection itself, and for that reason,
patient age > 20 years, a prior infection of the donor with
CMV, and a prior infection of the recipient with CMV are
most important. Early sero-epidemiologic (11), as well as
molecular (19), evidence indicated that the donated organ is
the source of CMV reinfection in most instances. Primary
CMV infection can occur, but, more frequently, reinfection
occurs in the recipient who has had prior CMV infection
and acquires a new CMV strain from the donor (19). Ca-
daver organ transplants are also associated with more CMV
infection than are organs from living donors (20). Thus the
serostatus, defined as positive (+) or negative (-) CMV an-
tibody in serum, of the donor (D) and the recipient (R) are

used to group patients by risk. D+/R- SOT transplants are at
highest risk of CMV infection and disease (21). Without
preventive measures, 80 to 100% of D+/R- recipients will
develop CMV infection, and 50 to 70% will develop disease
(22). But the risk for D+/R+ recipients is reduced, and the
risk for a D-/R- transplant is nil. Next in the hierarchy of risks
for CMV-related complications are the type of organ, the age
of donor and recipient, the type and intensity of immuno-
suppression, the time since transplant, coinfections, and
presence of organ rejection (23). Regarding the type of or-
gan, lung, small bowel, pancreas, and combined kidney-
pancreas SOT recipients are at the highest risk for CMV
infection (13, 24). Liver and lung recipients are at inter-
mediate risk, and kidney recipients are at lowest risk (13, 24).
Absolute CMV load, as measured by PCR in plasma, has also
been associated with risk for CMV disease (25). In this re-
gard, the CMV load is usually higher in association with
more potent immunosuppression. However, with the use of
an m-TOR-based immunosuppressive regimen, such as siro-
limus or everolimus, there is a decreased incidence of CMV
infection and disease (26). One study, comparing sirolimus-
mycophenylate mofetyl-corticosteroid versus tacrolimus-
mycophenylate mofetyl-corticosteroid, found a decrease in
CMV infection (3% vs. 12%, P = 0.02) with no difference in
rejection rates (27, 28). The presumed explanation for this is
that m-TOR inhibitors regulate CD8 memory T-cell devel-
opment and enhance both the quantity and quality of the
immune response (26). Also, sirolimus has been reported to
inhibit CMV replication in vitro (29). In both the SOT and
HCT transplant recipient, age is a risk factor; the pediatric
recipient is more likely to be R- and subject to CMV infec-
tion on this basis depending on the donor serostatus. Finally,
the induction of immunosuppression with antilymphocyte
therapy is particularly associated with CMV infection, and
any added immunosuppression for organ rejection or GVHD
increases the risk for CMV infection (30).

In considering risk factors of CMV disease after trans-
plantation, immunosuppression is, in fact, considerably
important. Patients who have detectable cytotoxic T-
lymphocyte (CTL) activity targeted to CMV have signifi-
cantly less disease than those without such CTLs (31–33). In
addition, the absence of CMV-specific CD4+ T-cell function
is a marker for CMV disease (34, 35). The frequency of
CMV-specific CD4 and CD8+ T cells can be assessed and
evaluated quantitatively (36), and studies have linked the
absolute numbers of CMV-reactive Tcells to protection from
disease (37–39). In HCT, the posttransplant reacquisition of
CMV-specific cellular immunity following marrow ablation
is improved when the donor has prior immunity to CMV
(40). Similarly, in solid organ transplantation, the influence
of cellular immune modification by the use of anti-T-cell
antibody or of other agents that can influence CTLs, will
significantly increase the risk of progressive CMV infection
(20, 41).

Pathogenesis of CMV Infection after Allograft
Transplantation
CMV-associated diseases in transplant populations are ac-
quired through transmission of infection from the trans-
planted organ or from reactivation of endogenous infection
in the recipient (11, 19). As with other herpesviruses, CMV
can reactivate from a latent infection and lead to persistent
infection that progresses to organ-specific disease if there is
an absence of functional CMV-specific cell-mediated im-
munity (16). Local recovery of CMVat sites, such as urine or
throat, do not correlate with incidence of disease, whereas

FIGURE 1 Occurrence of the most frequent virus infections after
transplantation. The time after both solid organ and marrow
transplantation correlates with characteristic types of virus infec-
tions, ranging from herpes simplex virus (HSV) at the earliest time,
to cytomegalovirus (CMV), Epstein-Barr virus (EBV), herpesvirus
type 6 (HHV-6), and herpesvirus type 8 (HHV-8) at 1 to 3 months
after transplantation and with adenovirus, varicella zoster virus
(VZV), polyomavirus, and hepatitis viruses at later times.

TABLE 1 Risk factors for CMV complications in the
transplant recipients
CMV Infection

Seropositive donor/seronegative recipient (D+/R-)
Graft as source of infection
Age

Mismatch Status of Solid Organ Donor
Mismatch number
HLA-type: DR7, DRw6, B7

Organ Type
Liver, Heart, Lung > renal transplant
Cadaver > living donor solid organ transplant
Allogeneic > autologous marrow transplant

Immune Status
Immunosuppressive regimen
CMV-specific lymphocyte immunity
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CMV viremia and asymptomatic pulmonary infection
strongly correlate with subsequent disease (13, 14). It ap-
pears, then, that progression of CMV from local to dissem-
inated infection is necessary before the onset of serious CMV
disease in the setting of immunosuppression.

As with CMV infection in the non-transplant setting,
the syndromes that occur with CMV infection in the
transplant recipient can range from severe disease to mild
forms of mononucleosis. For example, encephalitis, enter-
itis, pneumonitis, and other organ-specific syndromes occur,
as seen in AIDS and in neonatal CMV infection (42, 43).
However, the usual course includes fever, malaise and fatigue
similar to infection in healthy adults (44). The usual
asymptomatic course of CMV infection of normal persons is
also seen with CMV infection in some transplant recipients
(45, 46). Interestingly, although the rates of infection with
CMV and the timing of infection post transplant are nearly
identical when renal, heart/lung, and marrow transplant
populations are compared, the severity of disease is much
greater in heart/lung and HCT patients than in renal
transplantation. However, the neurotropism of CMV in-
fection, seen in AIDS and in the fetus and young infants, is
less frequently seen in HCTand SOT recipients (13, 41, 46,
47). The principal differences in presentation of CMV
disease between these groups are the predominance of
mononucleosis-like symptoms in the HCT patients and di-
rect involvement of the transplanted organ in the case of
SOT (13, 41, 48).

In addition to direct effects of viral infection on organ
function, CMV infection after transplantation is associated
with events such as graft rejection, atherosclerosis, and in-
creased rates of bacterial and fungal infections (13, 49–51).
Because these effects have been associated with immuno-
logical abnormalities specific for transplantation popula-
tions, such as host-versus-graft disease or GVHD, the
symptom complex associated with CMV appears to be due
not only to a direct cytotoxic effect of infection on cell or
organ function but also to a secondary or indirect effect on
host responses to infection. Therefore understanding the
pathogenesis of CMV disease in the transplant recipient
involves elements related to (a) onset and progression of
virus infection and (b) the effect of this infection on general
cellular function and on specific immune function.

Monitoring the Immune Status of the Patient

Assays for Nonspecific Monitoring on Immune
Status
In the ideal world, a transplant physician would be able

to monitor the immunologic status of the patient and tailor
immunosuppressive therapy to the needs of the patient based
on risk and organ function (52). When assessing the net
state of immunologic function, the conventional approach
has been to monitor the immunosuppressive drug level and
to record the cytopenia status. These are nonpathogen
specific and can be generally useful, but, given individual
variation in pharmacokinetics and pharmacodynamics, drug
levels do not provide sufficient means to assess immune
function (53). Other nonpathogen specific biomarkers of
immune function are immunoglobulin levels (54), serum
complement factors, peripheral blood lymphocyte subpop-
ulations, soluble CD30, and intracellular concentrations of
ATP in stimulated CD4 cells (52). These are associated with
risk for bacterial infection and will not be discussed here, but
certain biomarkers have been associated with risk for virus
infection. For example, hypogammaglobulinemia (HGG) is

not uncommon in the first year post transplant (55, 56),
especially in those receiving mycophenolate mofetil (55), in
those with bronchiolitis obliterans (57, 58), and in those
receiving corticosteroid pulses after heart transplant (59).
Although HGG is usually associated with bacterial infection
(60), one meta-analysis (54) reported a nearly 3-fold higher
risk of CMV during HGG. Clearly, transplant patients
should be monitored for IgG levels, and IgG replace-
ment therapy has shown improved outcome in certain
groups of transplant recipients (61–63). With regard to
complement activation biomarkers, C3 has not been asso-
ciated with risk for virus infection. However, the lectin
activation pathway for complement is influenced by
mannose-binding lectin (MBL), and, in SOT recipients,
MBL levels have been associated with an increased risk for
CMV relapse post valganciclovir therapy (64). However,
there is no clear consensus at this time on the need to
monitor MBL levels.

Probably the best nonpathogen specific biomarker for
infection is lymphopenia post SOT/HCT (16, 65). In gen-
eral CD4+ lymphopenia is associated with CMV infection
(66) and other infections. In the HCT recipient, lympho-
penia can be related to GVHD, and it is likely that there are
factors that influence the occurrence of both GVHD and
CMV (67, 68). In liver allograft recipients, CD4+ cell
counts < 300/ml place a patient at increased risk for CMV
infection (52), and, in the HIV-1-infected SOT patient, a
CD4+ lymphocyte count < 200/ml is associated with severe
risk of infection similar to that seen in the general HIV-1
population, prompting the use of prophylactic antibiotics
(69).

Finally, there are two other laboratory assays for non-
specific measurements of immune function. The first is based
on the circulating level of soluble CD30, a glycoprotein
related to the tumor necrosis/nerve growth factor family
(70). In SOT, high levels have been linked to risk for graft
loss (71), although the sensitivity and specificity of the assay
used in this way is modest (72). CD30 levels still have not
been convincingly correlated to risk of infection after
transplantation. The second is the in vitro measurement of
iATP in CD4+ T cells after nonspecific stimulation with
phytohemagglutinin, a commercially available assay called
ImmuKnow (73). Studies have linked low iATP to risk for
CMV infection post lung transplant (74), EBV infection,
and BK virus infection (75). At present, however, there is no
recommendation on how best to use the iATP assay because
its consistent performance is complicated by lack of suffi-
cient experience in prospectively observed studies and by
the vagaries of collection and processing time (52, 76). At
this time, no recommendation can be made for use of the
assay in SOT and HCT patient management.

CMV-Specific Immune Monitoring
Since the CMV serostatus itself imparts the main risk for

CMV infection (77), the question arises as to how best to
monitor the patient for CMV-specific T-lymphocyte func-
tion or lack of such function (78). The ability of T cells to
make interferon gamma (IFNg) correlates with protection
from CMV, and this raises the obvious question as to
whether the IFNg response to CMV can guide preventive or
therapeutic strategies (39, 79–81). Five commercial tests
have become available for 4 types of CMV-specific assays of
immune function; these include a CMV-peptide inducible
intracellular cytokine release assay, the MHC-tetramer stain
that measures the binding of antigen-specific HLA com-
plexes to the Tcell, the QuantiFERON-CMVassay (Qiagen
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Inc.), and the ELISpot assay (T-Track CMV, Lophius Bio-
sciences GmbH, Regensburg, Germany) and T-SPOT.CMV
(Oxford Immunotec Ltd, Oxford, UK, and Marlborough,
MA, USA) (82). The QuantiFERON-CMV assay is based
on the release of interferon-gamma as measured by ELISA
after an overnight incubation of whole blood with CMV-
specific peptides, and this test has been most studied post
SOT/HCT. In one such study (83), approximately one- third
of CMV seropositive recipients actually lack demonstrable
CMV immunity when inducible INF-gamma production is
measured, and these patients are at risk for post SOT-CMV
infection (80). In a multicenter study that focused on high-
risk D+/R- recipients after discontinuation of antiviral pro-
phylaxis, those with a positive QuantiFERON-CMV result
at time 0, 1 month, or 20 months post valganciclovir pro-
phylaxis had less late-onset CMV disease than those with a
negative result (84). Results with the QuantiFERON-CMV
assay suggest that spontaneous clearance of viremia occurs
in 92% of patients with a positive assay result (81). The
assay has FDA approval to claim that it “may assist” the
clinician’s ability to predict risk of CMV infection and
guide decision-making in regard to treatment. Finally, the
T-Track CMV- and T-SPOT. CMV-ELIspot assays are both
in clinical evaluation in the setting of transplantation.
While both methods are very promising, their role as clini-
cal tools for assisting patient management remains to be
determined.

Clinical CMV Disease, Treatment, and Prevention

Disease Course
In SOT patients, CMV-associated complications have

not changed since the early descriptions of fever, malaise,
with or without neutropenia and thrombocytopenia, and
with or without subsequent fungal and bacterial complica-
tions (13, 14). In both SOT and HCT, the most dreaded
CMV-associated complication is interstitial pneumonia
(CMV-IP), but enterocolitis and hepatitis are more fre-
quently seen complications. CMV-IP presents with dyspnea
and oxygen desaturation and can quickly progress to respi-
ratory failure. The use of antiviral prophylaxis has markedly
reduced serious CMV-IP, but this complication remains a
late problem both in the allogeneic HCT recipient with
chronic GVHD (14) and in the SOTrecipient on long-term
immunosuppression. In fact, late onset CMV disease occurs
in approximately 18% of SOT recipients depending on D/R
serostatus, and late CMV disease has been observed in as
many as 34% of D+/R- SOT recipients when prophylaxis is
stopped at 3 months (78). Late occurrence of disease is due
to a failure of development of CMV-specific cellular im-
munity in the R-recipient during the months of anti-CMV
prophylaxis (79). Of interest, delayed implementation of
CMV prophylaxis by as few as 14 days post transplantation
has been associated with less late-onset CMV disease (85).
This suggests that providing some limited exposure to CMV
is important for reconstitution of CMV immunity after SOT
is consistent with the known control of CMV in R+ SOT
recipients with CMV-specific cellular immunity (86).

CMV disease can present in a variety of ways, and several
serious syndromes are associated with the specific transplant
patient groups. For example, with heart and lung trans-
plantation, bronchiolitis obliterans can occur following
CMV infection and following acute rejection. Bronchiolitis
obliterans is defined as a decline in forced expiratory volume
in one second, < 80% posttransplantation baseline, or his-
tological presence of obliterative brochiolitis (87). In both

HCT and SOT, CMV infection can be associated with sig-
nificant indirect effects, including poor graft function with
acute and chronic rejection (88), increased bacterial and
fungal infection (13), and graft loss (89), as well as increased
mortality (17, 90). Acute rejection is associated with CMV
infection in all solid organ settings (88), e.g., for heart
transplant (91), for lung transplant (92), for kidney trans-
plant (49, 93), and for liver transplant (94).

Prevention of CMV in the Seronegative Transplant
Recipient
For the CMV-seronegative transplant recipient, for whom
there is a CMV-seronegative organ donor, the risk of infec-
tion is determined by the exposure to posttransplantation
blood product support. Except for the chance of community-
or sexually acquired CMV infection, virtually all primary
CMV infections can be prevented by careful preparation or
processing of the blood components (95). For the CMV-
seronegative HCT recipient of a graft from a CMV-positive
donor, the risk of infection is a function of the number of
cells in the graft (96). Overall, in HCT, virtually 90% of all
CMV disease occurs in the CMV-seropositive recipient. In
SOT, however, the option to use CMV-seronegative organ
donors is not usually available, and the CMV-seronegative
recipient of an organ from a CMV-seropositive donor will
get a CMV infection in 80 to 100% of cases, and disease can
occur in 50 to 70% if not given antiviral prophylaxis (13,
22) (Table 2).

CMV Disease Prevention: Antiviral Strategies
The approved antiviral agents for CMV prophylaxis

following organ transplantation are IV ganciclovir, oral
ganciclovir, oral valganciclovir (excluding liver SOT), and
oral acyclovir (kidney SOTonly). With ganciclovir (GCV),
two strategies have been used; either all at-risk patients are
treated for a defined period, or only transplant recipients
with documented CMV infection are treated. The first ap-
proach is termed “general prophylaxis,” and the second
strategy is termed “preemptive” or early antiviral therapy. In
either HCT or SOT, there is no best strategy for use of
ganciclovir, in part because of its toxicity, and the clinical
situation determines the appropriate approach. For example,
the patient at high risk for CMV deserves prophylaxis, and
the less risky patient is treated preemptively. In reality, hy-
brid strategies have developed in which prophylaxis is used
during the highest period of risk, e.g., day 1 to 100 post SOT,
and then preemptive therapy is used during periods of low
risk (Table 2).

Regarding acyclovir in prevention programs, acyclovir
was used with surprising success in modifying CMV infection
and disease after HCT and SOT in the pre-ganciclovir era
(97, 98). The mean 50% inhibitory dose of acyclovir for
CMV strains is 63.1 – 30.2 mM (99), and peak acyclovir
levels in the plasma can range from 25 to 100 mM depending
on the regimen. Valacyclovir, a prodrug of acyclovir,
achieves blood levels comparable to IV acyclovir, and when
given at a dose of 2 grams orally 4 times daily for > 900 days
after renal transplantation, significantly reduces the risks of
CMV disease in high-risk D+R- patients (45% vs. 16%,
P< 0.001) and of acute rejection episodes (52% vs. 26%,
P< 0.001) (100). Similar inhibition of CMV reactivation
has been reported in allogeneic HCT recipients (101). De-
spite this, neither acyclovir nor valacyclovir is approved for
prophylaxis or treatment of CMV infection, and their use is
only as an adjunctive agent in CMV prophylaxis regimens
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for select lower-risk populations for which ganciclovir or
valganciclovir cannot be used.

Prevention of CMV after Solid Organ
Transplantation
In SOT recipients, the management strategies are based

on the variable risks for CMV based on organ type, D/R
serostatus, and immunosuppressive regimen (Table 2). Un-
like HCT in which rapid marrow recovery is the goal, in
SOT there is less concern about the effects of marrow tox-
icity and prophylaxis with ganciclovir is the recommended
approach. The advantages of prophylaxis are that it prevents
CMV infection during the highest risk period of immuno-
suppression, decreases the indirect effects of CMV on the
allograft, and removes the need for CMV monitoring. Pro-
phylactic ganciclovir has been associated with both a re-
duction in organ rejection events and in coinfections
(23, 102–104). A meta-analysis of 17 studies showed the
clear superiority of prophylactic therapy over preemptive
therapy for all SOT types (104). Prophylaxis versus
preemptive therapy was associated with reduced rejection
rates (26% vs. 53%) and reduced bacterial and fungal co-
infections. The disadvantages are the side effects, including
neutropenia, potential for the development of antiviral drug
resistance, and prevention of CMV-specific cell-mediated
immunity resulting in late-onset disease when the prophy-
laxis is stopped (23, 79). For this reason, prophylaxis does
not prevent late-onset CMV disease, and approximately
one-third of SOT recipients have been reported to get late-
onset CMV infection post prophylaxis with D+/R- being at
highest risk (105). When comparing prophylactic versus
preemptive valganciclovir for kidney recipients, a double-

blinded study showed increased CMV disease in the pre-
emptively treated group (4.4% vs. 19.2%, P=0.003) (106).
Hence, international guidelines recommend the use of a
risk-based management plan in which those at highest risk,
namely D+/R- recipients of SOT, receive prophylaxis; D+/R+
recipients at intermediate risk receive either prophylactic
or preemptive therapy; and D-/R- recipients at lowest risk
receive preemptive therapy (82).

The recommended duration of prophylaxis is 3 to 6
months for heart, liver, pancreas, and kidney SOTrecipients
and 6 months for lung and small bowel (Table 2) (80, 82,
104, 106–109). The kidney recipient is at lowest risk even in
the D+/R- category presumably because of the lower tissue
burden of CMV transferred to the recipient (110), and lung
and small bowel SOT recipients are at the highest risk for
CMV infection and require a longer period of prophylactic
treatment. The current recommendations of the Interna-
tional Transplantation Society for CMV prevention in SOT
are to begin with prophylaxis and then, based on the risk
group, introduce preemptive therapy at the appropriate time
(Table 2) (82). This type of approach has been shown to be
effective in D+/R- liver transplant recipients, in which the
strategy reduced CMV disease to approximately 10% at
2 years post SOT (111). During the preemptive therapy
phase, weekly monitoring is done using a CMV PCR or
antigen assay for 3 months and then spacing the monitoring
according to need, based on concurrent immunosuppressive
therapy. Quantitative PCR has been shown to be a more
sensitive assay for detection of infection than the CMV
antigen assay (94% vs. 24%) (89). The benefit of preemp-
tive therapy is the reduction in side effects, less drug resis-
tance, a reduction in cost, and, especially for the pediatric

TABLE 2 Prevention of CMV infection in transplant recipients

Transplant
Organ

CMV
Exposure Risk Level

Preventative
Regimen Duration of Therapy Comment

HCT -allo D+ / R+
D - / R+

Intermediate
to high

Preemptive 4 weeks Continue preemptive therapy for high-risk patientsa

HCT-auto R+ Low Preemptive 4 weeks Monitor for CMV to D-60 for high risk patient
Kidney D+ / R+

D - / R+
Low
Intermediate

Prophylactic
Prophylactic

2–4 weeks GCV
3 months VGCV
2–4 weeks GCV
3–6 months VGCV

Duration of therapy is based on immune status

Liver D - / R+
D+ / R-

Intermediate
High

Prophylactic
Prophylactic

2–4 weeks GCV
3–6 months GCV
2–4 weeks GCV
3–6 months GCV

Duration of therapy is based on immune status

Heart D - / R+
D+ / R -

High
High

Prophylactic
Prophylactic

2–4 weeks GCV
6 months VGCV

Duration of therapy is based on immune status

Lung D - / R+
D+ / R-

High
High

Prophylactic
Prophylactic

2–4 weeks IVGCV
6 months VGCV

Consider using CMVIGb

Small Bowel D - / R -
D - / R+
D+ / R -

Low
High
High

Preemptive
Prophylactic
Prophylactic

—

2–4 weeks GCV
6–12 months VGCV

Consider using CMVIGb

SOT not
Small Bowel

D - / R - Low Preemptive 2–4 weeks GCV
6–12 months VGCV

Continue preemptive therapy for high-risk patientsa

D = donor; R = recipient; + = CMV seropositive; - = CMV seronegative; GCV = ganciclovir; VGCV = valganciclovir; SOT = solid organ transplant; HCT =
hematopoietic cell transplant; allo = allogeneic; auto = autologous.

aHigh risk = grade > 2 GVHD; haploidentical donor; cord blood donor.
bSome experts recommend using CMVIG.

o

o

o
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patient, a reduction in the daily number of oral medications.
However, this strategy creates a need to monitor, report, and
act on results, and, in the real world of transplantation, this
requirement in the critical posttransplantation period can be
a burden. Several questions arise in the management of the
SOT recipient:
� What is the correct dose of ganciclovir? Ganciclovir is
given at a dose of 5 mg/kg IV twice daily. To lessen the
potential marrow toxicity, the regimen has been con-
verted to 5 mg/kg ganciclovir IV daily or 900 mg oral
valganciclovir daily Monday through Friday.

� What is the optimal duration of prophylaxis? A large
multicenter randomized study (100 days vs. 200 days of
prophylaxis) demonstrated that the longer duration was
significantly better in preventing CMV infection at 1 year
post SOT [36.8% vs. 16.1%] with similar occurrence of
adverse events (108). The longer duration of prophylaxis
was associated with less CMV infection and minimal
disease, but side effects of therapy prevented continued
prophylaxis in some patients (105).

� Is there a use for oral ganciclovir? Oral ganciclovir is
poorly absorbed, but its use has been approved in the U.S.
for CMV prophylaxis after SOT based on its efficacy in
control of CMV disease (22). In contrast, oral valganci-
clovir is well absorbed and can be substituted for intra-
venous drug during maintenance therapy for control of
CMV reactivation. A large study comparing oral ganci-
clovir to valganciclovir in D+/R- organ recipients showed
equivalence of the two drugs (112). However, valganci-
clovir is approved only for patients with AIDS or kidney,
heart, and kidney-pancreas transplants. The dose of oral
ganciclovir is 1 gram 3 times daily; the dose of valganci-
clovir is 900 mg once daily. Hence, valganciclovir is
preferred for the convenience. The toxicity of these drugs
is similar to the IV formulation of ganciclovir.

� How important is the duration of prophylactic therapy?
Late CMV disease is a significant problem after the dis-
continuation of ganciclovir/valganciclovir prophylaxis.
In a comparison of 100-day versus 200-day prophylaxis,
the incidence of CMV disease was significantly less in the
200-day treatment group (37% vs. 23%) (108).

� Does use of preemptive therapy put a patient at signifi-
cantly increased risk compared to the patient receiving
prophylaxis? There have been no published randomized
studies comparing these two strategies in nonrenal SOT.
However, there have been comparative studies of pre-
emptive versus prophylactic ganciclovir in renal SOT,
with mixed outcomes. One such study in renal transplant
recipients showed more CMV DNAemia in the pre-
emptive group and more late CMV disease in the pro-
phylactic group (113). A meta-analysis evaluating these
strategies in SOT recipients concluded that both strate-
gies for ganciclovir use, as well as prophylactic acyclovir,
reduced CMV organ disease, but only prophylactic gan-
ciclovir reduced the associated bacterial and fungal in-
fection and death (104).

� Should valganciclovir be used in a liver transplant re-
cipient? Valganciclovir is not approved for use in liver
SOT recipients. Valganciclovir showed some inferiority
to IV ganciclovir in this population due to an increased
incidence of CMV disease in the valganciclovir group
(112).

� What is the role for CMVIG? CMVIG is an immuno-
globulin product derived from screening outdated plasma

for elevated CMV antibody levels (114). A meta-analysis
of randomized trials, comparing CMVIG with no treat-
ment or with an antiviral, showed that CMVIG reduced
the overall mortality and the CMV-related mortality and
the incidence of CMV disease; however, it did not re-
duce the CMV infection or organ rejection (115). In
heart transplant recipients treated with CMVIG, com-
pared with those not treated or treated with antiviral
only, the CMVIG group had significantly increased
patient and organ survival at 7 years. Similar results have
been observed in kidney and liver SOT recipients (13).
Current guidelines recommend prophylaxis with either
val-GCV or GCV, used orally or IV, with or without
CMVIG for both heart and lung SOT recipients (82).

Prevention of CMV in the HCT Recipient
The prevention of CMV disease with intravenous gan-

ciclovir was first shown in studies after marrow transplan-
tation (116, 117). In HCT recipients, ganciclovir
preemptive treatment has been shown to be associated with
improved survival, whereas routine prophylaxis has no sur-
vival advantage (117, 118). The benefit of a preemptive
strategy using ganciclovir was established in HCTwhen this
marrow-toxic agent was given only to asymptomatic trans-
plant recipients at the time of first laboratory evidence of
active pulmonary CMV infection, a strategy that signifi-
cantly reduced progression to subsequent CMV disease
(116). Asymptomatic CMV pulmonary infection occurs
after HCT (119), and approximately 60 to 70% of these
patients will subsequently develop CMV-IP (116). Ganci-
clovir has also been used pretransplant (2.5 mg/kg IVevery 8
hours on days -8 to -1 pretransplant and resumed at 6 mg/kg
daily for 5 days per week at the time of engraftment) (120),
with significant reduction in rate of CMV infection (20% vs.
55%) but with no significant reduction in CMV disease
(10% vs. 24%). The problem is that prophylactic ganciclovir
is associated with marrow toxicity and failure to develop
CMV-specific immunity. Drug-related neutropenia occurs in
approximately 30% of transplant recipients receiving gan-
ciclovir (121). The median time of onset of neutropenia is
36 days (range 6–74 days) after starting treatment, and the
neutropenia persists for a median of 12 days (range 4–20
days) (117, 118). Thus, strategies have been developed using
short-course prophylactic GCV, followed by monitoring for
CMV, and preemptive treatment when infection occurs.

As with prophylactic management, indicated in Table 2,
ganciclovir is given at a dose of 5 mg/kg IV given twice daily
for 7 days, and then maintained at 5 mg/kg once daily for 5
to 6 days per week for 2 to 6 weeks, based on the clearance of
CMV DNA from blood. Thus, the use of preemptive gan-
ciclovir is effective in preventing the morbidity of CMV
infection, while sparing the toxicity of ganciclovir in those
who are at lesser risk for disease. However, the need to
identify those with significant CMV infection places a re-
quirement for continued monitoring, and accurate mon-
itoring is limited by the sensitivity of the assays used to
detect CMV.

Several questions arise in management of the SOT/HCT
recipient involving alternative antiviral agents:
� Foscarnet. The optimal method for prevention of CMV
disease after HCT relies on a preemptive strategy using
ganciclovir. At times, however, because of marrow tox-
icity, foscarnet should be used instead of ganciclovir.
When the WBC falls to 1,000/ml, ganciclovir should be
stopped and foscarnet begun. Also, during ganciclovir
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treatment, it is not unusual to observe breakthrough
CMV viremia, and this is usually associated with in-
creased immunosuppressive therapy and not with drug-
resistant virus (122). However, resistance to ganciclovir
occurs, especially in SOT recipients (123), and, in this
situation, foscarnet can be used alone or in combination
with ganciclovir for CMV suppression (see discussion of
Drug Resistance below). Although renal toxicity can be
limiting, foscarnet can be safely used in the HCT popu-
lation by following recommendations regarding pre-
treatment hydration (124).

� Cidofovir. Cidofovir has been used in transplant patients
as second-line therapy for patients with CMV disease
unresponsive to ganciclovir or foscarnet (125), but its
renal toxicity severely limits its use.

� Letermovir. Letermovir is an orally available agent and
has activity against both naturally occurring CMV and
ganciclovir-resistant CMV (126). In a phase II placebo-
controlled trial, the agent was shown to be very effective
when used for prophylaxis in HCT patients (127). A
phase II study using a preemptive strategy was evaluated
in kidney transplant recipients and demonstrated a sig-
nificant reduction in CMV DNAemia from baseline
treatment (128). A phase III trial (NCT02137772) in
HCT patients has completed enrollment and was in the
analysis phase in 2016.

� Maribavir. Maribavir is an oral benzimidazole riboside,
which blocks CMV DNA maturation by inhibition of
UL97 protein kinase and has activity against strains re-
sistant to CMV (129). In a study of 233 D+/R- liver SOT
recipients randomized to receive either 1,000 mg ganci-
clovir orally three times daily or 100 mg maribavir orally
twice daily, there was no difference in the incidence of
CMV disease at 6 months post SOT, but when disease
occurred, it occurred earlier in the maribavir group and
more maribavir-treated patients had CMV DNAemia at
100 days and at 6 months (130). In addition, maribavir
failed to meet endpoints in a phase III trial in HCT pa-
tients (131). It remains to be determined whether higher
doses of maribavir would be effective.

� Brincidofovir. Brincidofovir, previously called CMX-001,
is a lipid conjugate of the nucleotide analog cidofovir. In a
placebo-controlled study in HCT recipients, the inci-
dence of CMV events was significantly lower among pa-
tients treated with 100 mg twice weekly compared with
placebo. This oral agent does have dose-limiting gastro-
intestinal toxicity, and diarrhea is a common adverse
event in patients at doses of 200 mg weekly or higher
(132). In a blinded study in 452 HCT recipients, 100 mg
brincidofovir given twice weekly failed to meet the 24-
week primary endpoint of prevention of CMV infection
compared to placebo (Chimerix press release, December
28, 2015). Of note, there was less CMV infection through
week 14 of treatment, but, in the 10-week post-treatment
period, there was an increase in CMV infection compared
to control. This was felt to be related to a higher use of
immunosuppressive agents for treatment of presumed
GVHD in the brincidofovir-treated group. Phase III trials
in SOTwere closed prematurely following the release of
this information.

� Cyclopropavir. Cyclopropavir is a methylene cyclopro-
pane analogue that inhibits CMV by UL97 kinase inhi-
bition but with in vitro antiviral potency slightly greater
than that of ganciclovir (133). This agent inhibits CMV
by its effect on DNA synthesis, and, because resistance to

cyclopropavir involves a different site on UL97, it is ac-
tive against some ganciclovir-resistant strains of CMV
(133). A phase I safety and pharmacokinetic study
sponsored by the National Institute of Allergy and In-
fectious Diseases is being completed in normal volunteers
(NCT02454699), and future clinical use of this agent will
be based on these results.

� Leflunomide. Leflunomide, an inhibitor of protein kinase
activity and pyrimidine synthesis, has broad antiviral ac-
tivity, including in vitro activity, against CMV. It has im-
munosuppressive activity, is approved only for treatment
of rheumatoid arthritis at a dose of 100 mg/day for 3 days
(loading dose) and then 20 mg/day (maintenance dose) in
patients without risk for hepatotoxicity (134). Le-
flunomide can be hepatotoxic and has produced liver
failure and/or activation of hepatitis B virus in patients
(135), and it can also cause myelosuppression. Although
the drug does not reduce CMV DNA replication or pro-
tein synthesis in vitro, it does impair protein processing
and viral assembly (136). There is a case report of clinical
effect in drug resistant CMV (137), but there are no
controlled studies to support antiviral effect (13). The
largest published experience of leflunomide use for treat-
ment of CMV in transplant patients was a single-center
retrospective study of 17 patients who failed conventional
treatment (137). In this report, there were a variety of
CMV syndromes, and treatment with a loading dose of
leflunomide at 100 mg/day for 3 days and then 20 mg/day
maintenance dose for a median of 3.5 months was asso-
ciated with clearance of CMVDNA from blood in 82% of
cases, with a median time to clearance of the DNAemia of
1.9 months. A consensus of experts has recommended
that caution be advised when leflunomide is used in SOT
recipients for cases of severe CMV disease or in those with
high viral loads (82). Similarly, in HCT recipients, there
are mixed results with leflunomide and insufficient in-
formation from controlled trials to support its use (16).

� Artesunate. Artesunate has also been suggested as an al-
ternative agent for drug-resistant CMV. This natural
product is a derivative of artemisinin, the traditional
Chinese medicinal used for malaria, and it has in vitro
inhibitory activity against CMV (138). However, there is
no convincing evidence of effect clinically (139), and
there is no recommendation for its use in the setting of
drug-resistant CMV.

Drug Resistance
Drug resistance to anti-CMV agents is most prevalent in

the SOT populations and usually occurs as resistance to
ganciclovir-related drugs. Resistance is seen in the HCT
patient, but, perhaps because preemptive strategies are the
more common approach in such patients, it is relatively rare
in this population. The risk factors for emergence of drug
resistance by CMVare D+/R- status, duration of ganciclovir/
valganciclovir treatment, level of immunosuppression, and
suboptimal drug dosing. In either SOT or HCT patients,
when ganciclovir resistance occurs, it is usually after 6 weeks
of therapy. CMV DNAemia often increases in the first 2
weeks post-ganciclovir preemptive treatment, and this is
unlikely to be due to drug resistance (82). Drug resistance
should be suspected if the patient has been on ganciclovir and
CMV DNAemia persists. To confirm resistance, the CMV
isolate is tested genotypically for mutations in either UL97
(CMV codons 400–670) or UL54 (codons 300–1,000).
UL97 encodes the enzyme necessary for phosphorylating
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GCV to its active form, and, because this mutation accounts
for 90% of resistant strains, this assay is done first. UL54
encodes the viral DNA polymerase necessary for CMV DNA
replication and is evaluated after the UL97 results, if neces-
sary. The UL97 mutation prompts the switch to foscarnet.
UL54 resistant CMV has more cross-resistance to both fos-
carnet and cidofovir, and thus is more problematic.

How does one treat a drug-resistant CMV infection? An
international consensus group has developed an algorithm
for managing a patient with ganciclovir-resistant CMV (82).
For life-threatening or sight-threatening disease, the first
action is to reduce the immunosuppression if possible. Then,
foscarnet is added to the regimen while the patient’s CMV
isolate is sent to the laboratory for genotyping for likely drug
resistance. For a major UL97 mutation, the switch to fos-
carnet is maintained. If there is no response in CMV
DNAemia, mutations in UL54 are investigated and other
antivirals are considered, but at this point there is no guid-
ance from evidence-based medicine. Recommended ap-
proaches include increasing the ganciclovir dose to 10 mg/
kg/dose, combining ganciclovir with foscarnet, adding
CMVIG, or using other antivirals (82). If there is a UL97
mutation, cidofovir is likely to show cross-resistance and
should not be used. Immunotherapy, using CMV-specific T
cells for adoptive therapy, should be considered based on the
patient status.

Cellular Immunotherapy for CMV
It was observed for many years that patients who were able to
develop CMV-specific CTL function after allogeneic HCT
survived serious CMV infection, and those who failed to
develop a positive response to CMV infection often suc-
cumbed with CMV-IP (31). The posttransplant cellular
immune response likely develops from memory cells present
in the donor graft for patients receiving non–Tcell depleted
transplants (140). The possibility of augmenting donor- or
recipient-derived viral immunity through adoptive immu-
notherapy has been a goal because the initial use of this
method in a high-risk group of HCT recipients showed an
absence of both CMV disease and CMV infection (141).
Subsequent to this, several groups have demonstrated the
feasibility of adoptive cellular therapy in this setting using
various methods (142–145). Administration of CMV-,
AdV-, and EBV-specific donor-derived T cells has been re-
ported in small cohorts (146–148). It is even possible to
derive CMV-specific T cells from CMV-seronegative donors
(149) by induction of immunity in vitro or to use automated
methods for cell product preparation outside of a GMP fa-
cility (150). The more recent ability to use third-party do-
nors, sharing at least one HLA class I antigen, has shown
promise in both SOTand in HCTrecipients (151–154). The
further ability to induce multivalent T-cell pools that rec-
ognize AdV, EBV, CMV, BKV, HHV6, and CMV greatly
expands the potential for adoptive transfer as part of patient
management (155, 156). In the near future, transplant
physicians will be able to provide adoptive immunity to
patients who have failed conventional antiviral therapies.

Vaccines for CMV
CMV induces neutralizing antibodies (NAb) during natural
infection that prevent virus infection of either fibroblasts or
epithelial/endothelial cells when studied in vitro (157, 158).
NAb, targeting the gB, gM/gN, and gH/gL glycoproteins of
CMV, block infection primarily of fibroblasts. The more
potent NAb is one that is induced by a pentameric complex
of gH//gL/UL128/UL130/UL131A and that inhibits epi-

thelial/endothelial cell infection, protecting the human
placental cytotrophoblast from infection (158). Induction of
anti-gB antibody by vaccine in SOT recipients has been
associated with shorter duration of CMV DNAemia and
fewer days of ganciclovir treatment (159). An MVA-based
vaccine encoding the pentameric complex has been devel-
oped and protects against infection in nonhuman primates
(160). The evidence indicates that the vaccine can block
endothelial cell infection (158), which suggests a role for the
vaccine in protection not only of neonates but also of
transplant recipients in the future.

For the transplant recipient undergoing graft-protective
or GVHD-therapeutic immunosuppression, however, it is
the loss of CMV-specific T-cell immunity that would need to
be corrected by vaccination. For that reason, vaccines that
target CMV proteins recognized by Tcells are in the process
of development. The first vaccine to complete a phase II trial
in the transplant population was ASP0113 (TransVax,
Vical/Astellis Pharmaceuticals Inc.), a DNA-based vaccine
that encodes CMVpp65 and CMVgB proteins (161). In a
placebo-controlled double-blind trial, the 80 donor-recipients
had less CMV DNAemia, but not a significant reduction of
CMV-specific antiviral treatments, than did the unpaired
recipients. Based on these results, a phase III trial is now in
place (NCT01877655) in the HCT setting. In addition,
this vaccine is being evaluated in D+/R- kidney trans-
plant recipients (NCT01974206) and in dialysis patients
(NCT02103426).

A CMV peptide vaccine (CMV PepVax), in which
a CD8-specific CMV pp65 peptide epitope is fused to a
tetanus-derived helper cell epitope and used with a TLR9
agonist, is safe and immunogenic in volunteers (162). In a
randomized nonplacebo controlled trial in HCT recipients
(NCT01588015), CMV PepVax significantly decreased
not only CMV DNAemia but also the use of anti-CMV
therapy (163). Surprisingly, the vaccine group also had fewer
leukemia/lymphoma relapses in the first year post HCT and
an improved overall survival (163). Thus, there are en-
couraging data that suggest the potency of vaccines used in
the SOT and HCT populations even during immunosup-
pressive therapy post transplantation. It is possible that,
in the future, vaccines will become available for improved
patient management.

EPSTEIN-BARR VIRUS INFECTION
Epidemiology, Risk Factors, and Pathogenesis
of EBV Disease
In the general population, EBV infection is the cause of in-
fectious mononucleosis (164, 165) and is associated with
important neoplastic diseases, such as nasopharyngeal carci-
noma (166), Burkitt’s lymphoma (167, 168), non-Hodgkin’s
lymphoma in AIDS (169), and Hodgkin lymphoma (170)
(see Chapter 25). In the transplant population, all aspects of
these clinical manifestations of EBV infection can be seen,
and, for this reason, EBV is one of the most important in-
fectious problems after either SOT or HCT. Chronic immu-
nosuppression, necessary to maintain the viability of the solid
organ graft or the suppression of GVHD, permits either pro-
longed or more extensive EBV infection to occur, and it is in
this setting that the various elements of EBV pathogenesis are
seen.

From a historical perspective, it is important to ap-
preciate the conceptual development, which explains the
pathobiology of EBV-related diseases. The occurrence of
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lymphomas in renal transplant recipients was first docu-
mented in 1969 (171), and a clear link to immunosuppres-
sion seemed apparent with the observation of a lymphoid
malignancy at the actual site of injection of antilymphocyte
globulin (172). Shortly thereafter, both the association of
lymphoid malignancies with immunodeficiency and the
interesting observation that the neoplasms associated with
organ transplantation can regress with cessation of immu-
nosuppressive therapy were made (173). The seminal ob-
servation that linked this clinical syndrome to EBV was the
description of the X-linked lymphoproliferative syndrome in
1975 (see reviews [2, 174]). Subsequently, EBV was linked to
malignant lymphoproliferation after infectious mononucle-
osis (175), organ transplantation (176, 177), and other
immunodeficiency conditions (2).

The most significant feature of EBV infection in SOT
recipients is the development of posttransplant lymphopro-
liferative disorder (PTLD). PTLD is an abnormal prolifera-
tion of lymphoid cells and can be heterogeneous in
morphology, ranging from indolent polyclonal disease to
aggressive proliferation of lymphocytes and plasma cells (2,
174, 177). PTLD was first reported in 1968 in two renal
transplant recipients (178), and the prevalence of PTLD
varies with the type of SOT and HCT. PTLD occurs rarely
after T-cell-replete HCT, but the risk of PTLD is increased
30-fold by the use of T-cell depletion and 12-fold by the use
of anti-T-cell therapy for graft versus host disease (179). In
SOT, the incidence increases based on organ type, moving
from low incidence in renal, to higher incidence in liver,
then heart-lung, and then kidney/pancreas organ transplants
(174, 180, 181).

Pathogenesis of EBV-Related Diseases after
Transplantation
EBV infection usually begins with an initial lytic infection of
the nasopharyngeal epithelial cells (182), and by this route,
the virus gains access to the lymphoreticular system where
latent infection of B lymphocytes and other cells occurs (2,
183). From early in the history of SOT, EBV infection was
observed to be a major risk factor in PTLD in renal trans-
plant recipients (184), and use of polymerase chain reaction
methods have confirmed that quantitative assessment of
EBV infection can identify those at greatest risk for PTLD
(185). In healthy persons, an immune response controls the
infection, but the total immunopathologic response to EBV
infection, involving activated B, T, and NK cells, leads to
enlarged lymph nodes, painful cervical lymphadenitis, ton-
sillitis, and splenomegaly, resulting in the clinical syndrome
called “infectious mononucleosis.” In the HCT/SOT recip-
ient, EBV infection can occur in as many as 75% of patients
(186), but in the absence of robust immunologic control on
B-cell infection, progressive EBV infection occurs and results
not only in the mononucleosis syndrome but also in B-cell
lymphoproliferative disorders (187).

The EBV replication cycle involves two phases: a lytic
phase in which proteins are made that lead to virus repli-
cation and cell death, and a latent phase in which the virus
has an episomal existence, producing proteins that trigger
tumor formation. Among the latent proteins, the latent
membrane protein-1 (LMP-1) signals B cells for growth and
differentiation, activating downstream pathways that lead to
expression of anti-apoptotic cellular elements (188). Telo-
merase activity, which extends chromosomal telomeres
and prevents cell senescence and apoptosis, depends on
telomere-specific reverse transcriptase (TERT) and is crucial
for most tumors. LMP-1 upregulates the expression of TERT,

which further upregulates Notch2 and the transcription
factor BATF, both important in B-cell function, and upre-
gulation of gene expression causes an inhibition of an EBV
lytic protein, BZLF-1, a major regulator of the EBV lytic
cycle (189, 190). The overall effect is to force the EBV
further into latency and extend the transformation process,
potentially resulting in PTLD.

Similar to CMV, the source of the EBV in persons with
PTLD appears to be the donor organ. In one case cluster,
analysis of the EBV strains from a single donor and two
recipients showed that the virus associated with the PTLD in
both recipients was identical to that detected in the donor
(191). However, using a DNA minisatellite probe to dis-
tinguish the DNA from lymphoblasts isolated from PTLD
specimens, the B-cell lymphoid proliferation was recipient
specific. With some exceptions, the cell of origin for PTLD is
usually from the recipient after SOT, but in HCT PTLD it
derives from the donor lymphoid cells, presumably because
the recipient marrow is ablated (191, 192). The exceptions
to this rule are noteworthy because of their importance to
our understanding of the full spectrum of pathogenesis. In
this regard, some studies have shown both recipient and
donor cells in PTLD post marrow transplant (193) and
PTLD of donor-cell origin after renal transplantation (194).

Pathology of PTLD
PTLD lesions are usually derived from B cells, with some
occurrence of T-cell lymphoma (195), and the lesions con-
tain B cells in all stages of differentiation with clonal, oli-
goclonal, or polyclonal characteristics. Clonal disease refers
to the presence of one type of cell or EBV strain in a speci-
men. Oligoclonal disease refers to PTLD with more than one
cell or virus characteristic, and polyclonal disease means that
the PTLD specimen(s) contain many markers for either B
cells or EBV (2, 196). For a description of the histopathology
of PTLD, please search the University of Pittsburgh Trans-
plantation Pathology Internet Services (http://tpis.upmc
.com/changeBody.cfm?url=/tpis/PTLD/PTLDOver.jsp).

Risk Factors for PTLD
The risk factors for PTLD include type of transplant, age

of recipient, and type and duration of immunosuppression
(197–199). The incidence of PTLD is highest for intestinal
and multivisceral transplantation, followed by lung and
heart transplants, and the lowest incidence occurs in kidney
and lung transplants (200). However, since more than three-
fourths of all SOT involve kidney and liver transplants, most
PTLD is seen in these patient groups. The most recent report
on the incidence of PTLD in the time period 2010 through
2015 indicates a range from 0.5 to 2.9% in renal transplants
and 0.8 to 3.6% in liver recipients (201). Ninety percent of
these PTLD cases occurred within the first year after trans-
plantation, and most, but not all, were EBV positive (201).

Based on the pathogenetic process outlined here, certain
well-recognized risk factors determine which patients are
more likely to develop PTLD. The development of EBV
infection, especially primary infection, is the most important
factor (202), and the amount of detectable EBV in the blood
is directly related to occurrence of PTLD (186). Sequential
analysis of EBV-DNA levels in peripheral blood leukocytes,
from subjects with PTLD compared to SOTcontrols without
PTLD, have shown that EBV-DNA levels increase in both
groups with the induction of immunosuppression, but
markedly elevated levels of EBV DNA are seen in the ma-
jority of patients before or at the onset of PTLD (203). PCR
assays for EBV DNA in blood can detect elevated levels of
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EBV DNA up to 3 weeks prior to onset of PTLD, and pro-
spective use of quantitative PCR assays for EBV DNA can be
used for early detection of PTLD (204). Of the immuno-
suppressive regimens that influence the ability to control
EBV infection, the antibodies, which directly target
T lymphocytes, such as the polyclonal antilymphocyte
globulins and OKT3, are generally accepted to be very im-
portant risk factors for PTLD (205). In addition, cyclosporin
A (CsA) and tacrolimus (FK506), which are used prophy-
lactically to suppress graft rejection or graft versus host dis-
ease, are also accepted as significant risk factors for PTLD
(206). As noted, the type of organ transplanted will also
affect the risk of PTLD, with heart/lung having the highest
risk among SOT recipients and T-cell-replete HCT having
the lowest (180, 181). However, in HCT, it has been ob-
served that certain subgroups, such as those with T-cell-
depleted transplants, especially with higher numbers of stem
cells (207), and matched unrelated marrow recipients (208),
have a higher incidence of PTLD than allogeneic-related
transplant recipients.

Clinical Manifestations of EBV Infection
after Transplantation

Mononucleosis-Like Syndrome
Similar to infection in immunocompetent persons, a

mononucleosis syndrome can occur in association with EBV
infection in transplant recipients (205, 206). Thus, the
clinical triad of sore throat with exudative pharyngitis, fever,
and lymphadenopathy appears and can include other signs
and symptoms, such as malaise, headache, anorexia, myalgias,
and hepatosplenomegaly. Central nervous system complica-
tions, including aseptic meningitis, encephalitis, and the
Guillain-Barré syndrome, can occur. Unlike infection in
immunologically normal persons, in which the T-lymphocyte
response contributes the “mononuclear” element to the he-
matologic findings, in the transplant recipient individual,
one usually does not expect to see a true hematologic
mononucleosis. The symptom complex of pharyngitis, fever,
and lymphadenopathy should suggest EBV infection in this
population. The serologic findings normally utilized for di-
agnostic purposes are not reliable in the immunosuppressed
population, and direct EBV detection methods should be
used for assessing infection (186, 196, 203).

Posttransplant Lymphoproliferative Disease
Although nonspecific signs of fever and malaise can be a
hallmark of PTLD, especially persisting nonspecific signs
and symptoms in the patient who has been treated for CMV
infection, this disease ultimately presents as a focal or mul-
tifocal occurrence of lymphoid proliferation (206). The most
common areas for disease are the central nervous system, the
gut, and the allograft itself. The involvement of the allograft
is particularly frequent in heart/lung recipients, where the
differential diagnosis will include pneumonitis, graft rejec-
tion, and PTLD. Aggressive immunoblastic lymphoma can
occasionally be seen, and this usually occurs in the first 100
days post transplant. For a complete review of this disease,
see the online resource of University of Pittsburgh Trans-
plantation Pathology Internet Services (http://tpis.upmc
.com/changeBody.cfm?url=/tpis/PTLD/PTLDOver.jsp).

Hairy Leukoplakia
As in AIDS, chronic EBV infection of the transplant

recipient can cause hairy leukoplakia (169). Oral hairy
leukoplakia is a white or gray lesion on the tongue or oral

mucosa due to epithelial hyperplasia. EBV and human
papillomavirus have been associated with this syndrome.
When EBV is present, it can be detected in the epithelial
cells in these lesions, and it is known to replicate in linear
form with high copy numbers of infectious virus. The lesion
rarely undergoes malignant transformation.

Immune Monitoring for EBV Risk
As with CMV, demonstration of EBV DNA in the blood is a
surrogate for inadequate immune control of virus replication
(209, 210). As with monitoring for CMV immunity, EBV-
specific immunity can be assessed using MHC-tetramer
binding (211), T-cell intracellular cytokine release in re-
sponse to EBV antigens (212), and ELISpot assays (213).
These assays are not readily available to most clinicians, and
therefore, at present, the monitoring of EBV DNA in blood
is the best way to determine if the patient’s T-cell immunity
is functionally able to control EBV infection.

Treatment of EBV Infection

General Approach
PTLD is a life-threatening complication of transplanta-

tion and is associated with a mortality of more than 50%.
Treatment involves a sequential combination of approaches,
including reduced immunosuppression, use of rituximab
with or without surgery, adoptive immunotherapy, and an-
tiviral therapy. Reduction in immunosuppression can result
in regression of PTLD, and therefore monitoring for EBV
infection using PCR analysis and preemptive reduction in
immunosuppression is the first aspect of patient management
(214). The problem is 2-fold: graft rejection or GVHD can
develop during such reduction in immunosuppression, and
restoration of immunity can take longer than the progression
of the PTLD. For gastrointestinal presentations of PTLD,
local control of disease is often necessary, particularly if the
disease associated with gastrointestinal bleeding, and, in
general, surgical removal of the tumor at the site of bleeding.
The role of antiviral therapy is unknown, but there are in-
teresting anecdotes in which antiviral therapy appeared to
improve PTLD. The treatment of PTLD was changed dra-
matically with the observations that adoptive humoral and
cellular immunotherapy could positively affect disease pro-
gression (215). At present, treatment includes reduction of
immunosuppression, surgical control of local disease, anti-B-
cell therapy, introduction of donor T cells, and use of anti-
viral chemotherapy.

Antiviral Therapy
EBV is inhibited in vitro by several antiviral agents in-

cluding acyclovir, ganciclovir, foscarnet, penciclovir, and
interferon (216), as well as newer agents, such as maribavir
and brincidofovir. However, except for oral hairy leukopla-
kia, in which acyclovir is effective therapy (217), there is
little clinical benefit from antiviral agents during infectious
mononucleosis (218), chronic mononucleosis (219), and
even fulminant infection associated with X-linked im-
munoproliferative syndrome (220). The reason for the lack
of clinical benefit is that antiviral agents are active only
during the lytic phase of EBV infection and are not active
during the latency phase. During lytic infection, EBVutilizes
a virus-encoded DNA polymerase for DNA replication,
yielding an extracellular infectious virion and causing cell
death (221). During latent infection, EBV exists as a cir-
cularized, extrachromosomal, DNA plasmid (episome),
and DNA replication is completed by means of cellular
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polymerases (165). Because certain antiviral agents are in-
hibitors of viral DNA polymerase but not of cellular poly-
merase, antiviral agents are active in lytic, but not latent,
infection (222). A primary example of a disease seen during
lytic infection is hairy leukoplakia, which does respond to
antiviral therapy (217). The latent form of EBV infection
occurs primarily in B cells and results in activation and
transformation of these cells into EBV-transformed, contin-
uously replicating, lymphoblastoid cell lines. Thus, EBV-
seropositive persons treated with acyclovir, years after the
acute lytic infection, continue to have culturable EBV in
circulating latently infected lymphocytes (223). For this
reason, the effect of an antiviral on PTLD is usually less than
desirable. Nevertheless, the outcome for PTLD is inversely
related to the EBV-DNA levels in blood, and there are suf-
ficient case reports associating antiviral use with patient
improvement to suggest that a reduction in EBV DNA dur-
ing the waning lytic phase may have an effect on the out-
come of disease. Acyclovir, ganciclovir, and foscarnet in SOT
have been associated with successful treatment in some pa-
tients (186, 224–227). Thus, although guidelines do not
recommend the antiviral treatment in PTLD, it is rational to
use antiviral agents early in the course of EBV infection in
the immunosuppressed patient in an attempt to lower the
EBV-DNAemia levels. Ganciclovir is more active than acy-
clovir against EBV in vitro and can effectively reduce the
nasopharygeal excretion of EBV after transplantation (186).
Prophylactic ganciclovir for CMV has been shown to reduce
the incidence of PTLD by as much as 6-fold in SOT (228). For
this reason, and because the patient usually needs anti-CMV
coverage, ganciclovir is the agent of choice for treatment of
the patient with rising EBV levels; treatment is provided as an
adjunct to the reduction in immunosuppression.

In the future, antiviral agents may be used with TERT
inhibitors for the treatment of PTLD. As noted, TERT is
important in maintenance of tumor induction, and the in-
hibition of TERT can lead to expression of BZLF-1 and re-
turn of EBV to its lytic phase in EBV-positive tumor cells
(189). Therefore, a proposed research strategy for treating
PTLD would be to reactivate the EBV-lytic infection with a
TERT inhibitor in an attempt to induce tumor cell death
(189, 229–232). This would also promote immune recog-
nition of EBV antigens and further enhance tumor killing. It
has been shown that when ganciclovir is used with inducers
of EBV-lytic infection, there is enhancement of cell death
in vitro (233). It remains to be seen whether the combination
of antiviral agents with inducers of the EBV-lytic phase will
become effective therapies for PTLD.

Cellular Immunotherapy
Because remissions of both polyclonal and monoclonal

tumors can occur after reduction or withdrawal of immu-
nosuppressive therapy, adoptive cellular immunotherapy,
directed toward improvement of immune function, has been
attempted with remarkable results. Infusion of unirradiated
donor leukocytes (approximately 1 x 106 CD3+ T cells/kg)
into recipients of T-cell-depleted marrow transplantation,
who developed PTLD, resulted in clinical responses within 8
to 21 days after infusion, including sustained remissions in 3
long-term survivors (215). Methods for preparing EBV-
specific CTLs of donor origin have been developed, and these
cells have been safely infused into both SOT and HCT re-
cipients with PTLD (147, 153). Transfer of an EBV-specific
T-cell receptor to produce a chimeric EBV-specific T cell has
been shown to be feasible for treatment of EBV-associated
malignancies (234). The more common approach is to in-

duce panels of HLA-typed EBV-specific T cells and use these
as third-party Tcells for treatment of PTLD. In a phase II trial
of transplant recipients with PTLD who failed conventional
therapy, 33 patients were treated with EBV–specific T cells
that were at least partially HLA matched to the recipient,
with a 50% clinical response rate at 6 months (153). This
type of approach illustrates the potential for cellular therapy
to eliminate EBV complications after transplantation.

Humoral Immunotherapy for PTLD of B-Cell
Origin
The availability of monoclonal antibody therapy for

these B-cell lymphoid abnormalities has greatly improved
the management of PTLD. An initial experience suggested
that anti-CD21 and anti-CD24 antibodies could contribute
to the control of oligoclonal B-cell PTLD (235, 236). Rit-
uximab, a mouse-human chimeric monoclonal antibody
with specificity for CD20, a B-cell surface antigen, has been
approved for treatment of B-cell lymphomas (237), and this
agent has become useful in both prevention and treatment
of PTLD. Rituximab, at a dose of 375 mg/m2 for 4 infusions
over 1 month, resulted in an overall response rate of 69% in
32 PTLD patients and 20 complete responses. The initial
approach to PTLD is reduction in immunosuppression, then
rituximab therapy, and, for resistant disease, conventional
lymphoma chemoradiotherapy (238, 239). Current recom-
mendations suggest that rituximab should be used preemp-
tively when EBV-PCR assays indicate increasing infection
despite reduced immunosuppression (189).

HUMAN HERPES VIRUSES TYPE 6
AND TYPE 7
Epidemiology, Risk Factors, and Pathogenesis
of CMV Disease

Epidemiology
For consideration inmanagement of the SOT/HCTrecipient,
much more is known about HHV-6 than about HHV-7 (see
Chapter 24). Consequently, the focus here will be onHHV-6,
but differences in management of the two viruses will be
noted. HHV-6 infection occurs early in life, and SOT/HCT
donors and recipients typically have previously been infected
with these agents. HHV-6 occurs as two variants: HHV-6A
and HHV-6B, the latter accounting for most infections in
children and reactivation in SOT/HCTrecipients (240, 241).
Following HCT, HHV-6 reactivates in 36 to 46% of recipi-
ents, and this occurs during the first 2 to 4 weeks post
transplant (241–243). The exception is the pediatric trans-
plant recipient who is HHV-6 negative and at risk for primary
HHV-6 infection from the allograft (244). The incidence of
HHV-7 infection is not as well documented (241).

Risk Factors
Specific risk factors for severe HHV-6 infection are not
known, but the degree and duration of immunosuppression
are undoubtedly important (245, 246). In addition, T-cell-
depleting immunosuppressive regimens have been associated
with virus infection (247). As with the other herpesviruses,
the infection-naïve recipient of an allograft from an HHV-6
donor is at highest risk for disease (248).

Pathogenesis
The pathogenesis of disease during HHV-6 infection is not
definitely described but is likely a function of progressive lytic
infection in the patient with inadequate T-cell immunity.
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Clinical CMV Disease, Treatment, and Prevention

Clinical Disease
Despite the relative frequency of HHV-6 infection post
transplant (241), overt clinical disease, due solely to HHV-6,
is estimated to occur in no more than 1% of transplant
patients (249, 250). Clinical syndromes associated with
HHV-6 infection include febrile dermatosis (251), enceph-
alitis (252), gastroenteritis/colitis (253, 254), and hepatitis
(255). In healthy children, HHV-6 is known to be neuro-
tropic and is associated with febrile seizures, and an evalu-
ation of encephalitis after allogeneic HCT has suggested a
correlation with HHV-6 infection (243, 256). Prospective
neurocognitive patient assessment and monitoring for HHV-6
infection in HCT recipients have associated HHV-6 infec-
tion with periods of delirium (243). In a separate study,
HHV-6 DNA was observed in cerebrospinal fluid (CSF)
specimens from HCT recipients with CNS symptoms in as
many as one-quarter of cases (257). HHV-6 encephalitis is
associated with seizures and an abnormal EEG but not with
CSF pleocytosis or pathognomonic findings from imaging
studies. In addition, HHV-6 infection overlaps with CMV
infection and has been associated with pneumonitis and
with marrow failure in syndromes similar to CMV.

Diagnosis
The diagnosis of HHV-6 infection is based on direct detec-
tion of HHV-6 in blood, CSF, or tissues. The most reliable
assays are the HHV-6 DNA PCR on noncellular body fluid
or an RNA-based nucleic-acid detection assay (258). Test-
ing of cellular material, such as peripheral-blood mononu-
clear cells (PBMC), runs the risk of detection of latent virus
(241). In addition, approximately 1% of seropositive persons
have HHV-6 DNA integrated into host genomic DNA, and
if DNA PCR is performed on PBMC, the result can be
misinterpreted as a high HHV-6 viral load (259).

Antiviral Treatment
HHV-6 is susceptible to ganciclovir and foscarnet and rela-
tively less susceptible to acyclovir (260). The problem with
treatment is deciding whether a clinical syndrome is due to
HHV-6 and worthy of treatment. In general, HHV-6 de-
tection is not a clear indication for treatment because most
infections are asymptomatic and transient (261). Organ-
specific syndromes should have specific pathogens excluded
before concluding that HHV-6 is the causal agent. Ganci-
clovir, foscarnet, and cidofovir are active against HHV-6
(260), but these agents are not approved for treatment of
HHV-6. Nevertheless, despite the absence of large published
studies, treatment is recommended, particularly for HHV-6-
associated encephalitis, using one of these agents, usually
ganciclovir or foscarnet.
� Should HHV-6 infection be monitored and treated pre-
emptively? HHV-6 infection occurs more frequently than
does HHV-6 related disease, and, for this reason, it is not
recommended currently to monitor and treat preemp-
tively (241).

� Should ganciclovir or foscarnet be used for treatment of
HHV-6? There has not been a head-to-head clinical
comparison of these two agents in HHV-6 encephalitis;
however, there are anecdotal reports of success with ei-
ther ganciclovir or foscarnet (241). In vitro, HHV-6B is
usually susceptible to both agents, and both HHV-6A and
HHV-6B are resistant to acyclovir and penciclovir (260).
Of note, among HHV-6A isolates, more are resistant to
ganciclovir than to foscarnet, and HHV-7 is resistant to

ganciclovir (260). The decision about which agent to use
must be made on clinical grounds by the physician.

� Does preventive treatment for CMV with ganciclovir
protect against HHV-6 disease? It is likely that ganciclovir
has an effect on HHV-6 reactivation during preventative
ganciclovir use, but there is no clear documentation of
this. The median time for HHV-6 is infection 20 days in
HCT recipients (243), prior to preemptive ganciclovir
use. There is a rare case report of HHV-6 encephalitis that
occurred during ganciclovir preemptive therapy (262).
There is also an observation of HHV-6 encephalitis fol-
lowing discontinuation of foscarnet therapy (263).

HUMAN HERPES VIRUS TYPE 8
Epidemiology, Risk Factors, and Pathogenesis
of CMV Disease
HHV-8 (see Chapter 26), like EBV, is associated with tumors
in the transplant setting, and, like EBV, there are both
neoplastic and nonneoplastic complications of HHV-8 in-
fection (264). HHV-8, also known as Kaposi sarcoma her-
pesvirus (KSHV), was discovered in 1969 (265), and the
first case in SOT occurred in 1994 (265). HHV-8 is a
problem in HIV-infected recipients of SOT because of its
association with male-to-male sexual transmission. The virus
has also been transmitted in the D+/R- setting (seronegative
recipients of HHV-8 positive allografts [266, 267]) with re-
sultant disease (268). Donor-derived KS tissue itself can also
be transmitted to the immunosuppressed D+/R- recipient
(266). Unlike the SOTexperience, the occurrence of PTKS
is rarely seen in HCT recipients (269). In SOT, there is a
rare occurrence post transplant of HHV-8-associated primary
effusion lymphoma (PT-PEL) and multicentric Castleman’s
disease (PT-MCD) (see review 269).

Clinical HHV-8 Disease, Treatment,
and Prevention
The incidence of posttransplant KS (PTKS) varies with the
prevalence of HHV-8 seropositivity of the region (270). Like
EBV PTLD, PTKS is most commonly seen in kidney and
liver SOT because these are the most frequent allografts
(271, 272). Disease occurs a median of 30 months post
transplant with 70% of patients presenting with cutaneous
or mucosal lesions and the rest, with visceral lesions (269).
Nonneoplastic disease, associated with high virus load and
poor outcome, can be seen in patients presenting with high
fever, maculopapular rash, and sepsis-like signs and symp-
toms (269). Patients can have a plasmacytic lymphoprolif-
eration, lymphadenopathy that mimics EBV PTLD, acute
bone marrow failure, hepatosplenomegaly, and liver-enzyme
elevation mimicking acute hepatitis, with or without he-
mophagocytic syndrome (HPS) (269).

Diagnosis
The diagnosis of HHV-8 associated PTKS or PTLD is made
by HHV-8 DNA level in blood and tissue and by clinical
pathologic review of tissue biopsy. However, the latter is
most important in diagnosis since > 50% of PTKS can be
HHV-8 DNA negative in blood (269). But like EBV and
CMV, in patients with elevated HHV-8 DNA, the virus load
in blood can be monitored as a marker of disease.

Treatment
As with EBV PTLD, the initial treatment of PTKS is re-
duction in immunosuppression or change to regimens
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containing sirolimus (273, 274). The effect of reduced im-
munosuppression in this disease can be very effective (264,
275). For selective lesions, especially if associated with
bleeding, surgical excision or cautery (276) will be necessary.

Antiviral and Other Chemotherapy
Like EBV, antiviral agents are inhibitory during the lytic phase
of infection; thus, ganciclovir, valganciclovir, foscarnet, and
cidofovir are active against the virus in vitro (277, 278).
Antiviral treatment of KS has met with mixed success with
small studies indicating some good outcomes (279–281) and
larger studies showing minimal effect on KS (282). A pre-
emptive treatment study using ganciclovir in high-risk pa-
tients has reported a decrease in PTKS (283). As with EBV, it
is possible that the role of the antiviral is to minimize the lytic
phase of the infection and reduce the progression to a latent
state of infection. In general, antivirals, such as ganciclovir,
valganciclovir, or foscarnet, are indicated for high HHV-8
DNAemia (284). Direct intracavitary instillation of cidofovir
has been used successfully for treatment of PT-PEL (285). It is
not known which of the antivirals is most effective, but there
is a report of foscarnet treatment for a severe primary HHV-8
infection with fever, pancytopenia, and hemophagocytic
syndrome (286). In HIV-1 infected SOT recipients, it is
important to control the HIV-1 viremia with appropriate
antiretroviral therapy, and this alone can reduce HHV-8 vi-
remia and produce an antitumor effect in KS (287, 288). For
primary HHV-8 infection, there is a recommendation for
cautious use of rituxan in HIV-1 infected SOT recipients
(289, 290). For management of cancer chemotherapy for
PTKS, PT-MCS, and PT-PEL, see a recent review (269).

OTHER HERPESVIRUSES
Herpes Simplex Virus and Varicella Zoster Virus
HSV presents clinically after transplantation with the same
type of infection and severity as seen in other immunosup-
pressed populations, and these will not be reviewed here in
detail. Infection usually derives from reactivation of latent
virus, with HSV presenting as an oral or genital skin infec-
tion, with the potential for visceral infection in the gastro-
intestinal system or brain. VZV usually presents as herpes
zoster with dissemination of infection in a proportion
of patients depending on level of immunosuppression.
HSV reactivation occurs in approximately 70% of HSV-
seropositive transplant recipients and can be suppressed with
acyclovir (250 mg/m2 IV twice daily for 1 month after
transplant). VZV reactivation occurs in as many as 50% of
allogeneic transplant recipients, and this can be prevented
by long-term use of acyclovir (800 mg orally twice daily),
although this is not an approved indication (291, 292). For
acyclovir-resistant HSV or VZV infection, foscarnet is
substituted for treatment.

POLYOMAVIRUS INFECTIONS
IN TRANSPLANT RECIPIENTS
Polyomaviruses are ubiquitous in humans, and asymptomatic
infection is acquired at an early age (293). In the setting of
immunosuppression, however, unusual syndromes can occur,
the most common of which are due to BK virus, a cause of
nephropathy (294), and to JC virus, a cause of progressive
multifocal leukoencephalopathy (295). Excretion in the
urine of both BK and JC virus is common in transplant
populations (296). In addition, there are 11 other human
polyomaviruses (297, 298) that can complicate post-

transplant patient management, including TS virus found
in the proliferative skin disorder trichodysplasia spinulosa
(299), Merkel cell carcinoma virus (300), human poly-
omavirus 7–associated epithelial hyperplasia (301), and
other human polyomaviruses (297).

BK Virus Infection

Epidemiology, Risk, and Pathogenesis of Disease
The polyomaviruses of humans are BK virus (BKV) and JC
Virus (JCV), and these are reviewed in detail elsewhere in
this volume (see chapter 28). BKV infection is ubiquitous in
the population (302), and virus becomes latent in kidneys
and urothelial tissue. It was isolated from the urine of a renal
transplant patient in 1971 (294). In such patients, latent
infection reactivates in approximately 15% in year 1 post
transplant (SG), and progressive infection of renal tubules,
glomeruli, and interstitium can lead to BKV nephropathy.
Approximately one-third of such BKV reactivations will
progress to BKV DNAemia, and 1 to 10% of patients with
viremia will develop BKV nephropathy (see chapter 28 and
review 303). In addition to renal allograft recipients, the
disease is seen in HCTrecipients and less frequently in other
SOT recipients (304, 305).

Risk
High BK virus DNAemia is associated with nephropathy

(306). Levels of BKV of 107 genome copies/ml in urine and
104 genome copies/ml in plasma are not unusual for patients
with BK nephropathy (307). BKV DNAemia is more sensi-
tive for prediction of BKV nephropathy (308). A variety of
other risk factors leading to BKV reactivation have been
reported relating to donor BKV serostatus and HLA mis-
match with recipient, age, race, and presence of diabetes, but,
except for immunosuppression, none have been substanti-
ated (see review 303). As with other virus-related compli-
cations in SOT/HCTrecipients, T-cell immunity is a key risk
factor for disease, with BKV-specific CD8 T-cell responses
serving to decrease the relative risk for disease (309–311).

Clinical Disease
BKV infection is silent in most infected transplant pa-

tients and presents either with declining renal function or
hemorrhagic cystitis (312). BKV infection of the kidney
produces an interstitial nephritis that mimics acute rejec-
tion, but it can be differentiated from rejection effects by the
presence of viral antigen/DNA and by an increase in B-cell
infiltrates (313). In addition to interstitial nephritis, BK
virus is linked to ureteric stenosis and hemorrhagic cystitis.

Diagnosis
A classical sign of BK nephropathy is the presence of

decoy cells containing viral inclusions in the urine (303);
however, decoy cells and BK viruria are less sensitive than
BK-virus DNAemia for positive predictive value for BK
nephropathy (303). A kidney biopsy is recommended for
patients with BKV DNAemia of ‡ 104 GC/ml. The kidney
biopsy is the definitive method of diagnosis. Biopsy will show
viral cytopathology in the tubular epithelium, glomeruli, and
collecting ducts, and interstitial inflammation and fibrosis,
in which the pathognomonic sign is the presence of large T
antigen of BKV on immunostaining of the tissue (314).

Treatment
Reduction in immunosuppression is the first approach to

therapy. Screening with reduction of immunosuppression in
BKV-infected patients has been shown to prevent allograft
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loss due to BKV nephropathy (315, 316). It may be nec-
essary to convert the immunosuppressive regime to an
everolimus- or sirolimus-containing regimen (317, 318). In
terms of antiviral agents, cidofovir and leflunomide have
been used, but no survival benefit has been observed (319).
In a randomized blinded, placebo-controlled prophylaxis
trial, a 3-month course of levofloxacin, started at day 5 post
renal allograft transplantation, was not able to prevent BKV
viruria (320). Similarly, there are no controlled studies that
support the use of cidofovir for BK virus infection. Never-
theless, although cidofovir is unapproved for this indication,
single-center studies exist that support the use of low-dose
cidofovir (1 mg/kg 3 times weekly) for treatment of symp-
tomatic BKV infection (321). Brincidofovir has been used
for BK virus nephropathy in case reports (322), but there is
no evidence-based recommendation for its use at present.
Other questions arise in management of this infection:
� When should SOT patients be screened for BKV viruria?
Several studies have confirmed that BKV viruria occurs
in approximately one-third of patients and peaks at ap-
proximately 3 months post transplant (323, 324), but, of
the early infections, it is rare to see BKV nephropathy.
But BKV DNAemia is more sensitive for disease predic-
tion (308), and so the better screening test is the BKV-
DNA PCR assay in plasma. For that reason, at centers
with relatively low rates of BKV nephropathy, routine
screening of blood can begin at 3 months post transplant
and continue to 24 months (303, 315). However, for
centers with higher rates of BKV infection, guidelines
suggest starting at month 1 and continue with monthly
plasma BKV-PCR DNA testing for 6 months until 24
months (325, 326).

� What BKV-specific immunologic monitors are available?
As with CMV and EBV, demonstration of virus DNA in
the blood or urine is a surrogate for inadequate immune
control of virus (325). As with CMV-immunity moni-
toring, BK-virus T-cell immunity can be assessed using
antigen-specific T-cell immunity (311, 327, 328), BK-
specific T-cell immunity is associated with recovery of
kidney graft function in recipients with biopsy-proven
BK-nephropathy (311, 328). But until immunological
assays are generally available, the monitoring of BK-virus
DNA in blood or urine is the best way to determine if the
patient’s T-cell immunity is functionally able to control
infection.

JC Virus Infection
Progressive multifocal leukoencephalopathy (PML) is a rare
but serious occurrence in SOT and marrow transplantation
(329). JC virus infects oligodendrocytes of the CNS leading
to a fatal demyelinating disease characterized by hemiparesis,
seizures, deteriorating mental status, and death. JC virus
infection, although thought of as a CNS problem, has been
observed in 37% of patients with interstitial nephritis after
renal transplantation (296). At present, there is no specific
treatment for this infection.
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Viral pathogens are well known to cause injury, inflamma-
tion, tissue destruction, and remodeling of heart muscle.
Indeed, viruses are among the most common inciting agents
to cause a condition termed acute myocarditis. This condi-
tion may also be provoked by bacteria, other pathogens, as
well as toxins and autoimmune diseases, each of which could
mimic the appearance of viral myocarditis. The reason for
this phenotypic mimicry is that myocarditis is a process
characterized pathologically by an inflammatory infiltrate of
the myocardium with death or degeneration of adjacent
myocytes, not typical of the ischemic damage associated
with atherosclerotic coronary artery disease. The inflam-
mation and damage may involve myocytes, interstitium,
vascular elements, and pericardium. The inflammatory
process affects cardiac function adversely, causing either
ventricular dysfunction, arrhythmias, or both. The acute
process may persist and manifest as chronic low-grade tissue
inflammation and fibrosis associated with cardiomyopathy
and frank heart failure.

Many viruses can cause the same syndrome, and a par-
ticular virus can cause infections leading to a highly varied
constellation of manifestations. Clinically, viral heart dis-
ease and acute myocarditis most commonly commence
with a “flu like” picture, followed within days by symp-
toms and signs of congestive heart failure, including short-
ness of breath, exercise intolerance, and fatigue, and may
be associated with abdominal pain, chest pain, palpita-
tions, syncope, and sudden death. In infancy and childhood,
viral myocarditis is usually a fulminant process with left
ventricular (LV) or right ventricular (RV) systolic dys-
function with or without ventricular dilation, whereas
adults may present less abruptly and mimic dilated cardio-
myopathy (DCM), mainly with LV dilation and systolic
dysfunction.

In recent years, the main advances in our thinking about
viral syndromes are that the attack on heart muscle is part of
a more holistic viral-immune-inflammatory-pathological-
clinical systemic syndrome with multiorgan involvement,
and that there is a temporal connection between acute vi-
remic states and long-standing immunovirological pertur-
bation and cardiomyopathy. Certainly, the contribution of
inflammatory mediators in transient, acute cardiac dys-
function is also now recognized (1). Yet the challenge often
arises that a thorough evaluation of the myocardial tissue in

biopsies or at autopsy is not possible or inconclusive for
accepted features of myocarditis.

ETIOLOGY
Most cases of community-acquired myocarditis in the North
America andWestern Europe result from viral infections (2–
4). Early detection of viral infection relies on viral isolation
and serology; however, these diagnostic approaches lack
sensitivity and specificity. Molecular detection of viral ge-
nomes in heart tissue derived from biopsy, explants, or au-
topsy has enhanced these approaches. Although fraught
with challenges of false-positives and the possibility of mo-
lecular detection in absence of commensurate myocardial
pathology, PCR evaluation of cardiac samples from subjects
suspected of having myocarditis has demonstrated a variety
of viral genomes in human hearts.

In previous eras, mumps virus was found by molecular
interrogation in association with endocardial fibroelastosis
(EFE), a previously important cause of heart failure in
children that has disappeared over the past 20 years (5). This
form of cardiomyopathy was identified in children until the
late 1960s, with an incidence of 1 in 5000 live births in the
United States. Mumps virus genomic RNA sequences were
found in 90% of myocardial samples from EFE patients an-
alyzed (5, 6). Since that time, the incidence has declined
significantly due to mumps immunization, and the status of
mumps myocarditis in mumps-susceptible populations has
not been recognized in recent years.

In the 1960s through the early 21st century, adenovi-
ruses, especially serotypes 2 and 5 (7, 8), along with en-
teroviruses [coxsackievirus A (CVA) and B (CVB),
echoviruses, and poliovirus], and particularly CVB (9–12),
were the most commonly identified viral etiologies. Re-
cently, parvovirus B19 has become the predominantly de-
tected virus in patients with suspected myocarditis,
especially in European countries (13, 14); however, a causal
relationship with myocarditis has been more difficult to af-
firm (10,14–18). In Japan, hepatitis C virus (HCV) has been
suggested to be a common etiologic agent of heart muscle
disease, with the other viruses typically seen in North
America and Europe playing a lesser role (19–21).

In addition to the frequently detected viruses mentioned
above, other viral causes of myocarditis have also been
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reported, particularly in children, including influenza A and
B viruses (22–25), cytomegalovirus (CMV) (26), herpes
simplex virus (HSV) (27), rubella virus (28), varicella-zoster
virus (29), Epstein-Barr virus (EBV) (30), human immu-
nodeficiency virus (HIV) (31, 32), human herpesvirus 6
(HHV-6) (33, 34), dengue virus (35, 36), respiratory syn-
cytial virus (RSV) (37), human metapneumovirus (38),
Crimean-Congo hemorrhagic fever virus (39), par-
echoviruses (40–42), and chikungunya virus (43, 44). The
acute stage of infection with chikungunya virus is charac-
terized by fever, polyarthritis, and occasional rash and can be
complicated by myocarditis and pericarditis (43, 44). Peri-
carditis is frequently a part of the phenotype of myocardial
involvement by cardiotropic viruses, including classical
clinical signs of friction rubs and pleuritic pain, and such
membranous inflammation may become persistent (9).

The identified viral causes of myocarditis are summarized
in Table 1.

EPIDEMIOLOGY
Myocarditis is a disorder that is clinically difficult to diag-
nose and thus underdiagnosed (2–4). In autopsy series, the
prevalence of the usual lymphocyte-predominant form of
myocarditis ranges from 4 to 5% from reports of young men
dying of trauma (45) to as high as 16–21% in children dying

suddenly. In adults with unexplained DCM, the proportion
affected ranges from 3 to 63% (46, 47), although the large
multicenter Myocarditis Treatment Trial, which was based
on specific and strict diagnostic criteria (the so-called Dallas
criteria; see below) reported a 9% prevalence (48). Hospital
discharge data suggest an approximately 0.5–4.0% incidence
of myocarditis as a percentage of prevalent heart failure (49).
The thresholds for defining myocarditis are variable and
depend on whether the diagnosis is derived clinically, sero-
logically, pathologically, and/or molecularly. This variability
contributes to the uncertainty surrounding the incidence of
the condition (49).

Usually sporadic, viral myocarditis can also occur as an
epidemic (45). Epidemics usually are seen in newborns, most
commonly in association with CVB. Intrauterine myocar-
ditis occurs during community epidemics as well as sporad-
ically (50). Postnatal spread of coxsackievirus is via the
fecal-oral or respiratory route (51, 52). The World Health
Organization (WHO) reports that this ubiquitous family of
viruses results in cardiovascular sequelae in less than 1% of
infections, although this increases to 4% when CVB alone is
considered (45). Other important viral causes, like adeno-
viruses (53, 54) and influenza A virus, are transmitted pri-
marily via the respiratory route.

PATHOGENESIS
The process of myocardial and pericardial viral infection
depends on viremic dissemination to target tissues following
initial infection at the portal of entry. The portal (e.g., re-
spiratory or gastrointestinal mucosa) affects the first and
subsequent points of contact between the pathogen and the
host’s immune system (see Chapter 16). The elicitation of
antigen-specific humoral and cellular immune responses in
lymphoid tissues has a dominant influence on the patho-
physiology of the viral infection, including the potential for
immunopathologic responses within the heart.

Animal Model Studies
The immunopathogenesis of CVB and encephalomyocar-
ditis virus has been studied quite extensively in murine
models. CMV, HIV, and adenovirus models also have been
described (55–62). In wild-type mice, CVB viremia occurs
24–72 hours after infection, and maximum tissue viral loads
develop at 72–96 hours (12). Virus titers subsequently de-
cline, with infectivity being rarely detectable beyond 14 days
after inoculation, depending on the mouse strain and viral
variant. Neutralizing antibody concentrations decline as
virus titers increase, supporting a role for such antibodies in
the viral clearance process. Along with T lymphocytes and
natural killer (NK) cells, macrophages appear within 5–8
days after infection in the murine CVB model of myocarditis
(12). Risk factors for severe myocarditis include age, mouse
strain, viral variant, exercise, and gender (12). Pathogenetic
mechanisms include direct viral myofiber destruction (63–
65) and T-lymphocyte cytolysis (56–58 66, 67). Animals
with absent or blocked T-cell function may have less evident
myocardial injury, although the recognition that an exten-
sive amount of damage is already done by viral mechanisms
before immune cell responses occur is now widely appreci-
ated. In most murine strains, the adolescent period is the one
of most severe in viral heart disease. In BALB/c mice, great
susceptibility also occurs between 16 and 18 weeks of age;
males appear to have a more rapid and severe course of
myocarditis than females. Estradiol has been shown to de-
crease severity, and testosterone increases immune-mediated

TABLE 1 Viral causes of myocarditis

Viruses

Adenoviruses
Arbovirus (chikungunya) virus
Arenavirus
Cardiovirus
Cytomegalovirus
Epstein-Barr virus
Hepatitis C viruses
Herpesviruses, especially human herpesvirus-6
Human immunodeficiency virus
Influenza A virus
Influenza B virus
Measles virus
Metapneumovirus
Mumps virus
Nairovirus
Parvovirus B19
Picornaviruses

Enteroviruses
Coxsackievirus type A
Coxsackievirus type B
Echoviruses
Parechovirus
Poliovirus

Rabies virus
Respiratory syncytial virus
Rubella virus
Vaccinia virus
Varicella-zoster virus
Variola virus
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cytolytic activity in males. Either a preferential stimulation
of T-helper cells or an inadequate stimulation of T-regulatory
(cytolytic/suppressor) cells could explain why antibody re-
sponses to various antigens may be enhanced and cellular
immune responses depressed in female murine models.

The NK cell population, especially the activating re-
ceptor NKG2D, is important in the pathogenesis of myo-
carditis (68). Animals depleted of NK cells prior to infection
with coxsackievirus develop more severe myocarditis (56).
NK cells are activated by interferon (IFN), an indirect and
direct protective modulator of myocardial injury. Murine
skin fibroblasts serve as target cells for CVB-sensitized cy-
totoxic T cells. The NK cells specifically limit the non-
enveloped virus infection by killing the virally infected cells.
Male mice are less efficient in activating NK cells. Presum-
ably, the more efficiently viral clearance occurs, the less vi-
rally induced neoantigen production occurs, reducing
recognition by cytotoxic T lymphocytes. T cells can effect
injury by multiple mechanisms—causing accumulation of
activated macrophages, helping with production of anti-
body, mediating antibody-dependent cell-mediated cyto-
toxicity, direct lysis by antibody and complement, and direct
action of cytotoxic T cells (69).

In recent years, the roles of various matrix metal-
loproteinases (MMPs) in the pathogenesis of viral myocar-
ditis have received attention (70–73). In essence, MMP-9
and MMP-12, through modulation of IFN-beta and -alpha,
respectively, play a prominent role in the early inflammatory
phase of myocarditis, complementing the roles of MMPs in
later tissue remodeling and healing of injured myocardium
(70–73).

Host genetic factors have been shown to affect the se-
verity of disease, as well as the pathogenic mechanisms that
participate in disease development (55, 60, 62, 74). Cyto-
lytic T cells mediate a considerable amount of injury in
myocarditis in BALB/c mice, with two distinct cytolytic T-
cell populations being implicated—one recognizing virus-
infected cells and producing direct myocytolysis and another
that destroys uninfected myocytes and is believed to be an
autoreactive lymphocyte. Complement depletion increases
the amount of inflammation in this species, and no reactive
immunoglobulin G (IgG) antibody is found in the myocytes.
In DBA/2 mice, the T-helper cells indirectly mediate the
course of disease, and complement depletion reduces in-
flammation. Cytolytic T cells are produced but apparently
are not pathogenic; IgG antibody is found in the myocytes.

Human Observations
In humans, antibody-mediated cytolysis is found among 30%
of patients with suspected myocarditis, as well as in almost
all patients with proven infections with CVB or influenza A
virus (67). A muscle-specific antimyolemmal antibody has
been found in these patients and correlated with the degree
of in vitro–induced cytolysis of rat cardiocytes. A CVB-spe-
cific cDNA hybridization probe detected virus nucleic acid
sequences in patients diagnosed as having active or healed
myocarditis or DCM (75, 76). Patients with unrelated dis-
orders had no virus-specific sequences (75), suggesting that
viral genomic material persists in patients with congestive
cardiomyopathy or healing myocarditis for weeks or months.
Although viral cultures are usually negative, continued viral
replication may occur at a low level or abortively. The latter
may conceal viral antigens by a process that prevents correct
posttranslational processing of capsid proteins. Adult pa-
tients with myocarditis often have high neutralizing anti-
body responses to CVB1 to CVB6 (77). One hypothesis is

that sequential infection and immune responses against
several types of CVB are essential in the development of
myocarditis; however, certain cases of myocarditis clearly
involve exposure to only one type of CVB.

Defective cell-mediated immunity, compared with that in
healthy controls, occurs in patients with myocarditis and
DCM. The pathogenesis of adenoviral myocarditis differs
from that of CVB (57, 66, 78), and the inflammatory infil-
trate is substantially less in adenoviral infection (8, 79, 80),
specifically the numbers of CD2, CD3, and CD45RO T
lymphocytes seen in the adenovirus-infected patients as
compared to those with myocarditis not due to adenovirus
(80). Adenoviruses have a number of strategies for modu-
lating the immune response that could affect the number of
activated lymphocytes in the adenovirus-infected myocar-
dium (57). Adenovirus E3 protein can protect cells from
tumor necrosis factor (TNF)-mediated lysis, as well as
downregulating major histocompatibility complex class I
antigen expression. The early-region 1A (E1A) proteins can
promote the induction of apoptosis (81) and inhibit inter-
leukin 6 (IL-6) expression, as well as interfere with IL-6
signal transduction pathways. These functions of E1A may
be pertinent to the development of the myocardial pathol-
ogy seen in DCM. IL-6 promotes lymphocyte activation,
which is reduced in adenovirus-infected patients. Apoptotic
cells are also observed in the myocardium of patients with
DCM.

Pathophysiologic Consequences
In the heart, viral infection triggers both interstitial inflam-
mation and myocardial injury, resulting in loss of myocardial
integrity, with consequent cardiac chamber enlargement and
an increase in the ventricular end-diastolic volume (47, 52,
54, 82). Normally, an increase in volume results in an in-
creased force of contraction, improved ejection fraction, and
improved cardiac output as described by the Starling mech-
anism. However, in the setting of myocarditis, the myocar-
dium is unable to respond to these stimuli and cardiac output
is compromised. A series of interacting adverse changes oc-
curs, reflecting the composite pathophysiological response of
patients afflicted by myocarditis:

1. Interactions with the sympathetic nervous system may
preserve systemic blood flow via vasoconstriction and
elevated cardiac afterload. This sympathetic nervous
system input results in tachycardia, a feeling of weak-
ness, and diaphoresis.

2. Congestive heart failure ensues with disease progres-
sion. A progressive increase in ventricular end-dia-
stolic volume and pressure results in increased left
atrial pressure. This pressure elevation is transmitted
retrograde to the pulmonary venous system, causing
increasing hydrostatic forces that overcome the colloid
osmotic pressure that normally prevents fluid transu-
dation across capillary membranes. The associated
symptoms include increasing shortness of breath,
anxiety and even chest pain, and the consequence may
be overt pulmonary edema.

3. Concomitantly, all cardiac chambers dilate depending
on the extent of virus- and immune system–mediated
injury, particularly when the LV is involved. This di-
lation, in addition to poor ventricular function, creates
worsening pulmonary edema and worsening cardiac
function. Ventricular dilation also results in stretching
of the mitral annulus and resultant mitral regurgita-
tion, further increasing left atrial volume and pressure.
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4. During the healing stages of myocarditis, the fibroblast
population expands and produces increased extracel-
lular matrix, replacing previously normal myofibers and
resulting in patchy interstitial and replacement scar
formation. Reduced elasticity and ventricular perfor-
mance can result in persistent heart failure. In addition,
ventricular arrhythmias commonly accompany this fi-
brotic process as tissue inhomogeneity progresses.

PATHOLOGY
Gross Findings
Pathological findings are nonspecific in myocarditis, with
similar gross and microscopic changes noted irrespective of
the causative agent (47, 52, 77). Typically, the heart weight
is increased and all four chambers are affected. The muscle is
flabby and pale, with petechial hemorrhages often seen on
the epicardial surface, especially in cases of CVB infection.
A sero-sanguinous pericardial effusion may also be seen re-
lating to the often-combined finding of pericarditis. The
ventricular wall is frequently thin, although thickening re-
lated to edema may be found as well. The valves and en-
docardium are not usually involved. Mural thrombi may
occur along the inflamed endocardium in the LV and RV,
and small emboli are often found in the coronary and ce-
rebral vessels (83). Coronary emboli, although rare, may
produce areas of ischemia or injury with resultant cardiac
arrhythmias that sometimes occur during the acute disease.

In cases of chronic myocarditis, the valves may be glis-
tening white, suggesting that EFE may be the result of an in
utero viral myocarditis (82).

Findings by Microscopy
An interstitial collection of mononuclear cells, including
predominantly lymphocytes and phagocytic cells with oc-
casional eosinophils (Fig. 1), is typical of early viral myo-
carditis (12). Polymorphonuclear cells are uncommon in
acute viral heart disease. Viral particles have only rarely been
documented, but molecular detection of viral genomes
(discussed below) is readily possible during the first 10 days of
infection. Extensive cell death can be seen on examination
by light microscopy, a result of both necrotic and apoptotic
processes in the myocardium (63, 84); evident effacement of
cross striations in cardiac muscle fibers and accompanying
edema is seen in severe infections, but especially with cox-
sackievirus. Perivascular accumulation of mononuclear cells
has been described with CVB myocarditis, but infiltration by
leukocytes is patchy and more aligned with sites of viral
replication and injury than with the vasculature. In disease
due to rickettsiae, varicella-zoster virus, and trypanosomes or
other parasites, and in reactions to sulfonamides, vasculo-
centric lesions are a much more prominent finding (85–90).

Diphtheria myocarditis is frequently complicated by ar-
rhythmias and complete atrioventricular block (91). The
diphtheria exotoxin attaches to conductive tissue and in-
terferes with protein synthesis by inhibiting a translocating
enzyme in the delivery of amino acids (92). Triglyceride
accumulates, producing fatty changes of the myofibers.

Bacterial myocarditis produces microabscesses and patchy
focal suppurative changes. A combined perimyocarditis is
also encountered frequently. Parasitic myocarditis caused by
Trichinella has a focal infiltrate with lymphocytes and eo-
sinophils, but larvae are usually not identified (85).

A severe myocarditis caused by Trypanosoma cruzi (88,
89) results in Chagas’ disease. Rare in North America,

Chagas’ disease is endemic in South America, affecting up to
50% of some populations. Examination by microscopy re-
veals the organism as well as neutrophils, lymphocytes,
macrophages, and eosinophils.

Sudden death in infancy may result from myocardial in-
flammation. James (93) described a resorptive, degenerative
process in the His bundle and left margin of the atrioven-
tricular node with the absence of inflammatory cells in cases
he studied of infants who died in Northern Ireland. Further
definition of the nature of involvement of the conduction
system by viral infection has not been forthcoming since
that early observation.

Giant cell myocarditis occurs with tuberculosis, syphilis,
rheumatoid arthritis, rheumatic heart disease, sarcoidosis,
and fungal or parasitic infections (94–100). Giant cells also
occur in idiopathic (Fiedler’s) myocarditis. There are two
types of giant cells: cells originating from the myocardium
and cells derived from interstitial histiocytes.

CLINICAL MANIFESTATIONS
Presentation of viral heart disease depends on the age of the
affected individual, immune status, specific viral trigger,
genetic factors, and the environment (10, 52, 77). Non-
specific influenza-like illness or episodes of gastroenteritis,
respiratory illness, or rash may precede symptoms of con-
gestive heart failure.

Newborns and Infants
Newborns or infants present with poor appetite, fever, irri-
tability or listlessness, periodic episodes of pallor, and dia-
phoresis. Sudden death may occur in this subgroup of
children (10, 52, 101). On physical examination, pallor and
mild or moderate cyanosis in addition to classic symptoms of
congestive heart failure are commonly noted. It is important
to keep in mind that the younger the child, the more likely
that the disease was triggered as an intrauterine event. While
this form of myocarditis may be expressed as a chronic dis-
ease that mimics chronic DCM (5, 10), indeed the severity
of acute illness is often profound and fatal. The earlier the
infection, the more likely severe illness will be observed,
reflecting the immaturity of the immune system and the
comparative inability to fight a lytic viral infection. The
prognosis of acute myocarditis in newborns is poor (102,
103). In one study, a 75% mortality rate was observed in 25
infants with suspected CVB myocarditis (102); most deaths
occurred in the first week of the illness.

FIGURE 1 Endomyocardial biopsy specimen from a 19-year-old
man with heart failure. Histopathology includes multifocal mono-
nuclear cell infiltrates, areas of myocardial cell death, and apparent
edema. Hematoxylin and eosin (H & E) stain; scale bar, 200 mm.
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Children with myocarditis alone typically have symptoms
for less than 2 weeks, whereas those with EFE have “viral”
signs and symptoms for more than 4 months (Fig. 2). Mumps
virus and CVB3 have been identified in the myocardium of
infants with EFE (5), although a precise cause-and-effect
relationship remains to be confirmed.

Children, Adolescents, and Adults
Older children, adolescents, and adults commonly have a
recent history of nonspecific illness, typically with upper
respiratory or gastrointestinal symptoms (with or without
fever) 10–14 days prior to presentation (52). Initial symp-
toms may include lethargy, low-grade fever, and pallor. A
child usually has decreased appetite and may complain of
abdominal pain. Diaphoresis, palpitations, rashes, exercise
intolerance, and general malaise are common signs and
symptoms. Later in the course of illness, respiratory symp-
toms, such as breathlessness and cough, become more evi-
dent; syncope or sudden death may occur due to cardiac
arrhythmias or arrest. Findings on physical examination are
consistent with congestive heart failure (7, 52), as discussed
above. Unlike with newborns, jugular venous distention and
pulmonary rales may be observed, and resting tachycardia
may be prominent. Arrhythmias, including atrial fibrillation,
supraventricular tachycardia, or ventricular tachycardia, as
well as atrioventricular block, may occur (52, 104).

Older infants and children have a better prognosis, with a
mortality rate between 10 and 25% in clinically manifest
cases. However, a subgroup of patients will present to urgent
care centers in extremis from acute heart failure or ar-
rhythmias, or die outside of care. Children may present with
signs and symptoms of very common childhood disorders,
such as a viral respiratory illness, gastroenteritis, or dehy-
dration, and therefore are treated for these disorders initially.
However, over hours or days, these children may rapidly
deteriorate and succumb, usually after a cardiac or respiratory
arrest. On autopsy, myocarditis is diagnosed. They may have
associated hepatitis, pancreatitis, or encephalitis. These pa-
tients are extremely difficult to diagnose and, even if iden-
tified, have limited therapeutic options.

Complete recovery occurs in about 50% of patients (105,
106). Twenty-five percent of the patients continue to have
an abnormal electrocardiogram or cardiomegaly on chest
radiograph even though they were clinically asymptomatic.
Abnormalities in the resting electrocardiogram may not be
seen, but they may be brought out with exercise. Adult pa-
tients who recover may be asymptomatic at rest or with light
exertion, but may demonstrate a reduced working capacity
with exercise stress testing. As noted earlier, certain patients
will have persistent pericardial inflammation as well (9).

DIAGNOSTIC EVALUATION
The diagnosis of myocarditis is often difficult to establish,
but should be suspected in any patient who presents with
unexplained congestive heart failure or ventricular tachy-
cardia, especially in the absence of predisposing cardiac
conditions. Appropriate diagnostic studies include the fol-
lowing (107).

Chest Radiography
Cardiomegaly with pulmonary edema is classically demon-
strable on chest imaging.

Electrocardiography
Sinus tachycardia with low-voltage QRS complexes with or
without low-voltage or inverted T waves are classically de-

scribed. A pattern of myocardial infarction with wide Q
waves and ST-segment changes also may be seen (108) (Fig. 3).
Ventricular tachycardia, supraventricular tachycardia, atrial
fibrillation, or atrioventricular block occurs in some patients
(106, 109, 110).

Echocardiography, Ventriculography,
and Magnetic Resonance Imaging
A dilated and dysfunctional LV consistent with DCM is seen
on two-dimensional and M-mode echocardiography. Seg-
mental wall motion abnormalities are relatively common,
but global hypokinesis is the predominant finding. The re-
gional dysfunction is at times shown to correspond with the
areas of most intense myocarditis at various locations in the
myocardium. Pericardial effusion frequently occurs. Doppler
and color Doppler commonly demonstrate mitral regurgita-
tion of a functional nature. Dilation of all cardiac chambers
may be seen. Cardiac catheterization shows low cardiac
output and elevated end-diastolic pressures. Cardiac mag-
netic resonance (CMR) imaging with gadolinium en-
hancement has emerged as a valuable diagnostic tool for
myocarditis, providing evidence of locale and extent of in-
flammation in acute myocarditis (111–115).

Blood Tests
Indicators of inflammation, like white cell counts, C-reactive
protein, and erythrocyte sedimentation rate, may be elevated
in the blood during a myocarditis episode, but these are not
in any way specific for myocarditis or subtypes caused by
viruses. Given that myocardial injury does occur during acute
myocarditis, it is not surprising that laboratory tests aimed at
documenting such injury including markers such as creatine
kinase MB isozyme (CK-MB), troponin I or T, or myosin
light chains and others are typically elevated in the setting of
myocardial injury (116–118). However, specific markers for
acute viral myocarditis in routine blood studies are not
available, and clinical context must be strongly considered in
their interpretation.

Endomyocardial Biopsy
Right or left ventricular endomyocardial biopsy is used to
examine pathological evidence of myocarditis, as well as for
detection of viral pathogens. Pathologically, the features

FIGURE 2 PCR analysis of fixed heart samples obtained from
infants with endocardial fibroelastosis (EFE). Note the PCR-positive
bands at 223 bp indicative of mumps virus. Sequence analysis con-
firmed the viral genome as that consistent with mumps.
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include an inflammatory infiltrate and tissue damage (see
Fig. 1), which is usually patchy and widely distributed in the
ventricular myocardium. A mononuclear cell infiltrate in-
clusive of lymphocytes and macrophages, as visualized by
immunohistochemistry, is always present in viral myocarditis
and is required for the diagnosis of myocarditis (2). My-
ocardial biopsy has a widely variable diagnostic sensitivity,
ranging from 3 to 63% of cases depending on the patient
selection, biopsist capability, and expert level in pathological
interpretation of findings (52,119–122). Because there are
risks associated with biopsy, particularly in young children or
those with severe ventricular dilation, certain centers have
abandoned this procedure, particularly in young and small
children ( < 10 kg) and those with severe ventricular failure.
For each patient, the purpose of obtaining a definitive tissue
diagnosis by cardiac biopsy is balanced by the risks versus the
ultimate benefit in clinical decision-making.

The Dallas Criteria
The Dallas criteria are based on histopathologic findings and
define myocarditis as “a process characterized by an inflam-
matory infiltrate of the myocardium with necrosis and/or
degeneration of adjacent myocytes not typical of ischemic
damage” due to coronary artery or other disease (119). These
criteria were evolved to standardize diagnosis for a major
myocarditis treatment trial conducted in adult patients (106,
123). At the time of initial biopsy, a specimen may be
classified as active myocarditis, borderline myocarditis, or no

myocarditis, depending on whether an inflammatory infil-
trate occurs in association with myocyte degeneration or
necrosis (active) or only sparse infiltrate or no myocyte de-
generation is evident (borderline) (48, 76). Repeat endo-
myocardial biopsy may be appropriate in cases where strong
suspicion of myocarditis exists clinically; on repeat endo-
myocardial biopsy, histology may be classified as ongoing
myocarditis, resolving myocarditis, or resolved myocarditis.
The Dallas criteria more recently have been criticized as not
reflecting the lower grade of inflammation that separates
truly normal hearts from failing hearts with subtle immune
cell infiltrates (124). Also, both active and passive cell death
occur in the myocardium of patients and in model systems of
myocarditis; thus, both apoptotic and necrotic features may
be seen by microscopy (125–127).

Viral Studies
A positive viral culture from myocardium has been consid-
ered the diagnostic standard in the past. Viral culture of
peripheral specimens, such as blood, stool, or urine, is
commonly performed but is unreliable in identifying the
causative infection. A 4-fold increase in virus-specific anti-
body titer correlates with recent infection (128, 129).
However, these studies are nonspecific, because prior infec-
tion with the causative virus is commonplace, potentially
yielding a greater rise in antibody titer than would be seen in
a primary infection, and also because cross-reactive re-
sponses to related viruses may be observed.

FIGURE 3 Electrocardiogram from a 67-year-old man with no prior history of heart disease, normal coronary arteries, and now severe
acute heart failure and viral myocarditis. Sinus tachycardia and low-voltage QRS complexes with inverted myocardial injury pattern,
particularly in the inferior ventricular wall, as well as left axis deviation and right bundle branch block are present.
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First reported in 1986, in situ hybridization (ISH) was
performed on myocardial tissue using molecular cDNA
probes for coxsackievirus (Fig. 4) (75, 76) and more recently
for parvovirus (Fig. 5A). While originally based on radio-
active probes, ISH evolved to rely on nonradioactive probes
and became more user friendly. Properly established under
standard laboratory operating procedures, this method can
detect as few as 50 copies of viral genomes in infected cells or
tissues. The ISH technique, while very well described in
experimental studies (63, 130), is highly specialized and not
readily applied in most hospital settings, despite the fact that
along with histopathological evaluation this technique
provides evidence of active or resolving infections with
enteroviruses and allows colocalization of injury, inflamma-
tion, and viral genomes (131, 132).

Detection and amplification of viral sequences by PCR
from cardiac tissue samples is extremely sensitive and is typ-
ically specific (7, 8, 79). In 25–50% of cases, the enterovirus
genome was initially identified by reverse transcriptase
PCR (RT-PCR) (Fig. 5B, left panel) (8–10 16, 51, 79, 123,
133–135); however, no other viral genomes were sought in
these early studies (133, 136, 137). Subsequently, PCR has
been used to screen for other viral genomes within cardiac
tissue specimens. Parvovirus (Fig. 5B, right panel) and ade-
noviruses (Fig. 6) were identified as commonly as enterovirus
in heart tissue specimens of pediatric patients with myocar-
ditis or DCM (Table 2) (7, 8, 10, 79). PCR analysis usually
does not identify the viral genome in the peripheral blood of
patients with myocarditis, but the viral genome can be
identified in tracheal aspirates of intubated children with
myocarditis (53). The great risk of PCR techniques is the
common problem of sample or laboratory contamination and
the possibility of finding genomes that are deemed a causa-
tive association with the clinical status, but in the absence of
histopathological evidence of a myocarditic process. Sim-
ilarly, viruses found by PCR in the respiratory tract do not
secure a diagnosis of myocarditis. These realities temper one’s
belief in the molecular epidemiological profile of viral heart
disease as currently known globally.

FIGURE 4 In situ hybridization for coxsackievirus B3 genome
in myocardium of a newborn with lethal enteroviral myocardi-
tis. Note replication of the virus in myocytes as visualized by ra-
dioactive RNA/RNA in situ hybridization (black dots) in close
association with mononuclear inflammatory cells. Magnification,
400 · .

FIGURE 5 (A) In situ hybridization of acute parvovirus B19
infection of the heart is restricted to endothelial cells of small
vessels as demonstrated by radioactive RNA/DNA hybridization.
Cardiac inflammation is less prominent as compared to enteroviral
myocarditis. Magnification, 400· . (B) PCR detection of entero-
viral RNA (left panel) and parvovirus B19 DNA (right panel) by
nested PCR in the myocardium of different patients with histo-
logically proven myocarditis. Automatic DNA sequencing of viral
amplification products confirms specificity of the PCR and allows
the analysis of virus genotypes.

FIGURE 6 Nested PCR for the adenovirus genome. The agarose
gel demonstrates a 308-bp PCR-positive band in the adenovirus-
positive control lane, as well as in lanes designatedMP, AD, BS, and
JW, in which DNA was extracted from myocardial tissue samples
obtained from patients with myocarditis. Patients designated LS
and JH are PCR negative, as is the negative (–) control lane. MW,
molecular weight.
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DIFFERENTIAL DIAGNOSIS
Any cause of acute circulatory failure may mimic myocar-
ditis. Other nonviral etiologies include other infectious
agents such as rickettsiae, bacteria, protozoa and other par-
asites, fungi, and yeasts (83, 85,87–91138–142); various
drugs, including antimicrobial medications (47), antipsy-
chotics (143), and antitumor drugs (144); hypersensitivity,
autoimmune, or collagen-vascular diseases (145–151), such
as systemic lupus erythematosus, mixed connective tissue
disease, rheumatic fever, rheumatoid arthritis, and sclero-
derma; toxic reactions to infectious agents (5, 30, 67, 152)
(e.g., mumps or diphtheria); or other disorders such as Ka-
wasaki disease and sarcoidosis (98, 153, 154). In most cases,
however, the cause goes unrecognized or is poorly defined,
and idiopathic myocarditis must be diagnosed (155).

LONG-TERM SEQUELAE
In patients in whom resolution of cardiac dysfunction does
not occur, chronic DCM results, characterized by a dilated
LV chamber, with or without LV diastolic dysfunction and/or
right ventricular dilation and dysfunction (8, 51, 102,156–
158). The underlying etiology of DCM is uncertain, but viral
persistence and autoimmunity have been widely speculated.
In addition, cytoskeletal protein disruption has also been
demonstrated (159). Enteroviral protease 2A directly
cleaves the cytoskeletal protein dystrophin, resulting in
dysfunction of this protein (160–162). Because mutations in
dystrophin are known to cause an inherited form of DCM
(as well as the DCM associated with the neuromuscular
diseases Duchenne muscular dystrophy and Becker muscular
dystrophy), it is possible that this contributes to the chronic
DCM seen in enteroviral myocarditis (163, 164). Ad-
enoviruses also have enzymes that cleave membrane struc-
tural proteins or result in activation or inactivation of
transcription factors, cytokines, or adhesion molecules to
cause chronic DCM (57, 165, 166). Thus, it appears as if a
complex interaction between the viral genome and the heart
muscle tissues and cells occurs and determines the long-term
outcome of affected patients.

As in mice, myocarditis in humans may have a genetic
basis (167). Support for this tenet includes the frequent
finding of myocardial lymphocytic infiltrates in patients
with familial and sporadic DCM (168), as well as the few
reports of families in which two or more related individuals
have been diagnosed with myocarditis on endomyocardial
biopsy. Of note, the shared receptor for four common viral
causes of myocarditis (CVB3 and CVB4 and adenoviruses 2
and 5) is the human coxsackievirus and adenovirus receptor
(CAR) (169, 170). The CAR plays an important role in
embryonic development and the maintenance of normal
cardiac function (64,171–173). Patients with DCM and
young adults were shown to express increased levels of the
CAR in the heart, suggesting a mechanism responsible for
susceptibility to myocarditis (173). Genetic variants in the
genome of this receptor might result in host differences
leading to myocarditis, although this hypothesis requires
study. The role of decay-accelerating factor (DAF), the
coreceptor for CVB infections (174), also requires further
exploration.

SUPPORT FOR VIRAL CAUSE-AND-EFFECT
RELATIONSHIP WITH MYOCARDITIS
The increasingly common association of viral genomes
within the myocardium in patients with myocarditis (80,
175, 176) is tempered by limited definitive data to prove
that the virus causes ventricular disturbances directly leading
to the clinical phenotype. Myocarditis has traditionally been
defined as an inflammatory disorder, yet, even in this regard,
definitive data to support the inflammatory concept are
limited. In many cases of human myocarditis, frank, fulmi-
nant inflammation with lymphocytic or other infiltrate,
edema, and cell necrosis with or without fibrosis is seen. But
in other circumstances, little infiltrate, necrosis, or edema is
seen in subjects with acute-onset heart failure and ventric-
ular dysfunction. In both situations, the viral genome can be
identified in up to 70% of those studied by PCR (80, 175,
176). In addition, PCR analysis of “control” specimens from
subjects not thought to have clinical symptoms consistent
with myocarditis and not having recent infectious or febrile
illness very rarely detects a viral genome. However, because a
relatively low percentage of biopsies are currently performed
in children suspected of having myocarditis and, of those, a
limited number have PCR performed on the myocardium,
definitive cause-and-effect data are sparse. Occasional au-
topsy case materials provide definitive links between the
enteroviruses and fatal heart muscle disease (177).

One human model system exists that has been used to
study the relationship between the detection of viral ge-
nomes in the myocardium and ultimate heart failure. Car-
diac transplant recipients undergo routine surveillance
biopsies for rejection at most institutions, and in all cases,
histopathological assessment is performed. At Texas Child-
ren’s Hospital, all patients also undergo myocardial PCR
analysis with screening for adenovirus, enteroviruses (in-
cluding coxsackievirus), parvovirus B19, CMV, and EBV
(178, 179). Detection of the viral genome in these heart
biopsy samples has been shown to correlate with outcome.
Heart transplant patients not having any PCR-positive
studies during a 5-year follow-up period had a 96% 5-year
survival rate, whereas those with at least a single PCR-
positive result had a 5-year survival rate of 67% (163, 180,
181). Survival did not closely correlate with the level of
inflammatory infiltrate seen on histopathology, and the
specific virus identified in the myocardium appeared to be an

TABLE 2 Viral etiologies of myocarditis in children
by PCR analysis

Diagnosis
No. of
samples

No. of PCR-
positive
samples PCR amplimer (no.)

Myocarditis 624 239 (38%) Adenovirus 142 (23%)
Enterovirus 85 (14%)
Cytomegalovirus 18 (3%)
Parvovirus 6 ( < 1%)
Influenza A5 virus ( < 1%)
Herpes simplex
virus 5 (< 1%)

Epstein-Barr virus 3 ( < 1%)
Respiratory syncytial
virus 1 (< 1%)

DCM 149 30 (20%) Adenovirus 18 (12%)
Enterovirus 12 (8%)

Controls 215 3 (1.4%) Enterovirus 1 (< 1%)
Cytomegalovirus 2 ( < 1%)

DCM, dilated cardiomyopathy.
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important variable regarding both the outcome and the in-
flammatory response. For instance, adenovirus has been
shown to cause a lower level of inflammatory infiltrate than
enteroviruses or parvovirus B19 (134, 181). Similar findings
have been obtained for lung transplant recipients (182).
How these posttransplant studies, complicated by the pres-
ence of an allo-immune response and by the presence of
varied immunosuppressive agents, relate to the pretransplant
connection between viral infection of heart muscle and
patient outcomes is less clear. The experience of numerous
laboratories with murine model studies has taught us the
most thus far, with inference for the protean, difficult,
and temporally vague human phenotype of myocarditis (70,
183, 184).

MANAGEMENT
Care of a patient presenting with a clinical picture and
history strongly suggestive of myocarditis depends on the
severity of myocardial involvement and the clinical status
(2–4). Many patients present with relatively mild disease,
with minimal or no respiratory compromise, and only mild
signs of congestive heart failure. Such is the case because the
most commonly recognized cardiotropic viruses are generally
“high-attack, low-virulence” pathogens. These patients re-
quire close monitoring to assess whether the disease will
progress to worsening heart failure and the need for intensive
medical care. Experimental animal studies may suggest that
bed rest may prevent an increase in intramyocardial viral
replication in the acute stage (185–187). Thus, it appears to
be prudent to place patients under this restriction at the time
of diagnosis. Normal arterial blood oxygen levels should be
maintained for any patient with compromised hemody-
namics resulting in hypoxemia.

Management of Acute Heart Failure Related
to Myocarditis
The current strategy for therapy in acute myocarditis in-
cludes hemodynamic support to achieve end-organ perfusion
and urine output without “driving” the myocardium with
inotropic agents. In the setting of hypotension, vasopressor
infusions need to be used to maintain adequate blood pres-
sure. The agents of choice include norepinephrine, epi-
nephrine, and vasopressin. Inotropic agents such as
dobutamine and dopamine may improve blood pressure and
increase cardiac output but may have the associated cost of
increasing heart rate and increasing mechanical stress on the
heart, as well as increasing the possibility for arrhythmias.
Phosphodiesterase inhibitors, such as intravenous milrinone,
have been used to provide both inotropy and afterload re-
duction. However, their use may be limited by low blood
pressure. Furthermore, the routine use of milrinone for acute
heart failture (HF) was not associated with improved out-
comes in the OPTIME-HF study (188). Digoxin therapy can
also be instituted early, as it may provide positive inotropic
effects while lowering the heart rate. If the patient is not
requiring vasopressors, acute oral therapy with modulators of
the renin-angiotensin-aldosterone systems (e.g., angioten-
sin-converting enzyme inhibitors) and sympathetic nervous
system (e.g., beta-adrenergic blockers) can be started. When
chronic oral therapy is necessary and hypotension is not
present, an afterload-reducing drug, such as captopril, ram-
ipril, or enalapril (189), may be used with beta-blockers,
such as carvedilol or metoprolol. Diuretics therapy may be
required to maintain a euvolemic state.

Although arrhythmias are commonly present in the acute
setting, they should not be treated unless they are contrib-
uting to the symptoms or causing hemodynamic compromise
(104). Sustained supraventricular tachyarrhythmias, such as
atrial fibrillation, atrial flutter, or AV nodal re-entry tachy-
cardia, may respond to digitalis or intravenous amiodarone.
Sustained ventricular arrhythmias should be treated with
cardioversion if associated with hypotension or hemody-
namic compromise or an infusion of intravenous amiodar-
one if the patient is stable. Despite aggressive treatment of
these arrhythmias, rapid deterioration to ventricular fibril-
lation, especially in the very young, may occur and should be
treated immediately by direct-current cardioversion. The use
of an implantable cardioverter defibrillator is rarely neces-
sary in the acute phase. Chronic arrhythmias may persist
long after the acute disease has passed (104). Thus, children
who recover from myocarditis, regardless of etiology, should
be monitored indefinitely. Complete atrioventricular block
requires a temporary transvenous pacemaker because the
patient may be dependent on a higher heart rate to generate
an adequate cardiac output.

If the patient deteriorates despite maximal medical at-
tempts at maintaining adequate tissue perfusion, then con-
sultation for implantation of mechanical circulatory support
should be considered (190–193). Some options include
placement of a temporary ventricular assist device (VAD)
like the TandemHeart (CardiacAssist, Inc., Pittsburgh, PA)
or Impella (ABIOMED, Danvers, MA), or placing the
patient on extracorporeal membrane oxygenation (ECMO)
until the acute phase resolves. In the absence of resolution of
shock, consideration for placement of a durable VAD such as
Heartmate II (Thoratec Corporation, Pleasanton, CA) or
HVAD (HeartWare, Framingham, MA) should be under-
taken. In some circumstances, transplantation becomes nec-
essary (163, 167), and outcomes may be best in patients who
present most fulminantly (158). The number of such patients
who definitely have a viral etiology is not established.

Immunomodulatory and Antiviral Therapies
Immunosuppresive agents have not been shown to improve
outcomes in patients with acute viral myocarditis (106), but
may improve outcomes in those with giant cell myocarditis
(194). The use of immunosuppressive agents in suspected or
proven viral myocarditis is controversial (195–197). Some
animal studies have suggested an exacerbation of virus-
induced cytotoxicity in the presence of immunosuppressive
drugs, possibly due to reduced interferon production. The
NIH-funded Myocarditis Treatment Trial analyzed the use of
immunosuppressive therapy, including corticosteroids with
either cyclosporine or azathioprine (106). Although the
study was performed with adult patients, the results are po-
tentially applicable to children. There was no difference in
survival outcomes among patients treated with azathioprine
and prednisone, cyclosporine and prednisone, or conven-
tional supportive therapy (106). Immunosuppressive therapy
was not beneficial in most patients with histologically con-
firmed myocarditis.

Another important therapeutic option is the use of in-
travenous gamma globulin in children with myocarditis.
One nonrandomized clinical trial (74) used this agent in 21
of 46 children with myocarditis; patients who received this
drug had better LV function at follow-up and a trend toward
a higher survival rate at 1 year. Whether this approach
proves to be beneficial or whether these early results mirror
the early-published experience with corticosteroids remains
to be seen (198, 199).
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The efficacy of type-I IFN treatment in myocarditis has
been studied with respect to viral clearance and prevention
of progressive deterioration of LV function (136, 198, 200).
These uncontrolled studies reported some effectiveness of
IFN-alpha or -beta treatment in viral clearance and cardiac
function improvement in patients with PCR-proven en-
teroviral or adenoviral myocarditis. Unfortunately, this im-
pression was not confirmed in a multicenter clinical trial
later on.

Potential therapeutics for enterovirus infections that in-
volve the heart have been in progress for many years. Of
note, pleconaril was developed as a steric inhibitor of
picornaviral capsid protein binding to the CAR and other
receptors (201, 202). While this investigational antiviral was
widely used in the late 1990s and early 2000s on a compas-
sionate care basis for treatment of acute, severe human
myocarditis (203), it never received FDA regulatory ap-
proval. Vapendavir is a recently developed, more potent, and
broader-spectrum capsid inhibitor; however, its efficacy in
the treatment of myocarditis remains to be tested (204).
Clearly, an antiviral strategy is especially pertinent to infants
and young children whose lives literally depend on the bal-
ance between viral pathogenesis and host immune responses,
and for which a drug like pleconaril or vapendavir may serve
a pivotal role in tipping this deadly duel in favor of the host.
Meanwhile, a vast amount of fundamental work on signaling
mechanisms underlying enteroviral infections has been pur-
sued with a view to identifying other targetable molecules.

There are also several available agents for influenza, ad-
enovirus, and herepesviruses; however, clinical evidence of
their value in the treatment of myocarditis is still lacking.
For example, the phase III study of brincidofovir showed
efficacy for adenovirus viremia in transplant patients, but
this agent has not been studied for myocarditis (205).

Vaccination
Vaccination, except for influenza, is not currently available
for the principal viral agents causing human myocarditis.
The efficacy of the polio vaccine has led to the suggestion
that a broadly reactive enteroviral vaccine, if possible, or at
least a CVB-specific vaccine, could be beneficial for reduc-
ing the incidence of myocarditis or associated DCM. Early
work indicates that immunization can be protective in mice
(206). The possibility of success in this regard is supported by
the success of the mumps vaccine, which all but eliminated
this form of DCM.
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Viral Diseases of the Skin
ZEENA Y. NAWAS AND STEPHEN K. TYRING

8
Viral infections cause a variety of cutaneous and mucosal
manifestations that are either the result of primary viral
replication within the epidermis or a secondary effect of viral
replication elsewhere in the body. Three groups of viruses
represent most primary epidermal viral replications: human
papillomaviruses (HPV), herpesviruses, and poxviruses.
Multiple virus families, including retroviruses, paramyxovi-
ruses, togaviruses, parvoviruses, and picornaviruses, produce
skin lesions secondarily. Other viruses, such as orthomyxo-
viruses and reoviruses, rarely induce skin lesions. Recog-
nition of characteristic mucocutaneous manifestations of a
variety of viral diseases is crucial. It either directly helps
determine the etiologic agent or assists the clinician in de-
ciding which additional diagnostic tests to order. Proper
management of the patient can be initiated from the results
of such tests.

CLINICAL MANIFESTATIONS
A wide spectrum of skin lesions can result from viral infec-
tions. For example, while infection with HPV is best known
for causing verrucous papules, other manifestations of this
viral infection include erythematous macules in epi-
dermodysplasia verruciformis (EV), smooth papules in bo-
wenoid papulosis, and fungating Buschke-Lowenstein
tumors. Vesicles are considered the primary lesion in herpes
simplex virus (HSV), varicella-zoster virus (VZV), and
many coxsackievirus infections. However, the vesicles are
often preceded by erythema and papules and followed by
pustules, crusts, or shallow ulcers. Ulcers without other
stages can be seen with cytomegalovirus (CMV) infections
of the skin and mucous membranes as well as with HSV,
VZV, or coxsackievirus infections of mucous membranes.
Both macules and papules are seen with measles and rubella.
Macules coalescing into larger erythematous patches are
seen in Epstein-Barr virus (EBV), human herpesvirus 6
(HHV-6), and parvovirus B19 infections.

Some viruses induce skin changes that are highly sug-
gestive of the diagnosis, such as the verrucous papules seen
with papillomavirus infection or the smooth umbilicated
papules resulting from poxvirus infection. However, other
viruses produce nonspecific skin lesions, including urticaria,
erythema multiforme, and petechiae. In these cases, a dif-
ferential including viral and nonviral etiologies must be
considered. Depending on the clinical picture, vesicles in-

duced by HSV type 1 (HSV-1), HSV-2, or VZV may be
diagnostic or may necessitate a broad differential diagnoses.
Other herpesviruses, such as EBV, CMV, and HHV-6, pro-
duce skin manifestations less frequently and are most accu-
rately diagnosed when the systemic manifestations of the
viral infection are also considered. Cutaneous manifestations
of viral diseases can range from very specific (e.g., derma-
tomal vesicles of herpes zoster) to very general (e.g., urti-
caria), and the differential diagnosis must take the patient’s
total clinical presentation into consideration.

PATHOPHYSIOLOGY
Viruses infect the skin via three different routes: direct in-
oculation, spread from an internal focus, and systemic in-
fection. Viruses that infect the skin by direct inoculation
include primary HSV, papillomaviruses, and most poxviruses
(except smallpox). Primary VZV produces systemic infec-
tion with viremia and dissemination to the skin and mucous
membranes. Recurrent VZV (shingles) or recurrent HSV
reaches the skin from the sensory ganglia.

The effect of viral replication on infected cells may di-
rectly produce skin lesions, or the skin lesions may result
from the host response to the virus. Alternatively, the lesions
may be the result of the interaction between the viral rep-
lication and the host response. In general, viruses that rep-
licate in the epidermis produce skin lesions directly. On the
other hand, viruses that replicate elsewhere in the body
typically produce skin manifestations via the host’s response
to viral replication. For example, the host’s cell-mediated
immune response to rubella and measles viruses is thought to
be at least partly responsible for the skin manifestations as-
sociated with these viruses, and rashless measles can manifest
as pneumonitis or central nervous system (CNS) disease in
highly immunocompromised hosts.

DIAGNOSIS
Laboratory Diagnosis
Five general methods of laboratory diagnosis are available to
confirm suspected viral diseases: viral culture, microscopic
examination of infected tissue, detection of viral antigens,
detection of viral DNA or RNA, and serology (see Chapter
15). Viral culture or polymerase chain reaction (PCR) are
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the preferred methods of diagnosis; both require adequate
specimens. Viral culture is highly specific ( > 99%), but
sensitivity depends on stage of lesion and proper collection
technique and declines rapidly as lesions begin to heal (1).
Sensitive virus isolation systems are not available for many
viruses. If HSV-1 or HSV-2 is responsible for the lesion, a
positive culture can be obtained within 1–2 days. Viral
cultures are most likely to be positive if the sample is taken
from the vesicular stage, whereas later stages of healing have
lower yield. Positive cultures are more difficult to obtain
from VZV, even when fresh vesicular fluid is used to inoc-
ulate the cell culture.

Evaluation of the involved skin by microscopy can reveal
histologic changes consistent with a particular virus family,
but is usually not helpful in identifying the specific virus
responsible. For example, benign warts caused by different
HPV types have a similar histologic appearance under the
microscope. Histologic changes induced by HSV-1 and
HSV-2, as well as by VZV, are similar to each other but
distinctive from changes associated with other herpesviruses.
A more rapid procedure in suspected HSV-1, HSV-2, and
VZV infection is the Tzanck smear. Using fluid from an
intact vesicle, the Tzanck smear is positive if acantholytic
keratinocytes or multinucleated giant acantholytic kerati-
nocytes are detected. Multinucleated giant cells are found in
herpes simplex, varicella, and zoster. The Tzanck smear is
insensitive (50%) and nonspecific. Another viral infection
that can be diagnosed directly from smears from a skin lesion
is molluscum contagiosum (MC). The presence of intra-
cytoplasmic inclusion bodies will help to distinguish papules
associated with MC virus from skin lesions of Cryptococcus
neoformans, which can appear very similar in human im-
munodeficiency virus (HIV)-infected patients.

Among rapid diagnostic tests, perhaps the most frequently
used for detection of viral infections of the skin is PCR and
fluorescent antibody detection of HSV-1, HSV-2, and VZV.
This technique distinguishes among these three viruses, in
contrast to the Tzanck smear. Immunoperoxidase techniques
are sometimes used to detect HPV capsid antigens; however,
these techniques can lead to false-negative results in onco-
genic types of HPV because the viral DNA may not have
associated capsid antigens. Labor-intensive techniques such
as electron microscopy or immunoelectron microscopy can
be used to detect viral particles or viral antigens.

Assays to detect viral nucleic acid are becoming more
widely used, especially when no effective culture or serologic
assay is available. In situ hybridization allows not only de-
tection of the viral nucleic acid but also histologic locali-
zation of the virus to specific cells. PCR primers can be
designed to detect a range of viruses within a particular
family (i.e., consensus primers) or may be specific for a
particular virus (i.e., type-specific primers). Further infor-
mation can be gained from in situ PCR, which combines the
sensitivity of PCR with localization of the virus on histology.
The application of PCR for diagnostic purposes is detailed in
each chapter.

Differential Diagnosis
The differential diagnosis of various types of viral exan-
themata requires the consideration of a spectrum of both
viral and nonviral conditions. Vesicles may be due to HSV-1,
HSV-2, VZV, poxviruses, hand-foot-and-mouth disease
(HFMD) viruses, and other coxsackieviruses. Most vesicles
develop into pustules during the process of healing. There-
fore, the differential diagnosis of a vesiculopustular rash must
include nonviral entities such as bullous impetigo, insect

bite reactions, drug eruptions, contact dermatitis, gon-
ococcemia, erythema multiforme, and sweet syndrome.
Macules may be observed in rubella, EBV infection (infec-
tious mononucleosis), and HHV-6 infection (roseola), as
well as a variety of coxsackievirus A and B and echovirus
infections. Nonviral etiologies of macules may include drug
eruptions and bacterial infections (scarlet fever, Rocky
Mountain spotted fever, and erysipelas). Macules may
manifest with papules in measles, echovirus infections, and
human parvovirus B19 infections (erythema infectiosum).
Maculopapular lesions may also be seen in erythema multi-
forme, which is commonly of viral etiology (HSV) or may be
associated with nonviral infections or drug eruptions.

Papules are seen in a variety of poxviruses and HPV in-
fections, as well as in Gianotti-Crosti syndrome, which may
be a manifestation of hepatitis B or another viral infection.
Papules may also be seen with bacterial infection (Bartonella
and Mycobacterium), fungal infections (Cryptococcus), and
noninfectious conditions (seborrheic keratoses and basal cell
carcinomas). Nodules may be observed in poxvirus infec-
tions (orf and milker’s nodules), HPV (squamous cell car-
cinomas associated with HPV-16), or HHV-8 (Kaposi’s
sarcoma), as well as in mycobacterial and Bartonella infec-
tions (bacillary angiomatosis) and noninfectious tumors
(basal cell carcinomas, squamous cell carcinoma, melanoma,
and pyogenic granuloma).

Urticaria is usually associated with allergic reactions,
including drug eruptions, but may be due to hepatitis B virus
or coxsackievirus infections. Petechiae are seen in multiple
viral infections, such as dengue fever and other hemorrhagic
fevers (Lassa fever), but may occur in nonviral conditions
producing thrombocytopenia. Ulcerations of the mucous
membranes commonly occur with HSV-1, HSV-2, VZV,
CMV, and HFMD viral infections. Anogenital ulcers in
immunocompromised persons are sometimes due to CMVor
may involve a coinfection of CMV and HSV. Oral ulcers of
viral etiology must be distinguished from nonviral ulcers
such as aphthous ulcers. Cutaneous ulcers may be related to
stasis dermatitis or to other causes of decreased circulation.

LOCAL IMMUNITY TO VIRAL INFECTIONS
Not only does the epidermis serve as a primary line of de-
fense against infections, but because of its anatomic struc-
ture, it also contains the basic elements needed for the
immune response against infection. Therefore, the concept
of skin-associated lymphoid tissue (SALT) has been pro-
posed (2). SALT is made up of the following: (1) keratino-
cytes, which phagocytize foreign particles, release cytokines,
and express major histocompatibility complex (MHC) class
II antigens upon incubation with interferon-g (IFN-g); (2)
epidermal Langerhans cells, which have surface expression
of MHC class II, CD1, C3biR, and CD4 molecules and are
the predominant scavenger antigen-presenting cell of the
epidermis; (3) skin-trophic T cells, which in the epidermis
include mainly “inactive” memory T cells of predominantly
CD8+ phenotype, although CD4+ and CD4– CD8– gd+ T
cells are also present; and (4) skin endothelial cells, which
direct cellular traffic in and out of the skin (Fig. 1).

DNA VIRUSES
The following sections highlight the mucocutaneous mani-
festations, diagnosis, and management of common viral in-
fections. The reader should consult pathogen-specific
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chapters for details on the virology and other features of
individual viral agents.

Human Papillomaviruses

Epidemiology
Anogenital HPV infection is extremely common, with an
annual incidence of 5.5 million cases in the United States
(3, 4). Approximately 75% of sexually active adults will
have had an HPV infection by age 50. Of these, approxi-
mately 60% have resolved infection, 14% have subclini-
cal infection, and 1% have clinically evident lesions (5).
Peak prevalence of anogenital HPV is in women younger
than 25 years old; there is a second peak in women over age
55 (6).

Condyloma acuminata, or genital (venereal) warts, are
the most frequently diagnosed sexually transmitted disease,
with an annual incidence of approximately 1 million new
cases in the United States (Fig. 2). Over 90% of cases of
condyloma acuminatum are due to HPV-6 or HPV-11 and
are clinically benign. Genital warts are most often spread by
sexual contact, with a 60% transmission rate during sexual
contact with an infected partner. The mean incubation
period of HPV is 2–3 months but ranges from 3 weeks to
beyond 8 months (7, 8).

HPV infection also appears to be very common in men
but is less well studied. Most studies report prevalence in
men comparable to that in women. However, men have
lower seropositivity of HPV-6, -11, -16, and -18 (9).

The most significant risk factor for anogenital infection
in both men and women is the number of sexual partners.
HPV has also been positively correlated with smoking. A
possible association with oral contraceptive use has been

suggested (10). Male circumcision appears to reduce the
prevalence of genital HPV in males (11), significantly re-
duces the prevalence and incidence of both low-risk and
high-risk HPV infections, and increases clearance of high-
risk HPV infections in their female partners. Male circum-
cision has been recommended as an effective intervention
for reducing the prevalence and incidence of HPV infections
in female partners (12). The mechanism by which circum-
cision helps protect against HPV infection is unclear but is
thought to go beyond increased probability of good penile
hygiene (13) and probably involves the reduction of HPV
carriage in the penis (12). Furthermore, the keratinized
stratified squamous epithelium of the penile shaft is likely

FIGURE 1 Pathways of the cutaneous immune response to infection with human papillomavirus (HPV), herpes simplex virus (HSV), and
human immunodeficiency virus (HIV).

FIGURE 2 (a) Photomicrograph of condyloma acuminatum
showing acanthosis, papillomatosis, and parakeratosis. (b) Con-
dyloma acuminatum associated with human papillomavirus 6
(HPV-6).
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less vulnerable to infection than the nonkeratinized mucosal
lining of the prepuce (13).

Nongenital cutaneous HPV infections occur in 10% of
children, with a peak incidence between the ages of 12 and
16 (14). Adults are also affected by cutaneous HPV but less
commonly than children. Close personal contact is the main
risk factor for transmission, as these lesions spread by direct
skin-to-skin or skin-to-mucosa contact. However, transmis-
sion of both anogenital and nongenital cutaneous HPV in-
fections depends on lesion location, HPV quantity in the
lesion, type of contact, and immune status of the exposed
individual.

Clinical Features
HPV infections can be categorized based on regional
tropism—that is, whether they cause genitomucosal lesions,
nongenital cutaneous lesions, or lesions associated with EV.
The most prevalent clinical form of genitomucosal lesions is
condyloma acuminata. These warts are exophytic, cauli-
flower-like lesions typically located near moist surfaces.
Papular warts and flat lesions occur less commonly. These
lesions are smaller and less obvious on exam than condy-
loma acuminata. Examination under a colposcope or other
type of magnification may be necessary for identifica-
tion (15). Anogenital HPV infection is commonly associ-
ated with cancer, as described in more detail below (see
Chapter 28).

An uncommon manifestation of genital HPV infection is
the Buschke-Lowenstein tumor, or “giant condyloma.” This
lesion typically manifests as a slow-growing, large, mal-
odorous, cauliflower-like mass. These lesions resemble con-
dyloma acuminata histologically, but exhibit both downward
and upward growth, thus appearing locally invasive. Re-
currences of Buschke-Lowenstein tumors are common (15).

Bowenoid papulosis is an anogenital neoplasia that
manifests as multiple, verrucous, brown-red papules that may
coalesce. Lesions are more common in females, in whom
they occur around the labia minora and majora, inguinal
folds, and perianal areas. In men, lesions occur on the glans
or shaft of the penis (15).

Nonanogenital mucosal disease can occur in the nares,
mouth, larynx, and conjunctiva. HPV from genital lesions
can be transmitted to distant mucous membranes via or-
ogenital sex (causing oral condyloma acuminatum) or
nonsexually, as in cases of vertical transmission during vag-
inal delivery (16). In the latter case, HPV from vaginal warts
may be transmitted to the oral or respiratory tract of the
infant and manifest as respiratory (laryngeal) papillomas
(17). Alternatively, anogenital warts may develop in infants
within a few months of birth as a result of acquisition during
vaginal delivery. Children may also develop anogenital warts
due to incidental spread from cutaneous warts or from sexual
abuse (18).

Cutaneous HPV lesions are common and can manifest as
verruca vulgaris (HPV-2), plantar warts (HPV-1), or verruca
plana (HPV-3). These common warts can manifest on any
skin surface but are most commonly seen on the hands and
fingers. They manifest as flesh-colored exophytic papules
and nodules that are usually benign and self-limited; how-
ever, they can be annoying and difficult to eradicate.

Cutaneous warts in EV, on the other hand, can lead to
major morbidity and mortality (19). EV is a rare autosomal
recessive genodermatosis and was the first model of cuta-
neous viral oncogenesis in humans. EV patients develop
disseminated warty papules and erythematous macules dur-
ing childhood. These lesions progress to cutaneous carci-

nomas in adulthood in approximately one-half of these
patients (Fig. 3). At least 19 HPV types are associated with
EV. Several of these genotypes have oncogenic potential,
most notably HPV-5 and HPV-8 (20). Nonsense mutations
in the adjacent novel genes EVER1 and EVER2, which
encode integral membrane proteins in the endoplasmic re-
ticulum (21), are associated with EV. Oncogenic HPV ge-
notypes in EV appear to be necessary but not sufficient for
malignant transformation. The most important cofactor, in
the case of EV, is UV irradiation, which is illustrated by the
fact that the highest incidence of carcinomas in EV patients
is in areas of greatest sunlight exposure (22).

Diagnosis
Often no laboratory tests are carried out if, by clinical ap-
pearance, the lesion is presumed to be HPV related and
benign. When biopsies of verrucae are carried out, the fol-
lowing general patterns may be observed in tissues: acan-
thosis, papillomatosis, hyperkeratosis, parakeratosis, and
prominent and often thrombosed dermal capillary vessels.
Koilocytes, large keratinocytes with an eccentric, pyknotic
nucleus surrounded by a perinuclear halo, are often ob-
served. Frequently, a biopsy is conducted to determine if
the lesion is dysplastic or neoplastic. In the general popu-
lation, such biopsies would most likely be taken in the
anogenital region. In this population, dysplastic or neo-
plastic lesions are most frequent on the cervix and therefore
would be detectable via cytopathology taken with the Pap
smear.

Immunohistochemical staining for HPV capsid antigens
provides more specific detection of HPV. Because dysplastic
or neoplastic lesions contain few, if any, capsid antigens, this
method may give false-negative results with such lesions.
HPV cannot be readily grown in tissue culture, and serology
is not routinely useful; thus, the only specific method of
diagnosing HPV is via DNA or RNA detection methods.
The Hybrid Capture 2 High-Risk HPV DNA test and the
Cervista HPVHigh-Risk DNA test detect presence of 13–14
oncogenic HPV types, whereas the Cervista HPV 16/18
DNA test only detects oncogenic HPV-16 and HPV-18. The
Digene HC2 HPV DNA test detects 13 oncogenic or five
nononcogenic HPV types. The Cobas 4500 test detects 14
oncogenic HPV DNA types and can detect individual types
HPV-16 and HPV-18, whereas the APTIMA HR HPV test
detects 14 oncogenic HPV types of HPV mRNA (23).

FIGURE 3 Multiple primary squamous cell carcinomas associ-
ated with human papillomavirus 8 (HPV-8) on the forehead of a
man with enterovirus (EV).
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Verrucae are usually clinically evident, and they may
resemble seborrheic keratoses, nevi, or acrochordons. Ver-
rucae planae may mimic papules of lichen planus. Con-
dyloma acuminatum must be differentiated from condyloma
latum, the skin lesion associated with secondary syphilis.
Bowenoid papulosis can be confused with lichen planus,
psoriasis, seborrheic keratoses, or condyloma acuminata
(15). Benign verrucae also must be differentiated from dys-
plastic and neoplastic lesions.

Treatment
Treatment for most benign verrucae consists of surgery,
cryotherapy, or topical chemotherapy. In each case, the ob-
jective is to eradicate the lesion and allow the immune sys-
tem to hold latent HPV in surrounding (normal-appearing)
tissue in check so as to prevent recurrences. Surgical therapy
includes simple excision, electrodesiccation, and removal
with a CO2 laser. Cryotherapy involves application of liquid
nitrogen, which induces dermal and epidermal cellular ne-
crosis. Topical chemotherapy options include podophyllin
resin, purified podophyllotoxin, 5-fluorouracil, retinoic acid,
cantharidin, salicylic acid, lactic acid, bichloroacetic acid,
and trichloroacetic acid (24). Selection of the most appro-
priate therapy depends on the size and location of the wart, as
well as on the history of previous therapies.

IFN-a is also approved for treatment of condyloma acu-
minatum. Combinations of IFN and other treatments do not
appear to be more effective than other treatments used
alone. IFN is costly and inconsistently effective and should
not be considered a primary treatment (24). The Toll-like
receptor 7 (TLR7) agonist imiquimod has been shown to be
very effective for condyloma acuminatum (25). It is applied
topically by the patient and produces minimal local in-
flammation and no systemic side effects. Its mode of action is
via induction of endogenous IFN-a as well as a host of other
cytokines. In contrast to therapies without antiviral or im-
munomodulatory mechanisms of action, a very low rate of
recurrence is observed following clearance of condyloma
acumination with imiquimod. Use of imiquimod in con-
junction with surgical treatment may be even more effective.
One retrospective study found that the rate of recurrent
anogenital warts was much lower in patients treated with a
16-week course of imiquimod (5% cream) monotherapy and
surgical excision of residual warts than in those treated with
surgical excision alone (26).

Prevention
Two vaccines—Cervarix and Gardasil—protect against the
two HPV types (HPV-16 and HPV-18) that cause 70% of
cervical cancers, 80% of anal cancers, 60% of vaginal can-
cers, and 40% of vulvar cancers (27). These vaccines also
protect against precancerous cervical lesions, most HPV-
induced oral cancers, and other rare genital cancers. Gardasil
also protects against the two HPV types (HPV-6 and HPV-
11) that cause 90% of genital warts. Both vaccines are given
in a series of three shots over 6 months. HPV vaccination is
recommended for girls and boys at age 11 or 12 years.
Women can get HPV vaccine through age 26, and men can
get vaccinated through age 21. Recently, a third vaccine has
been approved—Gardasil 9—which covers five additional
HPV strains (HPV-31, HPV-33, HPV-45, HPV-52, and
HPV-58) that are responsible for 20% of cervical cancer,
in addition to the four HPV strains covered by the first-
generation Gardasil vaccine. Gardasil 9 is approved for use
in females ages 9–26 and males ages 9–15.

Poxviruses

Epidemiology
Smallpox was endemic throughout the world but has been
eradicated by a worldwide vaccination program. Vaccination
against smallpox has not been given routinely in the United
States for over 30 years. Virtually all citizens are currently
susceptible to variola because vaccination is believed to be
protective for only 5–10 years (28). Currently, smallpox
virus is known to exist in only two laboratories: the Centers
for Disease Control and Prevention in Atlanta, Georgia, and
a laboratory in Novosibirsk, Russia. However, there is con-
cern that the virus exists elsewhere and could be used in
biological warfare. Viral transmission is primarily via respi-
ratory droplets. Historically, the incidence of infection was
highest in the winter and early spring because aerosolized
variola virus survives better at lower temperatures and low
humidity levels (29).

Monkeypox has historically been significant only in sub-
Saharan Africa, where it was recognized as a distinct disease
in 1970, despite its presumable existence for thousands of
years. Early studies suggested that most cases occurred in
children under age 10 and were associated with animal
contact, although secondary human-to-human transmission
did occur. The first documentation of monkeypox in the
Western Hemisphere was a cluster of cases in the U.S.
Midwest in 2003. This outbreak was spread by prairie dogs
that apparently acquired the virus from Gambian rats when
housed with them at a distribution center in Illinois (30).
Person-to-person spread of monkeypox through close con-
tact with infected individuals appears to occur inefficiently.
Vaccination with vaccinia virus is protective against mon-
keypox (31).

MC is the most prevalent poxvirus infection and com-
monly occurs on the trunk in children and as a sexually
transmitted disease in the genital area of adults. MC spreads
primarily by direct skin-to-skin contact, including auto-
inoculation; spread via fomites can also occur. Most children
with MC are healthy and younger than 8 years of age. Fewer
than 5% of children in the United States have clinical ev-
idence of MC virus infection (32). MC virus most com-
monly infects individuals 15–29 years old (32, 33). Infection
with MC virus occurs at increased rates among immuno-
compromised individuals, and the prevalence of MC among
HIV-positive patients is 5–8% (33). The occurrence of MC
virus infection in HIV-positive patients has decreased sig-
nificantly since the introduction of highly active antiretro-
viral therapy (HAART). Other immunodeficient states,
including systemic corticosteroid use and perhaps atopic
dermatitis, can also predispose to MC virus infection.

Clinical Features
Smallpox. Following viremic dissemination, smallpox virus
replicates in the epidermis and mucosae. It is spread not only
via direct skin contact and fomites but also by respiratory
transmission. Preceding the development of skin lesions,
patients typically experience 3 days of apprehension, sudden
prostrating fever, severe headache, back pain, and vomiting.
Erythematous macules then develop and progress to tense,
deep-seated papules and vesicles (Fig. 4). The vesicles are
followed by pustules, then crusts, and finally scar formation.
The rash appears in a centrifugal distribution with all lesions
in the same stage of development. Overall, the mortality rate
with smallpox is approximately 30%, but the hemorrhagic
form results in almost 100% mortality even before develop-
ment of skin lesions. Variola minor, caused by a less virulent
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strain of variola virus, has similar clinical manifestations but
lesser severity and mortality ( < 1%) (34).

When smallpox was epidemic, it was occasionally con-
fused with chickenpox, dengue fever, or enterovirus infec-
tions. An important distinguishing feature between
smallpox and chickenpox is that the crops of lesions are in
the same stage of development in smallpox infection,
whereas lesions occur in different stages of development in
chickenpox. The hemorrhagic form of smallpox has to be
distinguished from other viral hemorrhagic exanthems, co-
agulation disorders, typhus, and meningococcal septicemia.

Vaccinia. Vaccination with vaccinia virus is no longer
routine but is still used in certain target populations. The
live virus vaccine occasionally leads to serious complica-
tions, including bacterial superinfections, vaccinia ne-
crosum, generalized vaccinia, eczema vaccinatum, erythema
multiforme, accidental inoculation, and encephalitis (35).
These manifestations are discussed in Chapter 18.

Monkeypox. The clinical picture of human monkeypox
virus infection resembles that of smallpox. There is a 10- to
14-day incubation period followed by a prodromal illness
consisting of fever, malaise, and lymphadenopathy. After 1–
3 days, patients break out in a maculopapular rash that
usually begins on the trunk and spreads peripherally. Lesions
can occur on the palms and soles and on mucous mem-
branes. The mortality rate is 10%, and death usually occurs
during the second week of the illness (31).

Monkeypox and smallpox have very similar clinical
manifestations. One distinguishing feature clinically is
lymphadenopathy, which is common in the prodromal phase
of monkeypox virus infection but not smallpox (31). How-
ever, these poxviruses cannot be readily identified from one
another except by PCR assay (34).

Molloscum Contagiosum. The incubation period of MC
is 2–6 weeks. It manifests as 3- to 6-mm skin-colored dome-
shaped papules with a central umbilication. Although four
different strains of MC virus (I through IV) have been
identified (based on restriction endonuclease digestion pat-
terns), all strains produce similar clinical pictures. MCV I is
responsible for the vast majority of infections in immuno-
competent hosts in the United States. Clinical presentations
of MC often follow one of two patterns in immunocompe-
tent individuals: widespread papules on the trunk and face of
children, transmitted by direct skin-to-skin (nonsexual)
contact, or genital papules in adults, spread by sexual con-
tact. In either case it is unusual to see more than 15 lesions in
an individual patient. In immunocompromised persons, es-

pecially those who are HIV positive, MC can manifest with
thousands of papules and be a major source of morbidity
(Fig. 5); HIV-positive patients also commonly have facial
involvement as well as increased likelihood of bacterial su-
perinfection and treatment resistance (32).

A number of entities can mimic MC in the healthy host,
such as warts, basal cell carcinomas, and lichen planus. In
HIV-positive patients, MC must be distinguished from cu-
taneous cryptococcal infection (36).

Orf. Orf, contagious ecthyma, is a less common poxvirus
infection that is transmitted from sheep, goats, and other
animals to the hands of humans (Fig. 6). Orf manifests as
cutaneous nodules averaging 1.6 cm in diameter associated
with regional lymphadenopathy, lymphangitis, and fever.
Lesions spontaneously progress through six stages, resulting
in healing in about 35 days (37).

Milker’s Nodules. Milker’s nodules are caused by para-
poxvirus. Clinically similar to orf, the lesions result from
manual contact with teats of infected cows and have an
incubation period of 4–7 days. Also similar to orf, the
nodules heal in 4–6 weeks after progressing through six
clinical stages (38).

Orf and milker’s nodules can mimic one another or can
be confused with pyogenic granulomas, sporotrichosis, or
atypical mycobacterial infection.

Treatment
For patients with smallpox or disseminated vaccinia, man-
agement of symptoms and prevention of bacterial superin-
fection are paramount. See Chapter 18 regarding antiviral
therapy. There is no proven effective treatment for mon-
keypox, but vaccination is highly protective.

MC is a self-limited condition, but resolution may take 6
months to 5 years. Therefore, most physicians recommend
treatment, particularly for genital lesions, to reduce the risk

FIGURE 4 Variola major (smallpox).

FIGURE 5 (a) Photomicrograph of molluscum contagiosum
(MC) demonstrating central umbilication and epidermal hyper-
plasia containing intracytoplasmic inclusions (Henderson-Paterson
bodies) compressing nuclei. (b) Disseminated molluscum con-
tagiosum in an AIDS patient.

FIGURE 6 Nodular stage of orf on the hand of a shepherd from
Mexico.
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of spread and patient discomfort. Treatment options include
local excision by electrocautery, curettage, or cryotherapy
and chemical ablation via application of trichloroacetic acid
or podophyllin. Patients may opt to treat their lesions at
home by self-administering topical treatments such as po-
dophyllotoxin, retinoic acid, or imiquimod cream (33). Re-
currences are common in immunocompromised persons.
Lesions of orf or milker’s nodules can be removed via excision
and cautery, but this is usually not necessary as spontaneous
resolution can be expected in approximately 6 weeks.

Human Herpesviruses—Herpes Simplex Virus
(HSV-1, HSV-2)

Epidemiology and Clinical Manifestations
HSV-1 is the primary cause of oral herpes or herpes labialis
and an increasing number of genital infections. The virus is
typically transmitted via direct inoculation of the skin and
mucous membranes. Herpes labialis is extremely common,
with up to 90% of adults having serologic evidence of HSV-1
infection (39). While the majority of primary infections
with HSV-1 are asymptomatic, the virus remains dormant in
the host’s neuronal ganglia and can reactivate to produce
recurrent symptomatic disease. Recurrent episodes occur in
up to one-third of infected individuals and can be induced
by stress, trauma, menstruation, fever, colds, and ultraviolet
(UV) light. Upon reactivation, the virus travels down the
sensory nerve, producing prodromal sensations of pruritus or
tingling. When the virus reaches the skin, grouped vesicles
with surrounding erythema form on or near the vermillion
border of the lip. There is often regional lymphadenopathy
and occasionally fever, headache, and malaise. Vesicles ul-
cerate, crust, and resolve in 2–4 weeks, frequently with
postinflammatory hypo- or hyperpigmentation.

At least 50 million individuals in the United States, or
one in four adults, are estimated to be seropositive for HSV-2
(40). HSV-2 is the primary cause of genital herpes or herpes
genitalis. As with HSV-1, most primary infections with
HSV-2 are asymptomatic, with only 10–25% of seropositive
individuals indicating a history of genital ulcers (40). Primary
HSV-2 infection classically manifests with widespread genital
vesicles and ulcers with surrounding erythema (Fig. 7). There
may be associated edema, pain, inguinal lymphadenopathy,
discharge, dysuria, malaise, fever, and photophobia. These
signs and symptoms typically occur within 3–14 days of
sexual contact with an infected individual. Viral shedding
from active lesions lasts up to 14 days in women and approx-
imately 10 days in men (41); however, HSV-2-seropositive
individuals can still shed the virus and infect others when
no lesions are present. Symptoms are typically more severe
in women than in men, and skin lesions often require 3–4
weeks for complete healing.

Similar to HSV-1, recurrences of HSV-2 may be triggered
by a variety of factors, such as emotional or physical stress or
mild trauma. Recurrent episodes of HSV are usually less se-
vere than initial outbreaks and often heal in 7–10 days
without therapy. Men suffer 20% more recurrences than
women, which may contribute to the higher rate of herpes
transmission from men to women. In immunocompromised
individuals, HSV recurrences may be chronic and result in
significant morbidity if untreated.

Up to 30% of first-episode genital herpes is due to HSV-1,
which is often attributable to orogenital contact. Genital
herpes due to HSV-1 is usually less severe than disease due to
HSV-2. In addition, genital herpes due to HSV-1 recurs less
frequently than HSV-2-associated disease.

In addition to herpes labialis and genitalis (Fig. 8), HSV-1
and HSV-2 can also cause gingivostomatitis, herpetic
whitlow (Fig. 9), HSV gladiatorum, neonatal herpes, her-
petic keratoconjunctivitis, aseptic meningitis, and herpes
encephalitis. Complications of HSV infection include ery-
thema multiforme (Fig. 10) and eczema herpeticum due to
autoinoculation of the virus onto areas of atopic dermatitis.
In immunocompromised patients, infection with HSV-1 or
HSV-2 can lead to widespread local infection, as well as
disseminated cutaneous and visceral infection.

Neonatal herpes is caused by HSV-1 or HSV-2 trans-
mitted in utero, intrapartum, or postnatally. The details of
newborn HSV infection are described in Chapter 19.

Diagnosis
Diagnosis of HSV-1 and HSV-2 infection is often made
clinically but can be confirmed by viral culture, Tzanck

FIGURE 7 First-episode genital herpes due to herpes simplex
virus 2 (HSV-2) in a man who gave a history of always using con-
doms during sex.

FIGURE 8 Recurrent herpes simplex virus 2 (HSV-2) infection
of the buttock.
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smear (Fig. 11), PCR, serology, and antigen detection. HSV-1
and HSV-2 typically grow readily within 1 to 2 days in cell
culture (42), but real-time HSV PCR assays have emerged as
a more sensitive method to confirm HSV infection in clin-
ical specimens obtained from genital ulcers and mucocuta-
neous sites. Because the prognosis is different for herpes
genitalis caused by HSV-1 versus HSV-2, differentiating
between the two is important for patient counseling. Se-
rology not only can differentiate between HSV-1 and HSV-2
but also can be helpful in distinguishing primary genital
herpes with a predominance of immunoglobulin M (IgM)
antibodies from nonprimary genital herpes with a high
proportion of IgG.

The differential diagnosis for vesicular lesions associated
with HSV infection includes contact dermatitis, bullous
impetigo, and insect bites. For lesions that are located spe-
cifically in the orolabial region, aphthous stomatitis, HFMD,
and herpangina should be considered. In addition, erythema
multiforme should be considered, as HSV is the most com-
mon identifiable etiologic agent (43). The differential for
lesions in the genital region includes urethritis, urinary tract
infections, tinea cruris, and vaginitis.

Treatment and Prevention
HSV-1 and HSV-2 are commonly treated with acyclic nu-
cleoside analogues that block viral DNA polymerase, such as
acyclovir. Topical, oral, and intravenous acyclovir are
available, although the topical formulation is rarely used due
to its limited penetration of the stratum corneum. Oral
acyclovir, especially if started early, accelerates the rate of

lesion crusting in oral and genital herpes (44). In patients
with severe or frequent recurrences or with ocular HSV,
suppressive therapy with acyclovir has been shown to de-
crease the recurrence rate by 50% (44). Acyclovir has also
been shown to reduce asymptomatic viral shedding of HSV-
2 by 95% (45).

In immunocompromised patients with mucocutaneous
HSV, especially in disseminated disease, intravenous acy-
clovir is favored. Intravenous acyclovir is also used for in-
fection in neonates, eczema herpeticum, and herpes
encephalitis (45). Foscarnet is approved for the treatment of
acyclovir-resistant HSV infections.

Currently, valacyclovir and famciclovir along with acy-
clovir are the mainstay drugs for treating as well as sup-
pressing genital herpes. One study demonstrated a 50%
decrease in HSV-2 transmission with once-daily valacyclovir
(40). Famciclovir has also been shown to be an effective,
well-tolerated option for the suppression of genital herpes
among individuals with multiple recurrences (46).

The development of an effective vaccine against HSV-1
and HSV-2 has proven challenging, and no vaccine is cur-
rently available. Two studies of a prophylactic glycoprotein
D2 alum/monophosphoryl lipid A (MPL) vaccine demon-
strated prevention of genital herpes disease in 73% (first
study) and 74% (second study) of seronegative women
whose regular sexual partner had a history of genital herpes
(47). A second prophylactic vaccine (ICP10DPK, AuRx)
was shown to prevent recurrent disease in 44% of immunized
subjects and to reduce the frequency and severity of recur-
rences in subjects that were not fully protected (48). A more
recent study of HSV-2 glycoprotein D has shown 58% effi-
cacy against HSV-1, but was not efficacious against HSV-2
(49).

Varicella-Zoster Virus

Epidemiology and Clinical Manifestations
VZV, or human herpesvirus type 3 (HHV-3), is a highly
prevalent pathogen, with 98% of the adult population in the
United States having serologic evidence of previous infec-
tion. VZV causes two distinct diseases: primary varicella
(chickenpox) and herpes zoster (shingles). Before the in-
troduction of a vaccine in 1995, 3–4 million cases of vari-
cella leading to approximately 11,000 hospitalizations and
100 deaths were reported each year (50). Transmission oc-
curs via direct contact or airborne droplets. Currently, more
than 1,000,000 cases of herpes zoster occur each year in the
United States; however, the use of the VZV vaccine will
significantly alter the epidemiology of both syndromes.

FIGURE 9 Herpes whitlow due to herpes simplex virus 2 (HSV-
2) in a health care worker following a puncture wound from a
needle used to culture genital herpes.

FIGURE 10 (a) Photomicrograph of erythema multiforme as-
sociated with herpes simplex virus 1 (HSV-1), showing subepider-
mal vesicles, necrotic keratinocytes, and balloon cell degeneration.
(b) Erythema multiforme following an outbreak of herpes labialis.

FIGURE 11 Photomicrograph of an ulcer resulting from herpes
simplex virus 2 (HSV-2), in which multinucleated giant cells with
eosinophilic intranuclear inclusions can be seen.
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Primary varicella typically manifests in younger children
as low-grade fever, malaise, and disseminated pruritic vesi-
cles classically described as “dewdrops on a rose petal.” Skin
lesions first appear on the face and trunk as erythematous
macules and rapidly progress over 12–14 hours to papules,
vesicles, pustules, and crusts (Fig. 12). Most of the lesions are
seen centrally and on the proximal extremities. Vesicles also
appear on mucous membranes, but they erode rapidly to
form shallow, painful ulcers. Due to the rapid evolution of
successive crops of lesions, varicella is characterized by the
simultaneous presence of lesions in all stages of development
within the same anatomic region. In older children and
adults, the exanthem is often preceded by up to 3 days of
prodromal symptoms, including headache, myalgias, an-
orexia, nausea, and vomiting.

The most common cutaneous complication of varicella
in young, immunocompetent individuals is scarring, which is
often secondary to bacterial superinfection with Staph-
ylococcus aureus or Streptococcus pyogenes. In adults and im-
munocompromised individuals, significant morbidity and
occasional mortality can result from complications of VZV
infection, including myelitis, large vessel granulomatous ar-
teritis, encephalitis, varicella pneumonia, and varicella
hepatitis (51). Maternal infection with VZV in the first
trimester is associated with a 2% risk of congenital malfor-
mations, such as intrauterine growth retardation, limb hy-
poplasia, cataracts, chorioretinitis, microcephaly, cortical
atrophy, and skin lesions (52). The skin lesions typically
consist of areas of hypertrophic scarring with induration and
erythema located especially on the extremities.

In 20% of immunocompetent individuals and in up to
50% of immunocompromised individuals, VZV reactivates
years or even decades later to produce herpes zoster. Al-
though in most cases the exact trigger for reactivation is
unknown, advancing age is an important factor, with the

majority of cases occurring in individuals over 50. A family
history of shingles also appears to increase the risk of herpes
zoster (53). Upon reactivation, the virus spreads down the
sensory nerves, and transient virema occurs with associated
prodromal symptoms of pain, fever, regional lymphadenop-
athy, and malaise (54). After a few days to weeks of pain,
vesicles appear along the distribution of the sensory nerve
(Fig. 13). Although vesicles generally occur only along one
dermatome, it is not unusual for a few lesions to appear in
neighboring dermatomes. The predilection for zoster to ap-
pear in certain anatomic regions (face and trunk) usually
corresponds to the areas most affected by primary varicella.
After a few days, the vesicles become pustules, and within 1–
2 weeks the pustules become crusts. The skin lesions found
in herpes zoster can shed VZVand cause primary varicella in
seronegative individuals.

Although scarring can occur, particularly in darker-
skinned individuals, cutaneous complications of herpes
zoster are rare. The most prevalent complication is post-
herpetic neuralgia, which is defined as persistent pain for
more than 8–12 weeks after initial rash appearance (51).
The pain, which may be extremely severe, can last for
months to years and be highly resistant to treatment. Other
complications of herpes zoster include vision impairment or
blindness with involvement of the ophthalmic branch of the
trigeminal nerve and painful facial paralysis (Ramsay Hunt
syndrome) with involvement of the facial and auditory
nerves (55). Rarely, sensory defects, motor paralysis, and
encephalomyelitis can occur (56, 57). Dissemination of
herpes zoster, defined as more than 20 vesicles outside the
primary and adjacent dermatomes, is rare in healthy hosts
but can occur in up to 40% of severely immunocompromised
individuals. Cutaneous dissemination may be a marker of
visceral involvement (liver, lungs, and the CNS) and
therefore can herald significant morbidity and mortality.

Diagnosis
Varicella and herpes zoster are often diagnosed clinically on
the basis of the characteristic vesicular lesions, which are
widespread in chickenpox (varicella) or restricted in a der-
matomal pattern with associated neuritis in shingles (herpes
zoster). However, laboratory confirmation is useful in cir-
cumstances where the clinical presentation is atypical and
challenging, especially in immuncompromised patients. The
diagnostic techniques include viral culture, direct immu-
nofluorescence testing, serology testing, and PCR assay,
which is the most sensitive test. Virus isolation by culture is
insensitive, requires prolonged incubation, and associated
with low yield (approximately 60–75%) when compared
with PCR testing (58).

FIGURE 12 Primary varicella in an adult Japanese man. FIGURE 13 Thoracic herpes zoster in an otherwise healthy man.
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Treatment
For most children, primary varicella is a benign, self-limited
disease and treatment is largely supportive. However, preg-
nant women and neonates are at considerable risk for mor-
bidity and mortality and are treated with antivirals such as
intravenous acyclovir (58, 59). Treatment for herpes zoster
includes antivirals and analgesics for pain control. Acyclo-
vir, valacyclovir, and famciclovir are FDA approved for the
management of acute herpes zoster, although they may not
decrease the rate of development of postherpetic neuralgia
(58). Antiviral therapy is imperative in patients with herpes
zoster that involves the ophthalmic branch of the trigeminal
nerve to prevent vision loss (58). Pain management is es-
pecially difficult with conventional analgesics in herpes
zoster patients who develop postherpetic neuralgia. Tricyclic
antidepressants, selective serotonin and norepinephrine re-
uptake inhibitors (duloxetine and venlafaxine), opioid,
calcium channel a2-d ligands (gabapentin and pregabalin),
topical capsaicin, and topical lidocaine have been shown to
reduce the pain associated with postherpatic neuralgia (60).
Of these medications, only gabapentin, pregabalin, 5% li-
docaine patch, and 8% capsaicin patch have been approved
by the FDA specifically for the treatment of postherpetic
neuralgia (61). Adding gabapentin to an antiviral in patients
with acute herpes zoster appears to reduce significantly the
incidence of postherpetic neuralgia (62). In January of 2011,
the FDA approved Gralise� as a once-daily medication for
the treatment of postherpetic neuralgia (63). Gralise is an
extended-release form of gabapentin that not only has been
shown to decrease postherpetic neuralgia pain scores sig-
nificantly, but may also be associated with fewer side effects
than its immediate-release counterpart. In 2012 the FDA
approved Horizant�, gabapentin enacarbil, for the once-
daily therapy of postherpetic neuralgia.

Prevention
Vaccines are currently available for prophylaxis of varicella
(Varivax vaccine) and herpes zoster (Zostavax vaccine). The
live attenuated viral vaccine (Oka strain) was approved in
1995 and produces a 95% seroconversion rate (64). Sig-
nificant adverse events with the vaccine are rare, with fewer
than 5% experiencing a mild varicella-like disease. There has
been a significant decrease in varicella since the vaccine was
instituted, and vaccination will likely alter the epidemiology
of herpes zoster as well (65). Children should get the first
dose of the vaccine at 12–15 months and the second dose at
4–6 years. Varicella vaccine doses given to persons 13 years
or older should be separated by 4–8 weeks. The VZV vaccine
is contraindicated in immunocompromised individuals, in
persons with a history of anaphylactic or anaphylactoid re-
actions to gelatin or neomycin, and in pregnant women (66).
Varicella-zoster immunoglobulin is recommended for post-
exposure prophylaxis in immunocompromised persons,
pregnant women, and neonates born to mothers who ac-
quired varicella a week before or up to 2 days after delivery.

In a clinical trial involving more than 38,000 adults 60
years of age or older, the vaccine was shown to reduce the
incidence of herpes zoster by 51% and the incidence of
postherpetic neuralgia by 67% (67). In 2006, the Advisory
Committee on Immunization Practices recommended a sin-
gle dose of zoster vaccine for adults 60 years of age or older,
whether or not they have had a previous episode of herpes
zoster (68). A subsequent clinical trial that studied Zostavax
in patients aged 50 to 59 years showed that the vaccine
efficacy for preventing herpes zoster was 69.8% in this age
group. In 2011 the FDA approved Zostavax for patients 50 to

59 years of age (69). An adjuvanted herpes zoster subunit
vaccine (HZ/su), that is currently being studied but is not yet
approved, was shown to significantly reduce the risk of her-
pes zoster among adults who were 50 years of age or older.
However, unlike Zostavax, the HZ/su vaccine efficacy was
well preserved among participants who were 70 years of age
or older (70).

Epstein Barr Virus

Clinical Manifestations
The EBV, or HHV-4, causes infectious mononucleosis, also
known as “the kissing disease,” because the virus is typically
transmitted through oral secretions. Infectious mononucle-
osis first manifests as prodromal symptoms of malaise,
headache, and fatigue, followed by fever, sore throat, and
cervical adenopathy. Hepatomegaly and splenomegaly can
also occur. Cutaneous manifestations of infectious mono-
nucleosis include macules, papules, and, less commonly, er-
ythema, vesicles, and purpura. These lesions are the result of
viral replication and manifest during the first week of illness.
In approximately one-third of patients, small petechiae are
observed at the border of the hard and soft palates. If in-
fectious mononucleosis is treated inappropriately with am-
picillin or other penicillins, a high percentage of patients
develop erythematous macules and papules over the trunk
and extremities (71). These lesions persist for about 1 week,
followed by desquamation.

EBV has a pathogenic role in the development of many
cancers, especially in immunocompromised individuals;
these cancers include Burkitt’s lymphoma, Hodgkin’s disease,
nasopharyngeal carcinoma, and posttransplantation B-cell
lymphoma (51). EBV expression has also been detected in
cutaneous T-cell lymphomas, including mycosis fungoides,
although its role is yet to be determined (72). Mycosis fun-
goides initially manifests as annular pink scaly patches that
over time develop into patches and plaques that may re-
semble psoriasis. Finally, large irregular tumors form that may
ulcerate. EBV DNA has also been detected in epithelial cells
of oral hairy leukoplakia, an oral lesion closely associated
with HIV infection (73) (Fig. 14). Finally, Gianotti-Crosti
syndrome, manifested as symmetric, nonpruritic, lichenoid
papules of the face, limbs, and buttocks, has also been asso-
ciated with primary EBV infection (74) (Fig. 15).

Diagnosis
Diagnosis is usually made through the detection of specific
antibodies to EBV (see Chapter 24: Epstein-Barr Virus.

FIGURE 14 Oral hairy leukoplakia associated with Epstein-Barr
virus (EBV) in an AIDS patient.
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Authors: Katherine Luzuriaga, John L. Sullivan). In partic-
ular, the monospot test, which detects heterophile anti-
bodies, is used to diagnose infectious mononucleosis. This
test is not commonly used for children due to its high false-
negativity rate. Peripheral smears can support the diagnosis if
greater than 10% atypical lymphocytes are noted.

The differential diagnosis for the classic symptoms of sore
throat, malaise, and lymphadenopathy associated with in-
fectious mononucleosis includes streptococcal pharyngitis
and other viral causes of pharyngitis. Acute HIV syndrome
can also manifest as malaise, lymphadenopathy, and non-
specific mucocutaneous manifestations. Acute CMV infec-
tion can cause infectious mononucleosis similar to EBV
mononucleosis. The cutaneous manifestations of infectious
mononucleosis may resemble a number of nonspecific viral
exanthems. However, if the findings are preceded by the
recent administration of ampicillin, the probability of EBV
infection is high.

Treatment
Treatment for infectious mononucleosis due to EBV is
largely supportive. Antivirals, such as acyclovir, and cor-
ticosteroids have not been shown to be effective (75, 76).
The development of anti-B-cell antibodies, such as ritux-
imab, has greatly enhanced the therapeutic options for EBV-
associated cancers (77, 78).

Cytomegalovirus

Epidemiology and Clinical Manifestations
CMV is an ubiquitous virus that is transmitted through in-
fectious secretions. In developing countries, close to 100% of
the adult population are seropositive, while in developed
countries only about 50% of adults have evidence of infec-
tion. Primary infection is usually subclinical in immuno-
competent individuals, although CMV mononucleosis
syndrome occurs. Symptoms include fever, fatigue, and, less
commonly, lymphadenopathy, sore throat, and organo-
megaly. Up to one-third of patients with CMV mononu-
cleosis develop a maculopapular generalized rash.

Primary CMV infection in pregnant women poses a se-
rious threat to the fetus. Maternal CMV infection is con-
sidered a leading viral cause of congenital malformations,
CNS injury, and hearing loss in the neonate. If primary
maternal infection occurs during pregnancy, especially dur-
ing the first trimester, the rate of transmission is about 40%
(79). Many of these infants have clinical manifestations at
birth, including intrauterine growth retardation, micro-
cephaly, cerebral atrophy, periventricular calcifications,
chorioretinitis, sensorineural hearing loss, thrombocytope-

nia, and hepatosplenomegaly. Cutaneous manifestations
include jaundice and purpuric macules and papules, sec-
ondary to persistent dermal hematopoiesis, resulting in the
clinical picture of the “blueberry muffin baby.” With recur-
rent maternal infection during pregnancy, the risk of trans-
mission is only about 1%, and most of these infants have
clinically silent disease at birth (79).

In immunocompromised patients, in whom CMV is as-
sociated with a variety of clinical entities, including retinitis,
hepatitis, and colitis, infection may be associated with a
variety of skin lesions, from vesicles to verrucous plaques.
The most prevalent cutaneous manifestation is ulceration,
especially in the perianal area (80). These cutaneous ulcer-
ations are the result of CMV infection of the vascular en-
dothelium and subsequent destruction of blood vessels.

Diagnosis
CMV DNA levels in acute CMV infection can provide
prognostic information for immunocompromised patients.
Histology can also be beneficial in diagnosis. CMV-infected
cells have characteristic intranuclear inclusions surrounded
by clear halos resembling “owl’s eyes.”

In the neonate with congenital CMV infection, the dif-
ferential diagnosis includes other congenital infections, in-
cluding toxoplasmosis, rubella, HSV, syphilis, and
lymphocytic choriomeningitis virus. For older patients, the
differential diagnosis for CMV infectious mononucleosis
includes EBV mononucleosis. The monospot test is gener-
ally negative in CMV mononucleosis.

Treatment
Ganciclovir, a nucleoside analog of guanosine, has been
shown to be effective in the treatment and prophylaxis of
CMV infections (81, 82). Valganciclovir, a prodrug of gan-
ciclovir, is available orally and has significantly increased
bioavailability compared to ganciclovir, with similar safety
and efficacy profiles (82). Valganciclovir has been approved
for the treatment of CMV retinitis in adult patients with
acquired immunodeficiency syndrome (AIDS), as well as for
prophylaxis of CMV disease in organ transplant recipients
(83). For ganciclovir- and valganciclovir-resistant CMV
infections, intravenous foscarnet or cidofovir are the drugs of
choice. For further discussion, see also Chapters 12 and 22.

Human Herpesviruses—HHV-6 and HHV-7

Epidemiology and Clinical Manifestations
HHV-6 and HHV-7 are highly prevalent infections; 90% of
children have serologic evidence of HHV-6 infection by 2
years of age (84). HHV-7 infection usually occurs later, with
most children seropositive by 5–6 years of age (85). Trans-
mission is through oropharyngeal secretions. Primary infec-
tion with HHV-6 is a common cause of fever, irritability, and
rhinorrhea in children. One study found that primary HHV-
6 infection accounted for 20% of fevers in children between
6 and 12 months of age (86). HHV-6, as well as HHV-7, is
also associated with the common childhood exanthem ro-
seola infantum (exanthem subitum or sixth disease). Roseola
infantum manifests as a high fever lasting 3–5 days followed
by the development of a nonpruritic, blanchable, pink,
maculopapular rash on the neck and trunk. Other cutaneous
manifestations include palpebral edema and lesions on the
soft palate. Roseola infantum is usually self-limited but can,
rarely, cause seizures and encephalitis (87).

HHV-7 is also suspected to play a role in the pathogenesis
of pityriasis rosea, another acute, self-limited exanthem.

FIGURE 15 Papules of Gianotti-Crosti syndrome associated
with Epstein-Barr virus (EBV).
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Pityriasis rosea begins with the development of a herald
patch, a single plaque that is salmon-colored to red with fine
scale at the periphery. The herald patch is followed by the
development of pink papules and plaques in a “Christmas
tree” distribution on the trunk.

Diagnosis
Diagnosis is usually made clinically but can be confirmed via
serology, peripheral blood mononuclear cell culture, or PCR
(86). The clinical presentation of roseola infantum and its
rapid resolution distinguish it from other entities on the
differential diagnosis, including drug eruptions, scarlet fever,
rubella, measles, erythema infectiosum, and other viral ex-
anthems. The differential diagnosis for pityriasis rosea in-
cludes drug eruptions, secondary syphilis, guttate psoriasis,
erythema multiforme, and tinea corporis. The presence of a
herald patch and the resolution of pityriasis rosea without
treatment can aid in diagnosis.

Treatment
Treatment is largely supportive. There have been no con-
trolled trials of antiviral therapy or specific recommenda-
tions for the management of HHV-6 and HHV-7 (88).

Human Herpesvirus 8

Epidemiology
The prevalence of HHV-8 infection varies significantly in
populations worldwide. In the United States, less than 5% of
adults have serologic evidence of HHV-8, whereas in highly
endemic areas, such as Africa, more than 50% are seropos-
itive (89). HHV-8 is predominantly shed in the saliva and to
a lesser degree in semen and other body fluids. In low-
prevalence areas, transmission is mainly through sexual
contact, whereas in high endemic areas, transmission is
typically from mother to child and between siblings (89).
HHV-8 is associated with the development of Kaposi’s sar-
coma (KS) in both HIV-infected and HIV-negative persons
(90, 91).

KS is the most common AIDS-associated malignancy in
the developed world and one of the most common cancers in
developing nations. KS in HIV-negative patients is rare. Two
groups are at risk to develop non-AIDS related KS: elderly
men mainly of Mediterranean origin and persons with iat-
rogenic immunosuppression.

Clinical Manifestations
KS are vascular neoplasias that initially present as deep red-
purple macules (Fig. 16). The macules evolve into papules,
plaques, and tumors that can be pink, red, purple, or brown.
Classically, the lesions begin on the feet and hands and
spread proximally. There is often associated lymphedema,
especially of the lower extremities. KS can present with oral
lesions as well and involve almost any internal organ.

HHV-8 is also associated with primary effusion lympho-
ma and multicentric Castleman’s disease. Castleman’s dis-
ease is caused by the hyperproliferation of B cells forming
tumors in lymph nodes throughout the body. In addition,
HHV-8 DNA has also been detected in squamous cell car-
cinomas and other epithelial lesions in organ transplant re-
cipients (91). The role of HHV-8 in the pathogenesis of
these epithelial tumors is still unclear.

Diagnosis and Differential Diagnosis
The differential for KS includes dermatofibroma, pyogenic
granuloma, hemangioma, bacillary (epithelioid) angioma-

tosis, melanocytic nevus, ecchymosis, granuloma annulare,
stasis dermatitis, and insect bites (92). Both PCR and sero-
logic markers can aid in diagnosis, although skin biopsy is
usually necessary for confirmation (93, 94) (Fig. 17).

Treatment
Although ganciclovir, foscarnet, and cidofovir have in vitro
activity against HHV-8 and limited studies indicate these
agents may be associated with reduced KS disease progression
or lesion regression, larger and more definitive studies are
needed to determine whether antiviral therapy has a useful
role in managing HHV-8-associated diseases. KS regression
has been documented after ganciclovir or foscarnet therapy,
although one study indicated cidofovir was ineffective (95).

The use of intravenous (i.v.) ganciclovir or oral valgan-
ciclovir is an option for treatment of multicentric Castle-
man’s disease. A 3-week course of twice-daily i.v. ganciclovir
or oral valganciclovir was associated with remissions in
multicentric Castleman’s disease in one report, and a com-
bination of valganciclovir and high-dose zidovudine given
for 7–21 days led to durable clinical remissions of the disease
(96, 97). Rituximab also is an effective alternative to anti-
viral therapy in the treatment of multicentric Castleman’s
disease, although up to one-third of patients treated with
rituximab may have subsequent exacerbations or emergence
of KS. (27, 28,98–101)

B Virus (Herpesvirus Simiae)
An animal herpesvirus, B virus (herpesvirus simiae), can also
rarely cause human disease, most significantly a fatal en-
cephalomyelitis. This virus usually infects humans follow-
ing a bite or scratch from a macaque monkey. Erythema,
induration, and vesicles develop at the inoculation site

FIGURE 16 Kaposi’s sarcoma associated with human herpesvi-
rus 8 (HHV-8) in an HIV-negative elderly Italian man.
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and are followed by fever, lymphangitis, lymphadenopathy,
gastrointestinal symptoms, and myalgias. These symptoms
are followed by rapid progression to the neurologic signs and
symptoms of encephalomyelitis (102). Although many
nonhuman herpesviruses exist, B virus is of particular im-
portance due to the high mortality rate in infected humans
(103). Diagnosis is typically made through viral culture. The
virus can be recovered from vesicular skin lesions at the
point of inoculation, as well as from vesicles following re-
activation of the latent B virus.

Parvovirus B19

Epidemiology
Parvovirus B19 infection is common worldwide and occurs
both sporadically and as epidemics. Parvovirus B19 has been
recognized since the 1980s as the cause of erythema in-
fectiosum (fifth disease) (104). This syndrome presents most
commonly in children 4–10 years of age and often in epi-
demics in late winter and early spring (105). Viremia appears
6–14 days after a susceptible patient contracts parvovirus
B19 via the respiratory route, but the rash appears 17–18
days following infection. Approximately 60–70% of adults
are parvovirus B19 IgG seropositive, with prevalence rates
increasing with age (106). The rate of primary parvovirus
B19 infection in adults is much higher in those who are
immunocompromised. Parvovirus B19 typically affects 1–
5% of pregnant women, but higher attack rates (up to 20%)
occur during an epidemic. Infection of a pregnant woman,
particularly during the first or second trimester, can lead to
nonimmune hydrops fetalis and fetal death (107).

The virus is spread by respiratory droplets, but nosoco-
mial infections have been described (108). Parvovirus B19
has also been transmitted by blood products, especially
pooled factor VIII and factor IX concentrates. Since January
of 2002, producers of plasma derivatives have voluntarily
instituted quantitative measurements of B19 DNA to reduce
the risk of iatrogenic transmission. Iatrogenic transmission of
parvovirus B19 via blood products continues to occur in part
because the virus’s small size, heat resistance, and high viral
load make it difficult to eradicate from blood and plasma
derivatives (109).

Clinical Features
Erythema infectiosum begins with nonspecific symptoms
approximately 4–14 days after exposure to parvovirus B19
but can begin as late as 21 days after exposure (110). Con-
fluent erythematous, edematous plaques appear on the

cheeks with circumoral pallor after about 2 days of low-grade
fever, headache, and coryza. The rash gives the cheeks a
“slapped” appearance (Fig. 18) and is accompanied by con-
tinuation of the above-mentioned symptoms and the ap-
pearance of cough, conjunctivitis, pharyngitis, malaise,
myalgias, nausea, diarrhea, and occasional arthralgias. After
1–4 days, the facial rash fades coinciding with the appear-
ance of erythematous macules and papules with a reticulated
pattern on the extensor surfaces of the extremities, neck, and
trunk. The rash can be pruritic and usually lasts for 1–2
weeks, but it can persist for months. The rash may be eva-
nescent, and recurrences can be provoked by exposure to
sunlight, heat, emotional stress, or exercise. Patients with
erythema infectiosum appear to be infectious only before the
appearance of the rash, as parvovirus B19 is usually not found
in respiratory secretions or in the serum after the appearance
of cutaneous manifestations. Parvovirus myocarditis (111)
and heart failure (112) have followed fifth disease in a small
number of cases. Parvovirus infection has been associated
with severe but self-limited hepatitis in a few children (113).

The gloves-and-socks syndrome, an exanthem localized
to the hands and feet, with edema, erythema, paresthesia,
and pruritus, has also been linked to parvovirus B19 (114).
Chronic fatigue syndrome may follow infection with par-
vovirus B19 (115). Meningitis, encephalitis, and a variety of
neurologic complications may occur with fifth disease and
parvovirus infection (116). In adults, primary parvovirus
B19 infection is often associated with an acute arthropathy
without rash. Other clinical presentations of parvovirus B19
infection, uncommonly accompanied by rash, include
transient aplastic crisis in patients with chronic hemolytic
anemia, parvovirus-related chronic anemia in immuno-
compromised patients, and nonimmune fetal hydrops (117).

Diagnosis
Detection of serum IgM directed to parvovirus B19 indicates
recent infection. The serum IgM levels start to decline after
1 month, but IgM is still detectable for 6 months after in-
fection. Parvovirus B19-specific IgG can be detected 1 week
following infection and persists for years. Severely immu-
nocompromised hosts may fail to mount antibody responses.
PCR is available for detection of the virus.

The macular and papular stages of erythema infectiosum
must be differentiated from drug eruptions, bacterial infec-
tions (such as scarlet fever and erysipelas), and other viral
infections (such as those due to enteroviruses and rubella,
measles, and roseola viruses).

FIGURE 17 Photomicrograph of Kaposi’s sarcoma associated
with human herpesvirus 8 (HHV-8), demonstrating neo-
vascularization, endothelial proliferation, and plump hyper-
chromatic atypical nuclei lining vascular spaces.

FIGURE 18 Erythema infectiosum (fifth disease) associated with
parvovirus B19.
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Treatment
Because erythema infectiosum is a self-limited and mild ill-
ness, no treatment is usually indicated. No specific antiviral
therapy exists for parvovirus B19, but intravenous immu-
noglobulin with specific neutralizing antibody is useful in
treating infections in immunocompromised hosts (118,
119). Nonsteroidal anti-inflammatory drugs are often used to
relieve arthralgias and arthritis.

RNA VIRUSES
Enteroviruses

Epidemiology
Enteroviruses are highly contagious and are typically trans-
mitted by human oral–oral and fecal–oral routes. Direct
contact with fluid from cutaneous and ocular lesions, fo-
mites, and contaminated water sources may also be mecha-
nisms of transmission. The gastrointestinal tract may remain
infected, thereby releasing virus into the feces for days,
weeks, or even months after initial infection, thus allowing
the potential for spread (120, 121).

Enterovirus infections occur worldwide. It has been es-
timated that each year there are approximately 10–15 mil-
lion symptomatic enterovirus infections in the United States
(122). These infections tend to have a seasonal preference
for summer and fall, and a higher incidence in children
younger than 10 years of age has been reported (123).

Pathogenesis
After infection via the buccal mucosa, pharynx, or gastro-
intestinal tract, the virus travels to regional lymph nodes,
and a secondary viremia results in the virus seeding sec-
ondary locations, including mucocutaneous sites among
others, resulting in intraepidermal vesicles containing neu-
trophils, mononuclear cells, and proteinaceous eosinophilic
material. The subvesicular dermis is edematous and contains
a perivascular polymorphous infiltrate composed of lym-
phocytes and neutrophils.

Clinical Features
Enteroviruses can cause a variety of clinical manifestations.
Common mucocutaneous presentations (Table 1) and less
common manifestations (Table 2) are recognized. While a
variety of enteroviruses, particularly coxsackieviruses, cause
mucocutaneous manifestations, the two most distinctive
syndromes are HFMD and herpangina.

Hand-Foot-and-Mouth Disease. HFMD is a mucocuta-
neous manifestation that usually affects persons in their
preteen and teenage years (124). Serotypes CVA16 and
EV71 are responsible for most epidemic cases of HFMD, but

occasionally HFMD may be associated with CVA4–CVA7,
CVA9, CVA10, CVB1–CVB3, CVB5, and echovirus 4
(125). EV71 is a major public health issue across the Asia-
Pacific region and beyond. Since the late 1990s, large EV71
epidemics with significant numbers of fatalities have been
reported in Malaysia, Taiwan, Mainland China, and other
Southeast and East Asian countries (126).

After an incubation period of 3–6 days, a prodrome
characterized by low fever, malaise, and abdominal or re-
spiratory symptoms precedes the mucocutaneous lesions by
12–24 hours. Adult cases of CVA6 in Europe and the United
States have been associated with severe systemic symptoms
and occasional onychomadesis (127).

Oral lesions typically appear first and aremost common on
the hard palate, tongue, and buccal mucosa. The lesions can
vary in number from 1 to 10 and typically begin as macules
that rapidly progress to 2- to 3-mm vesicles and then to
shallow, yellow-gray painful ulcers with an erythematous halo.

Cutaneous vesicles appear concomitantly with or soon
after the oral lesions and are most prevalent on the hands
and feet, including the palms and soles, but can appear on
the face, legs, and buttocks. These lesions can vary in
number from a few to over 100. Cutaneous lesions also begin
as erythematous macules, but are larger (3–7 mm) and de-
velop into cloudy, white oval vesicles with a red halo (128).
Both oral and cutaneous lesions are usually tender or painful
and resolve in 5–10 days without treatment or scarring.

HFMD can cause neurologic manifestations that range
from aseptic meningitis to acute flaccid paralysis and
brainstem encephalitis, which can be associated with sys-
temic features, such as severe pulmonary edema and shock,
in many cases (129, 130).

Herpangina. Herpangina is a self-limiting, acute illness
that characteristically affects the posterior oropharyngeal
structures. Herpangina is usually caused by CVA2, CVA4,
CVA5, CVA6, CVA8, or CVA10; however, less commonly,
the syndrome can be caused by various group B coxsack-
ieviruses, echoviruses, and nonspecific enteroviruses. Her-
pangina usually affects children from 1 to 7 years of age
(131) and begins abruptly with a high fever, sore throat,
dysphagia, anorexia, and malaise (132). Small, gray-white
vesicles (less than 5 mm) surrounded by erythema appear on
the posterior palate, uvula, and tonsils; the vesicles usually
ulcerate. Systemic symptoms usually resolve within 4–5 days,
and the ulcers heal spontaneously within 1 week.

Diagnosis
Exanthematous enteroviral infections are usually diagnosed
on the basis of clinical presentation. In both HFMD and
herpangina, a mild leukocytosis (i.e., 10,000–15,000/mm3)
may be seen. If a specific diagnosis must be made, virus

TABLE 2 Associated manifestations of enteroviruses

Mild Serious

Exanthem Encephalitis
Enanthem Meningitis
Fever Neonatal sepsis
Pleurodynia Myocarditis
Pharyngitis Pericarditis
Croup Hepatitis

Acute paralysis

TABLE 1 Common mucocutaneous manifestations
of enteroviruses
Hand-foot-and-mouth disease
Herpangina
Macular rash
Maculopapular rash
Urticarial rash
Roseola-like lesions
Boston exanthem disease
Eruptive pseudoangiomatosis
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isolation, type-specific serology, or reverse transcriptase (RT)
PCR may be used to identify the responsible virus type. RT-
PCR-based assays used to detect enterovirus serotypes are
superior to viral culture for diagnosis of severe enterovirus
infections, such as aseptic meningitis and encephalitis (133,
134). When a patient presents with vesicles, it is best to take
samples from both throat swabs and vesicle swabs in at-
tempts to isolate the virus or detect by RT-PCR. For those
patients who do not have vesicles, it is best to take throat
and rectal swabs (135).

Oral lesions of HFMD and herpangina can be distin-
guished from each other on the basis of the total clinical
presentation (e.g., cutaneous and anterior oral lesions in
HFMD) as well as serology. Oral lesions can sometimes be
confused with aphthous stomatitis, which are larger and less
uniform than the oral erosions in HFMD. More importantly,
the mucous membrane ulcers should be differentiated from
those associated with HSV and VZV. Cutaneous vesicles of
HFMD should also be differentiated from HSV and VZV
infections as well as from erythema multiforme, rubella, drug
eruptions, and gonococcemia.

Therapy
There is no specific antiviral therapy for HFMD or her-
pangina; management is symptomatic. Fluid replacement
and limited physical activity are strongly encouraged. Proper
hygiene and avoiding contaminated food can help prevent
viral infection. Breast feeding has also been found to reduce
the number of enterovirus infections in infants and provides
an overall protective effect (136).

Three vaccines against enterovirus 71 (EV71) have
completed Phase III clinical trials with good safety and ef-
ficacy results (137). On December 3, 2015, the China Food
and Drug Administration (CFDA) approved the first inac-
tivated EV71 whole virus vaccine for preventing severe
HFMD (138).

Measles Virus

Epidemiology
Measles, also known as rubeola, is a highly contagious
childhood infection. Measles outbreaks typically occur in
the late winter to early spring. Transmission is through re-
spiratory droplets from sneezing and coughing. Infected
persons are contagious for several days before signs and
symptoms develop. Since the development of the measles
vaccine in 1963, the incidence of measles has decreased by
98% in the United States (139), but 644 measles cases were
reported in the United States in 2014, the highest number in
the 21st century (due to noncompliance with recommended
vaccinations). In many developing nations, however, mea-
sles is still highly prevalent; mortality rates range from 1% to
5% and can reach 30% in malnourished children and in
refugee areas (140). Approximately 800,000 people world-
wide still die from measles virus infection every year, with
over half of these deaths in Africa (141).

Clinical Features
Infection is characterized by a prodromal phase of fever,
coryza, cough, and conjunctivitis for 3–4 days. Splenome-
galy and lymphadenopathy may also be noted. Cutaneous
manifestations include pathognomonic Koplik’s spots and a
maculopapular morbilliform eruption. Koplik’s spots, which
appear several days before the onset of the rash, are char-
acterized by clusters of blue-white spots on an erythematous
base located on the buccal mucosa. The rash first appears

on the forehead and behind the ears and then spreads in-
feriorly to the face, then the trunk and extremities, and
finally to the palms and soles (Fig. 19). The macules and
papules may coalesce, especially on the face. As the exan-
thema progresses, the systemic symptoms typically subside.
The rash gradually fades to a yellow-tan color with faint
desquamation, resolving entirely in 4–6 days. The measles
rash is thought to be due to a hypersensitivity reaction.
Children with defective cell-mediated immunity can de-
velop measles without the characteristic rash, hindering
clinical diagnosis.

Complications of measles virus infection include otitis
media, pneumonia, encephalitis, diarrhea, purpura, and
thrombocytopenia. In immunocompromised patients, both
pneumonitis and encephalitis are more common. HIV-in-
fected children have a higher rate of hospitalization from
measles, a younger age of presentation, and a higher fatality
rate (142). Atypical measles occurred in individuals previ-
ously given the formalin-inactivated (killed) measles vac-
cine that was in use in the United States from 1963 to 1968
(143). Coryza, conjunctivitis, and Koplik’s spots are ab-
sent in atypical measles. Unlike in typical measles, the erup-
tion spreads centripetally, usually beginning on the hands and
feet. Initially, the exanthema consists of erythematous mac-
ules and papules which may progress to vesicular and pete-
chial lesions (144). About 5% of measles-mumps-rubella
vaccine recipients develop rash. The rash typically occurs
7–10 days after vaccination and lasts about 2 days.

Diagnosis
Diagnosis is usually made clinically, but serology using en-
zyme-linked immunosorbent assay (ELISA), complement
fixation, neutralization, or hemagglutination inhibition tests

FIGURE 19 Measles in an infant.
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can be used for confirmation. In addition, virus isolation,
antigen detection, and RT-PCR can be used. On cytological
examination of secretions, multinucleated giant cells can be
seen. Biopsy of the measles exanthem reveals hyaline ne-
crosis of epithelial cells, formation of a serum exudate
around superficial dermal vessels, and proliferation of en-
dothelial cells, followed by a leukocytic infiltrate of the
dermis and lymphocytic cuffing of vessels.

The differential diagnosis for measles includes other viral
exanthems, such as rubella, roseola, and enterovirus, as well
as drug eruptions, scarlet fever, Kawasaki disease, infectious
mononucleosis, toxoplasmosis, and Mycoplasma pneumoniae
infection (92).

Treatment
Measles is a self-limited disease in most patients, and treat-
ment is largely supportive.VitaminAdeficiency is a risk factor
for severe measles virus infection, and theWHO recommends
vitamin A supplementation for all hospitalized patients in
areas of high endemicity (145). There are currently no an-
tiviral drugs specifically approved for the treatment of mea-
sles. Passive immunity via serum immunoglobulins may
modify or prevent measles if administered within 6 days of
exposure to the virus. Ribavirin may be beneficial in patients
with severe complications of measles (146).

Rubella Virus

Epidemiology
Rubella, also known as German measles, is an acute viral
illness typically seen in children, although all age groups are
susceptible. Transmission is through airborne droplets and
can occur up to 7 days before and after the onset of symp-
toms. Before the development of a vaccine in 1969, rubella
was a worldwide disease with epidemics every 6–9 years,
typically in the spring. Since the implementation of the
vaccine, the incidence of rubella has decreased by 99% in
the United States (92). However, with inadequate immu-
nization programs in developing countries, rubella virus in-
fection continues to be a significant health concern.

Clinical Features
Fifty percent of rubella virus infections are asymptomatic.
When symptoms do occur, they usually begin with prodromal
symptoms starting 14–21 days after infection. Prodromal
symptoms are more prominent with increasing age and
consist of low-grade fever, headache, conjunctivitis, upper
respiratory tract symptoms, and sore throat. Lymphadenop-
athy is common, especially in the posterior auricular, sub-

occipital, and posterior cervical lymph nodes. Arthritis and
splenomegaly can also occur, especially in adults. From 1 to 4
days after the initiation of the prodrome, an erythematous
macular to papular rash appears. It begins on the face and
spreads to the neck, trunk, and extremities within 24 hours.
Lesions often coalesce to form a scarlatiniform eruption. The
cutaneous manifestations typically resolve completely within
3 days without residual pigment changes. The rash appears
simultaneously with a rise in antibody titers, suggesting that
the exanthem may be due to the inflammatory effects of
antibody–virus complexes rather than direct viral infection.

Rubella virus infection is typically a self-limited illness,
although complications such as encephalitis, neuritis, or-
chitis, and thrombocytopenia can occur (147). Infection
during pregnancy, especially in the first trimester, can lead to
congenital malformations in approximately 50% of infected
neonates. Neonates with congenital rubella can present with
cataracts, deafness, congenital heart defects, intrauterine
growth retardation, microcephaly, mental retardation,
thrombocytopenia, hepatosplenomegaly, and encephalitis.
Infection of the bone marrow produces the characteristic
cutaneous findings of petechiae and ecchymoses (148).

Diagnosis
Diagnosis is typically made clinically, although it can be
difficult to differentiate rubella from other viral exanthems.
Increased numbers of atypical lymphocytes and plasma cells
may be found in peripheral blood but are not diagnostic.

The mainstay of laboratory confirmation is the detection
of rubella-specific IgM antibodies in serum samples. Alter-
native samples such as dried blood spots and oral fluids have
been used for diagnosis by antibody detection. Oral fluids
can also be used to detect viral RNA, and their use is be-
coming increasingly common because samples can be ob-
tained safely and noninvasively, without the risks associated
with blood collection. Thus, it improves patient compliance
with specimen collection, as the procedure is simple and
painless (149–151).

Diagnosis of congenital rubella can be made through viral
culture, RT-PCR, or serology using samples from amnio-
centesis, cordocentesis, and chorionic villous sampling
(147). During the first trimester, RT-PCR of a sample of
amniotic fluid can provide a diagnosis of prenatal infection
with rubella virus within 48 hours (152). After delivery, the
detection of rubella-specific IgM antibodies can make the
diagnosis of congenital rubella, as the maternally derived
antibody is IgG.

The differential diagnosis for rubella includes other in-
fectious exanthems, adverse drug eruptions, scarlet fever, and
enterovirus infection (92). If arthritis is present, the differ-
ential diagnosis also includes acute rheumatic fever, rheu-
matoid arthritis, and erythema infectiosum (92). Congenital
rubella syndrome may resemble other congenital infections
due to toxoplasmosis and CMV.

Treatment
Rubella is typically a self-limited illness, and treatment is
symptomatic. There are currently no antiviral medications
specifically approved for rubella virus infection. Prevention
is carried out with a live attenuated vaccine that is often
administered as part of the measles, mumps, and rubella
(MMR) vaccine or the recently developed measles, mumps,
rubella, and varicella (MMRV) vaccine. Since the imple-
mentation of the vaccine, rubella is no longer considered
endemic in the United States (153).

FIGURE 20 Bacillary angiomatosis associated with Bartonella
quintana in an human immunodeficiency virus (HIV)-positive man.
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Hepatitis C

Epidemiology
It is estimated that approximately 3% of the world’s popu-
lation are living with chronic hepatitis and that about 3–4
million people are infected per year (154, 155). In the
United States, approximately 2.7 million persons have
chronic HCV infection. The infection is most prevalent
among those born during 1945–1965. The incidence of
HCV has decreased from approximately 230,000 per year in
1980 to the current level of approximately 30,000 cases per
year (155).

The predominant risk factor for HCV transmission is
injection drug use. Other risk factors include blood trans-
fusion (although rare since routine testing of the blood
supply for HCV began in 1990), needle stick, sex, and
nosocomial transmission. HCV infection becomes chronic
in approximately 75–85% of cases (155).

Clinical Manifestations
Multiple dermatologic diseases may be associated with hep-
atitis C virus (HCV) infection including porphyria cutanea
tarda (PCT), lichen planus, leukocytoclastic vasculitis, mixed
cryoglobulinemia, and necrolytic acral erythema (156).

PCT is a disease caused by altered activity of the enzyme
uroporphyrinogen decarboxylase (UROD), which leads to
buildup of uroporphyrinogen in the blood and urine (157).
A systematic review including 50 studies and 2167 patients
with PCT found an overall prevalence of HCV of 50%
(158). The exact mechanism by which HCV infection in-
creases PCT risk is unknown.

The characteristic skin findings of PCT are photosensi-
tivity and skin fragility, with which exposure to the sun and/
or minor trauma can lead to skin erythema and the devel-
opment of vesicles and bullae that may become hemorrhagic.
Hyperpigmentation, hypopigmentation, hirsutism, and scle-
rodermatous changes may occur over time. Precipitating
factors (sun exposure, polyhalogenated hydrocarbons, alco-
hol, estrogens, and iron overload) are thought to be necessary
to provoke PCT. The diagnosis of PCT is suspected clinically
and is confirmed by the presence of markedly elevated urine
uroporphyrin levels. Management of PCT in patients with
HCV infection includes avoiding precipitating factors and
treating HCV infection. Improvement of PCT during HCV
treatment has been described (159).

Leukocytoclastic vasculitis may occur in conjunction
with essential mixed cryoglobulinemia, presenting with
palpable purpura and petechiae that usually involve the
lower extremities. Skin biopsy demonstrates cutaneous vas-
culitis with dermal blood vessel destruction and a neutro-
philic infiltration in and around the vessel wall.

Lichen planus (LP) is characterized by flat-topped, vio-
laceous, pruritic papules involving the skin, oral mucosa,
scalp, nails, and genitalia. LP can be seen in patients in a
variety of liver diseases including primary biliary cirrhosis
and chronic active hepatitis or cirrhosis of unknown cause
(160–163).

Anti-hepatitis C virus (HCV) antibodies are present in
10–40% of these patients, although a causal association is
uncertain. There are reports of the development or exacer-
bation of LP during chronic HCV treatment with IFN. In
one case report, the lesions improved when IFN was stopped
(164).

Necrolytic acral erythema is a pruritic, psoriasis-like skin
disease characterized by sharply marginated, erythematous to
hyperpigmented plaques with variable scale and erosion on

the lower extremities. In a series of 30 patients who pre-
sented with the disorder, all were found to have antibodies to
HCV (165). Biopsy specimens showed psoriasiform changes,
keratinocyte necrosis, and papillomatosis. Topical and sys-
temic corticosteroids have a variable benefits. Other reports
have confirmed improvement with IFN-a and also suggest a
benefit from oral zinc sulfate (166–168).

Diagnosis
Initial diagnostic evaluation for chronic HCV begins with
an antibody test (anti-HCV). A reactive antibody test
should be followed by HCV RNA to confirm viremia. The
average time to detection of anti-HCVafter exposure is 4–10
weeks after infection. Anti-HCV can be detected in > 97%
of patients by 6 months after exposure.

Treatment
Treatment selection varies by genotype and other patient
factors (see Chapter 53: Hepatitis C Virus Authors: Yaron
Rotman, T. Jake Liang). Until recently, the mainstay of
treatment for chronic HCV infection has been pegylated
IRN (peg-IFN) and ribavirin, with possible addition of
protease inhibitors (boceprevir and telaprevir) for HCV
genotype 1 infection. This treatment for 24–48 weeks re-
sulted in a cure in 50–80% of patients (higher in patients
with HCV genotypes 2 and 3 than genotype 1) (169). In late
2013, the FDA approved two new direct-acting antiviral
drugs, sofosbuvir (nucleotide analogue inhibitor of HCV
NS5B polymerase enzyme) and simeprevir (protease inhib-
itor) to treat chronic HCV infection. Clinical trials have
shown that these new medications achieve sustained viro-
logical response (SVR) in 80–95% of patients after 12–24
weeks of treatment (169).

Some of the cutaneous manifestations that may respond to
treatment for HCV include PCT, leukocytoclastic vasculitis,
mixed cryoglobulinemia, and necrolytic acral erythema.

Human Immunodeficiency Virus

Epidemiology
HIV type 1 (HIV-1) and other retroviruses can cause sig-
nificant mucocutaneous manifestations. These manifesta-
tions are often the signs and symptoms that first raise
suspicion for HIV infection and prompt serologic testing for
it (170). Similarly, a variety of mucocutaneous manifesta-
tions may serve as clinical markers of progression from
asymptomatic HIV infection to full-blown AlDS (171).

Transmission of HIV is primarily via sexual contact with
an infected person, significant exposure to infected blood or
blood products, or perinatally from an infected mother to her
child. After sufficient contact with HIV, the virus infects
CD4+ T lymphocytes by binding to its receptor, the CD4
molecule, and coreceptors (CCR5 or CXCR4). Other CD4+
cells, such as monocytes and macrophages, are also infected
by HIVand help to spread the virus to susceptible cells in the
brain, lymph nodes, skin, lungs, and gastrointestinal tract.
HIV pathophysiology involves killing CD4+ cells as well
as the induction of an immune response and cytokine
production.

Clinical Features
Patients with acute primary HIV infection often become
symptomatic 3–6 weeks after exposure and manifest fever,
mononucleosis-like symptoms, and a characteristic ery-
thematous, maculopapular exanthem appearing on the
trunk and extremities. The exanthem and symptoms of the
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TABLE 3 Dermatologic findings of opportunistic diseases in HIV-infected patients

Organism(s) Dermatologic findings

Viruses
Molluscum contagiosum

(MC) virus
Dome-shaped, flesh-colored papules with a central umbilication; larger, coalescent, and persistent lesions occur in HIV-infected patients; lesions may
be widespread and atypical; observed in unusual sites such as the face, neck, and scalp; unusual forms include solitary, endophytic, aggregated,
inflamed, and giant MCs (73)

Herpes simplex
virus (HSV)

Clusters of vesicles that may rupture, crust, and form multiple small or large confluent painful ulcers; recurrent oral and anogenital HSV may lead to
chronic ulcerations in HIV-infected patients (127)

Herpes zoster
virus (shingles)

Dermatomal eruption of vesicles that arise in clusters from a red base that either umbilicate or rupture before forming crusts; in HIV-infected patients,
the eruption may also be multidermatomal, recurrent, ulcerative, and widely disseminated with systemic involvement (29)

Varicella-zoster virus
(VZV; chickenpox)

HIV-infected patients often have chronic infections that begin as vesicles and progress to necrotic, nonhealing ulcers (77)

Human papillomavirus
(HPV; warts)

Flesh-colored papules that evolve into dome-shaped, gray-to-brown, hyperkeratotic discrete, and rough papules, often with black dots on the surface;
HIV-infected patients can have severe, widespread, and chronic warts, which may arise on mucosal surfaces, the face, perianal region, and the
female genital tract; HPV is associated with cervical cancer in women (81) and anal cancer in both sexes

Epstein-Barr virus
(EBV; oral hairy
leukoplakia)

White plaques with hair-like projections localized on the lateral aspect of the tongue (113)

Cytomegalovirus
(CMV)

Persistent perineal ulcers are the most common presentation; ulcers may be coinfected with HSV; also associated with nonspecific cutaneous lesions
such as verrucous or purpuric papules, vesicles, morbilliform eruptions, and hyperpigmented indurated plaques (29, 81, 91)

Bacteria
Staphylococcus aureus Primary infections include impetigo, folliculitis, furuncles, carbuncles, abscesses, and necrotizing fasciitis; recurrent infections are common due to

increased prevalence of nasal and perineal colonization in HIV-infected patients (63, 177)
Pseudomonas
aeruginosa

Ecthyma gangrenosum, infection of catheter sites, and secondary infection of underlying disorders such as Kaposi’s sarcoma in advanced HIV disease
(81)

Bartonella spp.
(bacillary
angiomatosis)

Bacillary angiomatosis is characterized by red-to-purple papules, nodules, or plaques resembling Kaposi’s sarcoma (Fig. 20); any site except the palms,
soles, and oral cavity may be involved; hematogenous or lymphatic dissemination to bone marrow and other lymphoid organs may occur (175)

Mycobacterium tuberculosis Cutaneous tuberculosis is rare; multifocal lupus vulgaris, tuberculous gummata, orofacial tuberculosis, scrofuloderma, and miliary abscesses may be seen
(81)

Mycobacterium
avium-intracellulare
complex

Cutaneous manifestations are extremely rare, and some reports describe scaling plaques, crusted ulcers, ecthyma-like lesions, verrucous ulcers,
inflammatory nodules, pustular lesions, and draining sinuses (81)

Treponema pallidum
(syphilis)

Although the classic papulosquamous secondary lesions are often seen, unusual presentations may be observed in HIV-infected patients, including
rapidly progressing noduloulcerative forms, papular eruptions that mimic MC, and lues maligna (110)

Fungus or infection
Candida (candidiasis) Generally causes mucosal disease (cutaneous, oropharyngeal, vulvovaginal, and esophageal); recurrent and persistent mucocutaneous candidiasis is

common in HIV-infected patients; manifests as whitish, curd-like exudates on the dorsal or buccal mucosa that are easily scraped away; recurrent
vulvovaginal candidiasis presents with creamy-white vaginal discharge, with itching and burning pain; the vaginal mucosa is inflamed, and
pseudomembranous plaques are often seen (63, 105)
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Tinea versicolor
(dermatophytosis)

Numerous small, circular, white, scaling papules on the upper trunk; may involve the upper arms, neck, and abdomen; in HIV-infected patients,
cutaneous involvement is often more atypical in appearance, widespread, and resistant to therapy (58)

Cryptococcus neoformans
(cutaneous cryptococcosis)

Translucent, dome-shaped, umbilicated lesions resembling MC on the head, face, and neck; cellulitis, ulcers, papules, plaques, and pustules are other
presentations (81)

Histoplasma capsulatum
(cutaneous histoplasmosis)

Mucocutaneous erosions, oral ulcerations, disseminated and erythematous macules and papules, cellulitis-like eruptions, MC-like lesions (108)

Coccidioides immitis
(coccidioidomycosis)

Begins as papules and evolving to pustules, plaques, or nodules with minimal surrounding erythema; hemorrhagic papules or nodules; lesions may
resemble MC (81)

Sporothrix schenckii
(sporotrichosis)

Hematogenous dissemination to the skin may manifest as papules to nodules that become eroded, ulcerated, crusted, or hyperkeratotic, usually sparing
the palms, soles, and oral mucosa (79)

Penicillium marneffei
(penicilliosis)

Most common skin lesions are umbilicated papules resembling MC, occurring most frequently on the face, ears, upper trunk, and arms (81)

Aspergillus spp. Necrotic papulonodules; subcutaneous nodules (138)
Parasites

Leishmania donovani
(leishmaniasis)

Papular, maculopapular or nodular lesions; typically ulcerated nodules on the extremities; in atypical presentations, the lesions are disseminated (99)

Acanthamoeba
castellani
(acanthamebiasis)

Dissemination to the skin is common in AIDS; necrotic nodules and painful ulcerations of the trunk and extremities develop in HIV-infected patients
(29, 146)

Toxoplasma gondii
(toxoplasmosis)

Cutaneous involvement is rare; manifests as an eruption of macules, papules, or vesicles involving the trunk and extremities (81)

Pneumocystis carinii Disseminated infection may appear as MC-like papules, bluish cellulitic plaques, and deeply seated abscesses in the external ear or nares (81)
Malignancies
Kaposi’s sarcoma Purple patches on the distal lower extremities that progress proximally and become multifocal; individual lesions darken and thicken, eventually

becoming brown and verrucous; lesions in HIV-infected patients have a predilection for the face, torso, and oral mucosa (7)
Non-Hodgkin’s

lymphoma
Non-Hodgkin’s lymphoma tends to be more progressive and aggressive (88); pink-to-purple papules are usually seen when the skin is affected; the

lesions often ulcerate and sometimes stimulate panniculitis (176); younger age of onset, more advanced stages, and extranodal site involvement at
presentation, in particular the central nervous system, intestine, and skin, are found in HIV-infected patients (87)

Squamous and
basal cell
carcinomas

In HIV infection, these tumors appear earlier and more often on unexposed sites such as the trunk and extremities; metastases of basal cell carcinoma
have been recorded (103, 152)

Malignant melanoma Appears to be more aggressive, with shorter disease-free periods and lower overall survival rates in patients with melanoma and HIV than in patients
with melanoma without HIV (2)
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acute illness generally resolve spontaneously within 2 weeks
(167). Biopsy material from the exanthem associated with
primary HIV infection usually demonstrates nonspecific
changes, such as a superficial perivascular and perifollicular
mononuclear cell infiltrate predominantly composed of
CD4+ cells. The production of anti-HIV antibodies at de-
tectable levels usually requires several weeks and in some
cases may follow infection by more than 1 year.

As the CD4+ T cells decline and the disease progresses
from asymptomatic HIV infection to AIDS, over 90% of
patients will develop mucocutaneous manifestations (168).
These may be a direct consequence of the primary HIV-1
infection or the result of secondary infectious, neoplastic,
inflammatory, or other processes. The dermatologic findings
of opportunistic HIV/AIDS-related pathogens include viral,
bacterial, fungal, and parasitic infections, as well as malig-
nancies (Table 3). Inflammatory diseases (e.g., psoriasis and
Reiter’s disease), vascular diseases, hypersensitivities to
drugs, insect bites, and ultraviolet light, pruritus, xerosis,
ichthyosis, and seborrheic dermatitis are all common non-
neoplastic/noninfectious etiologies.

Mucocutaneous manifestations of acute HIV infection
are nonspecific and can resemble those of a variety of in-
fectious diseases, including enterovirus infection, infectious
mononucleosis, secondary syphilis, acute infection with
hepatitis A or B viruses, roseola, and toxoplasmosis (172,
173). The papulosquamous eruption of HIV most closely
mirrors that of secondary syphilis, but drug eruptions are also
included in the differential diagnosis. Because a wide variety
of skin problems develop in persons with advanced HIV
disease, the differential diagnosis usually expands into a
myriad of possibilities that often can be differentiated one
from another only via a skin biopsy.

Diagnosis
ELISA is used to screen for HIV infection, and the Western
blot assay is used to confirm the diagnosis. Although sero-
conversion does not occur until approximately 6 weeks after
the acute illness, viremia can be detected approximately 10
days after infection (174). The presence of HIV may be
detected by PCR or isolation of virus from the blood or
demonstration of HIV p24 antigenemia. Semiquantification

of HIV RNA in the serum, which is useful in assessing the
response to antiretroviral therapy, can also be done using
PCR. Disease progression is also accompanied by a marked
decline in CD4+ cells, an increase in CD8+ cells, and an
inverted CD4/CD8 cell ratio.

Treatment
There is an expanding number of drugs that have been ap-
proved for treatment of HIV infection (see Chapters 11 and
33). Multiple antiretroviral therapy causes rash and hyper-
sensitivity reaction (HSR) (Table 4) (178).
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The term viral hemorrhagic fever (VHF) designates a syn-
drome resulting from infection with any of at least 30 different
RNAviruses from four different taxonomic families (Table 1).
Although they differ in certain features, all types of VHF are
characterized by fever and malaise, a fall in blood pressure
that can lead to shock, the development of coagulation de-
fects that can result in bleeding, and for many VHF agents,
high mortality. With the exception of dengue virus, which is
maintained among human populations by mosquito trans-
mission, all of the VHF agents persist in nature through cycles
of infection in animals. In the past, therefore, the geographic
range of each disease reflected that of the reservoir species.
Human illness is an accidental event resulting from contact
with an infected animal or its excretions or the bite of an
infected arthropod. Subsequent human-to-human transmis-
sion through contact with infectious blood or secretions oc-
curs with multiple haemorrhagic fever (HF) viruses and can
cause devastating nosocomial outbreaks. Pathogenesis in
humans, in most instances, only indirectly reflects the
mechanisms by which the causative agent replicates in its
reservoir host, but high levels of viremia are typical. Treat-
ment is supportive for most VHFs, but progress is being made
gradually in developing specific therapeutics. Vaccines are
widely available for yellow fever, and recent studies indicate
that effective dengue and Ebola virus vaccines are possible.

HISTORICAL PERSPECTIVES
The various types of VHF have presumably occurred for
millennia, whenever humans have come into contact with
reservoir animals or been bitten by infected arthropods. The
first to be recognized by the European medical community
was yellow fever (YF), which was encountered by early
travelers to sub-Saharan Africa and was transferred to the
New World through the slave trade. Its frequently fatal
outcome was long attributed to the severe hepatic damage
and jaundice that gave the disease its name, but it was
eventually realized that gastrointestinal hemorrhage and
compromised renal function resulting from hypovolemic
shock were more common causes of death. A correct ap-
preciation of the role of diminished intravascular volume in
this disease did not emerge until clinical tools for blood
pressure measurement were developed in the 1920s, when
urban YF had been largely suppressed by mosquito control

efforts. Recent studies have in fact shown that host in-
flammatory responses are as important in the pathogenesis of
severe YF as in other types of VHF (1, 2).

Other types of VHF began to be identified in the early
1900s, when severe hantaviral infection that is now termed
HF with renal syndrome (HFRS) was described in Siberia,
and a milder form, nephropathia epidemica, was recognized
in Scandinavia (3, 4, 5). However, it was not until several
thousands of cases of HFRS occurred among United Nations
troops in the KoreanWar that VHF was brought forcefully to
the attention of western medicine. Over the ensuing five
decades, a number of “new” types of VHF have been de-
scribed and their causative agents have been isolated. The
Old World arenavirus Lassa fever virus and the New World
agent Machupo virus were both characterized during in-
vestigations of disease outbreaks in the 1960s. Marburg virus
was discovered in 1967 as a result of the inadvertent im-
portation of infected monkeys from Uganda to Europe, while
the other filovirus genus, Ebola virus, came to attention
when its Zaire and Sudan species caused large epidemics
in Africa in 1976. Rift Valley fever (RVF), first recognized in
the 1930s, caused a massive mosquito-borne outbreak in
Egypt in 1977. The list of arenaviruses causing a VHF syn-
drome has also continued to grow with the recognition of
fatal human infections caused by Whitewater Arroyo virus
in California (6). Lujo, a “new” arenavirus, emerged in
Zambia in 2008, and was exported to South Africa, where it
caused a small but deadly outbreak with a case/fatality rate of
80% (7). Its natural reservoir has never been identified, and
there have been no further outbreaks in the intervening
years, but its emergence serves as a reminder that there is no
reason to believe that the list of HF viruses is now complete.
That is exactly what happened in 2009 in the Democratic
Republic of Congo with the discovery of a novel rhabdo-
virus, called Bas-Congo virus, as a cause of an outbreak in-
cluding haemorrhagic presentation and fatalities and with
emergence of tick-borne phleboviruses causing Severe Fever
with Thrombocytopaenia Syndrome (SFTS) in Asia and
cases of a similar illness due to Heartland virus in the United
States (8, 9, 10).

The West African outbreak of Ebola virus disease (EVD)
of 2013 to 2016, in which the estimated number of cases was
beyond all previous experience and expectations, has
changed our understanding of VHFs and in particular EVD
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TABLE 1 Some epidemiological features of the principal types of VHF

Virus family Disease Virus Geographic distribution Reservoir host
Patientsa and areas affected;

seasonal pattern

Arenaviridae Argentine HF Junin virus North-central Argentina Mouse (Calomys musculinus) M; corn harvest; March–June
Bolivian HF Machupo virus Northeastern Bolivia Mouse (Calomys callosus) All ages, both sexes; villages; February–

July
Chapare Chapare virus Bolivia Unknown rodent
Venezuelan HF Guanarito virus Central Venezuela Mouse (Zygodontomys brevicauda) All ages, M = F; houses, gardens; no

seasonality
Brazilian HF Sabia virus Unknown Unknown rodent Two cases in the Sao Paulo state and two

in lab workers
Lassa fever Lassa virus West Africa Mouse (Mastomys natalensis) All ages, both sexes; villages; no

seasonality
Lujo Lujo virus Zambia Unknown rodent Only one small outbreak; difficult to

comment on any patterns or at risk
groups

Bunyaviridae CCHF CCHF virus Africa, central to east Europe,
Middle East to west China

Livestock, crows, hares,
Hyalomma ticks

Adults, M > F; cattle, pasture contact;
summer

RVF RVF virus Africa Livestock, several mosquito genera All ages, M > F; late summer; arthropods
HFRS Hantaan, Seoul,

and Puumula viruses
Northern Asia and Europe,
including the Balkans
and Scandinavia

Mice and rats (Apodemus,
Rattus, Clethrionomys)

Mostly adults, M > F; rodent excreta;
fall-winter

Hantavirus
cardiopulmonary
syndrome

Sin Nombre, Andes,
many others

North, Central, and South America Mice (Peromyscus sp.,
Sigmodon hispidus, ?others)

Adults, M = F; rodent excreta; late spring-
summer peak

Flaviviridae YF YF virus Tropical Africa, Amazon basin Primates, including humans;
tree hole mosquitoes

M > F, all ages; arthropod contact; dry
season

Dengue HF/shock
syndrome

Dengue virus types 1–4 Southeast Asia, Caribbean,
South and Central America

Aedes aegypti > Aedes albopictus Children < 12 yr; peak in late rainy, early
dry seasons

Kyasanur
Forest disease

Kyasanur Forest virus Karnatake State (India) Monkeys, birds, livestock, ixodid ticks Adults, M > F; tick contact; summer-fall,
dry season

Omsk HF Omsk virus Western Siberia Vole (Arvicola terrestris), ixodid ticks Adult males; muskrat hunt; winter
Filoviridae Marburg and

Ebola HF
Marburg and Ebola viruses Sub-Saharan Africa & West Africa Fruit bat species likely reservoir Mainly adults, M = F; sporadic; late

summer
aM, male; F, female.
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in many ways (see chapter 42). These include advances in
understanding the molecular epidemiology and biology of the
virus, investigating new drugs and vaccines, defining stan-
dards of care and their delivery, and highlighting the impacts
on survivors, including viral persistence and associated se-
quelae.However, many unanswered questions remain con-
cerning fundamental aspects of EVDpathogenesis and clinical
management. Despite unprecedented efforts, few therapeutic
and vaccine trials came to completion for various reasons,
including inability to meet enrolment targets due to declining
case numbers as the epidemic waned. All of these experiences
have led to a global consensus that new approaches must
accelerate the necessary research and product development
(diagnostics, drugs, and vaccines) to prevent devastating ep-
idemics of all future VHF diseases. In 2015 the World Health
Organization (WHO) launched its R&D Blueprint in re-
sponse to the call for greater coordination and leadership for
research and development (R&D) (11). The R&D Blueprint
is a global strategy and preparedness plan to ensure that tar-
geted R&D can strengthen the emergency response by
bringing medical technologies to patients during epidemics.
The Blueprint aims to reduce the time between the detection
of a disease likely to cause a public health emergency and the
availability of effective tests, vaccines, and medicines that can
be used to save lives and avert crisis. Of note, one-half of the
infections on the list of priority diseases for R&D are VHFs.

CAUSATIVE AGENTS
The principal HF viruses belong to four different families,
the Arenaviridae (chapter 45), Bunyaviridae (chapter 44),
Filoviridae (chapter 42), and Flaviviridae (chapter 53). All are
enveloped viruses with single-stranded RNA genomes. The
flavivirus genome consists of one strand of positive-sense
RNA. Viruses in the other three families have negative-
sense genomes, which consist of a single strand in the case of
the filoviruses, two separate segments for the arenaviruses,
and three for the bunyaviruses. These agents differ widely in
cellular replication strategies, natural hosts and transmission
cycles, geographic distribution, routes of transmission to
humans, and disease pathogenesis (Table 1). This chapter
provides a general survey of VHFs, comparing individual
diseases to each other and to other types of human illness.
Additional information on individual viruses and the dis-
eases they cause can be found in the pathogen-specific
chapters of this book, as well as those on viral infections that
may uncommonly be associated with hemorrhagic manifes-
tations (e.g., measles, fulminant hepatitis, and historically
smallpox).

EPIDEMIOLOGY
For a zoonotic virus to cause illness, appropriate cell surface
receptors and intracellular cofactors must be present to
permit its replication in human cells, and innate defenses
must fail sufficiently to permit its intrahost spread. VHF
represents the extreme end of the spectrum of possible out-
comes of cross-species virus transfer, in which an agent
replicates so well and overcomes or interacts with host im-
mune defenses to cause a severe inflammatory syndrome.

Reservoirs have been identified for nearly all of the HF
agents (Table 1). In several cases, the natural reservoir is a
species of rodent, probably because these animals’ large
numbers and high population density favor the continuous
circulation of viruses. Arenaviruses, which are split into
“Old World” (Africa) and “New World” (the Americas)

complexes on the basis of phylogenetic and geographical
distinctions, all have rodent species as the natural reservoir.
Old and New World primates are reservoirs for sylvatic YF,
and a variety of species are involved in the circulation of
Crimean-Congo HF (CCHF) virus. The reservoir host for
the filoviruses is believed to be various bat species (see
chapter 42). Other animals may be infected and act as
intermediaries in transmission to man.

The transmission of a virus from animals to humans can
occur through direct physical contact, exposure to virus-
containing excretions, or the bite of an infected mosquito or
tick. The identity of the host and the mode of transmission
strongly influence the pattern of human disease. For exam-
ple, CCHF, which is transmitted by tick bite or direct con-
tact with the tissues of an infected animal during slaughter,
tends to occur as sporadic single cases or small clusters. By
contrast, mosquito-borne agents such as YF virus and dengue
virus can be carried from person to person by the vector, or,
as in the case of RVF, animal to person and person to person
by the vector to yield explosive epidemics. The modern
health care setting offers opportunities to amplify sporadic
cases into outbreaks if appropriate infection prevention and
control practices are not observed; health care workers are
often among the earliest casualties.

The arenaviruses and hantaviruses provide interesting
examples of coevolution, in which each agent has a single
rodent species as its primary host (12). Animals that harbor
arenaviruses display partial immune “tolerance,” permitting
chronic viremia and viruria; the latter probably represents the
major source of environmental exposure. The epidemiologi-
cal pattern of arenaviral HF is determined by the intersection
of rodent ecology and human activities. In Argentina and
Venezuela, animal reservoirs are found in or adjacent to cul-
tivars, placing adult males who harvest corn in the fall at
greatest risk of infection. In contrast, because the reservoir
rodents invade dwellings and gardens, Bolivian HF and Lassa
fever are largely acquired in or near houses, and persons of
both sexes and all ages are at risk. Lassa fever is a truly en-
demic disease, because the Mastomys reservoir breeds year
round, and a nearly constant fraction of animals are chroni-
cally infected. Hantaviruses also cause chronic infection in
their rodent hosts, which excrete virus in saliva and feces for
short periods and in urine for many months. Human infection
is most often associated with agriculture, mining, or military
activity. Nephropathia epidemica has a well-marked cyclic
activity, in which rodent population density and prevalence
of infection correlate with transmission to humans.

The epidemiology of arthropod-borne VHF reflects the
biology of viral infection in the mosquito or tick vector.
Both vectors acquire the virus through blood feeding, indi-
cating that viremia occurs in the animal reservoir. Mosqui-
toes competent to transmit flaviviruses become chronically
infected, and there may be transovarial transmission to
subsequent generations of mosquitoes, allowing for persis-
tence and recrudescence when the seasonal or other envi-
ronmental conditions permit. Multiple human infections are
often the result of interrupted blood feeding and movement
to a second host. Among the various types of VHF, CCHF,
Kyasanur Forest disease, Alkhurma HF, SFTS, and Omsk HF
are transmitted by ticks. “Vertical” (transstadial and trans-
ovarial) transmission is an important feature of their natural
history. Ticks use the blood of birds and mammals primarily
as an energy source for the next stage of their life cycle.
Because far less than 100% of eggs from an adult female are
infected, vertebrate viremia is also important for tick-borne
transmission of virus to humans.
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Dengue fever is the exception to the rule that the HF
viruses are zoonotic in nature. The disease may at one time
have been confined to a small region of the tropics and
maintained through infection of wild primates, in a manner
similar to YF. However, the successful adaptation of the virus
to person-to-person transmission by mosquitoes, combined
with a vast increase in the human population in tropical re-
gions and a failure of mosquito control efforts, has permitted
the agent to disperse widely and evolve into four distinct
serotypes (13). As discussed below, the circulation of more
than one serotype in the same geographic region sets the stage
for the occurrence of secondary infections, in which non-
neutralizing antibodies are believed to enhance virus uptake
into cells, causing intense inflammation and increased vascular
permeability (dengue HF/shock syndrome). Even though only
a small fraction of cases result in HF, because of its global
distribution, dengue virus is the most important cause of VHF.

Once an individual becomes ill with a VHF, there is great
variation in the potential for further human-to-human trans-
mission, because the pathogenesis of the diseases and sites of
viral replication within the infected human host are so diverse.
A number of diseases, including RVF and dengue, rarely spread
directly from person to person and thus pose little threat to
medical personnel. However, some of the most virulent agents,
including Ebola, Marburg, Lassa, Lujo, and CCHF viruses,
cause prolonged high titer viremia, and can therefore be spread
through direct contact with blood and other body fluids and
tissues. Hospital-based outbreaks have occurred when case
detection has been slow, staff have been overwhelmed by the
workload, or appropriate infection prevention and control
measures have not been observed. In low-technology health
care settings in developing countries, the necessary disinfec-
tion and personal protective equipment required to implement
the appropriate measures are often not available (14).

The extent to which asymptomatic or mildly symptom-
atic individuals are involved in onward transmission of in-
fection and extension of outbreaks varies among the VHFs,
and has not been well explored, even for those diseases
where mildly symptomatic infection is not uncommon, e.g.,
Lassa fever. Asymptomatic infection and continuing human-
to-human transmission had always been assumed to occur
extremely rarely, if at all, in filovirus outbreaks. Sexual
transmission in Ebola and Marburg was recognized in the
past, but more evidence has been collected during the recent
West African epidemic, where on several occasions it has
instigated new cases and clusters long after the apparent end
of virus circulation in specific communities. In one survivor,
semen was positive for viral RNA 284 days after symptom
onset (15). The full extent of “sanctuary sites,” and duration
of the survival of viable virus in those sites after an indi-
vidual’s apparent recovery from illness, have not yet been
determined, but studies continue to explore this in survivors
of the EVD epidemic in West Africa. There are anecdotal
reports of CCHF being transmitted sexually, and therefore
this route of transmission should be considered in subse-
quent outbreaks. Sexual transmission may have a role in
some other VHFs, including Lassa, Junin, and Machupo;
better studies are required to determine the frequency and
importance of sexual transmission in the propagation of
outbreaks of these and other VHFs. During VHF outbreaks,
transmission by infectious blood products is also a possibility.

PATHOGENESIS
The transmission of HF viruses from animals to humans is
generally unidirectional: infected patients do not often ap-

pear to serve as a source of infection for the reservoir or other
intermediary host. Because human infections are “dead-end”
events from the point of view of virus evolution, the patho-
genesis of VHF does not represent the outcome of viral
adaptation or “survival strategy,” but simply reflects the for-
tuitous ability of an animal virus to replicate efficiently in
human cells. In contrast to diseases such as viral hepatitis or
encephalitis, VHFs do not generally localize to one organ or
organ system. However, the persistence of pathogens like
Ebola virus in semen and the associated possibility of onward
transmission raise new concerns. In general, HF viruses rep-
licate primarily in monocytes, macrophages, and dendritic
cells. The fact that these cells, which normally serve as the
first line of defense against microbial invaders, are the prin-
cipal sites of viral replication goes far to explain the ability of
these pathogens to cause rapidly overwhelming infection.
However, HF viruses differ in their abilities to infect other
types of cells. At one end of the spectrum, dengue virus
principally infects only these cell types, without causing their
death. At the other extreme, Ebola and Marburg viruses show
a very broad tissue tropism. Material released from dying cells
is itself a stimulus for inflammation, contributing further to the
fulminant systemic illness. Most HF viruses produce a degree
of tissue damage intermediate between the minimal injury of
dengue fever and the massive destruction caused by the filo-
viruses, with the liver as the principal target. Hepatic in-
volvement probably begins with the spread of virus through
the bloodstream to fixed macrophages (Kupffer cells) in si-
nusoids, from which infection then extends to parenchymal
cells. As noted, hepatic injury is a prominent feature of YF,
causing the jaundice that gave the disease its name, and is seen
in some cases of RVF and dengue. It also occurs in CCHF and
some other infections, but without producing the high levels
of bilirubin that lead to jaundice.

For many reasons, studying the pathogenesis of the VHFs
is challenging due to biosafety requirements, limitations of
animal models in recapitulating human disease, and the
challenge of obtaining samples during outbreaks. One of the
most studied VHFs is EVD, yet many questions remain un-
answered regarding its pathogenesis and multiple factors
likely contribute (see chapter 42). The current data in some
ways support the hypothesis presented by Bray and Mahanty
in 2004 following the Ugandan outbreak of Ebola Sudan
that the multiorgan syndrome induced by Ebola virus
(EBOV) is similar to that of septic shock (16).With its broad
cell tropism, Ebola virus infects monocytes, macrophages,
dendritic cells, endothelial cells, fibroblasts, hepatocytes,
adrenal cortical cells, and several types of epithelial cells (17,
18, 19, 20, 21). An early, well-regulated inflammatory re-
sponse has been associated with recovery, whereas a dysre-
gulated proinflammatory response has been described in fatal
EVD (22). Depletion of lymphoid cells including apoptosis
of these cells may partly explain the lymphopenia and as-
sociated failure of adaptive immune responses in filoviral
infections and probably in other types of severe HF (23, 24).

The VHF agents differ in their interactions with the
immune system, but most share a common feature of the
inhibition of the type 1 interferon response. A number of HF
agents, including filoviruses, RVF virus, dengue virus, and
some arenaviruses, have been shown to block interferon
responses through a variety of mechanisms (25, 26, 27). The
importance of the interferon system to the control of viral
dissemination helps to explain why all of the HF agents are
RNA viruses. Because the double-stranded RNA molecules
that are generated in the course of their transcription and
genome replication are a strong stimulus for type I interferon

144 - VIRAL SYNDROMES AND GENERAL PRINCIPLES



responses, each RNA virus must evolve ways of evading or
suppressing interferon responses in its host, to the extent
needed to ensure its own continued survival. The outcome of
human infection with a novel virus will therefore depend in
part on the extent to which the agent blocks human inter-
feron responses. The HF viruses may constitute that small
subset of RNA viruses that suppress human interferon re-
sponses so effectively that they cause rapidly overwhelming
disease. The most severe diseases, such as fatal Ebola and
MarburgHF, are also characterized by a failure of humoral and
cellular immune responses. Others like RRVF and HFRS
proceed despite the host’s adaptive immune response. Most
RVF cases are acute, self-limited febrile episodes in which
viremia may be very high at onset but disappears within 3 to
5 days, by which time virus-specific antibodies are detect-
able. However, about 1 to 2% of patients continue to have
virus in the blood, respiratory secretions, and spinal fluid,
even in the presence of antibodies, and progress to fulminant
VHF with hepatitis, jaundice, and hemorrhage. Uncon-
trolled viral replication in these RVF patients therefore re-
sembles that seen in filoviral HF, but it appears to result from
a defective immune response in certain patients rather than
the increased virulence of a viral strain. In another disease
variant, some RVF patients appear to be stable or improving
after 5 to 15 days of illness and then develop an apparently
immune-mediated meningoencephalitis or retinal vasculitis.
The neurologic disease has been temporally associated with
the greatest production of antiviral antibodies seen in any of
the forms of RVF. Clarification of the mechanisms of RVFV
invasion into the CSF requires further study. Virtually all
patients with hantavirus infections have circulating virus-
specific immunoglobulin M, immunoglobulin G, or both at
the time of diagnosis. Viral antigens are detectable on the
surfaces of capillary endothelial cells, in the kidneys in HFRS
(28). The development of HFRS and its resolution take
much longer, indicating that tissue damage is greater, needs
more time for repair, and may be partly the result of viral
destruction of cells or the effects of immune viral complexes.

Dengue HF has a unique pathogenesis that is a conse-
quence of the virus’s evolution into four different serotypes.
Primary dengue infection causes an unpleasant, but rarely
fatal, influenza-like illness that results from the transient re-
lease of proinflammatory cytokines from virus-infected
monocytes and macrophages. Viremia is already declining by
the time of symptom onset, and the illness resolves un-
eventfully. The recovered individual is thenceforth resistant
to reinfection by that serotype. In a small percentage of cases,
however, reinfection by a second serotype results in severe
disease in which viremia persists and high levels of Inter-
leukin 6 (IL-6), Tumour Necrosis Factor alpha (TNF-a), and
other mediators in plasma induce vascular leak and shock
(29). Two immune mechanisms are thought responsible for
the occurrence of dengue HF: nonneutralizing antibodies
resulting from a previous infection are believed to enhance
viral replication by linking virions to Fc receptors on the
surfaces of target cells, which then take them up into the
cytoplasm, thus increasing the number of infected cells, the
number of viral particles that enter each cell, and the release
of cytokines and other vasoactive mediators. Second, cross-
reactive memory CD8+ T cells can attack monocytes and
macrophages expressing viral epitopes on their surfaces,
triggering an explosive inflammatory response.

Although early discussions of the pathogenesis of VHF
attributed vascular leak and hemorrhage to viral infection or
injury of the endothelial cells of blood vessels, it now appears
more likely that alterations in vascular function and the

development of coagulopathy represent physiological re-
sponses to circulating proinflammatory mediators. In VHF,
the release of large amounts of these substances into the
plasma causes vascular dilatation and increased permeability,
with catastrophic effects on intravascular volume and blood
pressure. This pathogenic process does not mean that viral
infection of blood vessel linings cannot also occur. Infected
endothelial cells have been observed, for example, in tissues
from persons with fatal cases of CCHF (30). Despite the
syndrome’s dramatic name, hemorrhage is generally a minor
feature of VHF. Instead, as in other severe inflammatory
syndromes such as septic shock, the major pathophysiological
lesion is an increase in vascular permeability (“capillary leak”)
brought about by mediators released from infected cells.
Careful physiological management to maintain sufficient
blood flow to critical organs is therefore a hallmark of patient
care. The recognized hemorrhagic tendency may be related to
decreased synthesis of coagulation and other plasma proteins
because of hepatocellular necrosis and the development of a
disseminated intracellular coagulation picture. However,
massive blood loss is infrequent in EVD, and as in CCHF,
confined mainly to the gastrointestinal tract.

CLINICAL MANIFESTATIONS
Most of the signs and symptoms of VHF reflect the release of
proinflammatory mediators from virus-infected cells and their
effects on temperature regulation, cardiac function, gastroin-
testinal tract motility, control of vascular tone and endothelial
permeability, and the blood clotting system. Fever, malaise,
myalgia, and headache are typical early manifestations that
tend to evolve insidiously in the case of Lassa fever but can
begin so abruptly in YF, CCHF, and the filovirus diseases that
patients can report the hour of onset. Fever is usually high and
often unremitting; however, it may be absent in some sub-
groups of patients, including pregnant women and the elderly
(31). Bradycardia may be notable, particularly in arenavirus
and filovirus diseases and in YF. Vomiting and severe diarrhea
frequently occur in filovirus HFs, emphasizing the need for
early supportive care often including the administration of
intravenous fluids. Abdominal pain can be sufficiently prom-
inent to lead to surgical intervention; hospital-based outbreaks
of CCHF and Ebola HF have begun in this fashion. Bleeding
rarely is the presenting symptom, but it can occur, e.g., epi-
staxis in CCHF, which is one reason why the health care
workers must be aware of the risk factors and presentation of
these diseases to prevent nosocomial spread.

Vasodilatation and increased permeability of the endo-
thelial linings of blood vessels are manifest in a number of
physical signs. Capillary dilatation is often signaled by diffuse
erythema of the skin of the upper trunk and face that
blanches on pressure. Conjunctival injection with petechial
hemorrhages is common. An erythematous rash is charac-
teristic in early Marburg, Ebola, CCHF, and dengue, but may
be difficult to see in dark-skinned persons. Edema of the face
and sometimes of the extremities, observed in Lassa fever, is
another manifestation of a capillary leak syndrome, but it
may only become evident when a severely ill, dehydrated
patient is treated with intravenous fluids. The development
of coagulation defects leads to easy bruising, failure of ve-
nipuncture sites to clot, hemorrhage from the gastrointesti-
nal and urinary tracts, and menorrhagia. Large ecchymoses
are a characteristic sign of CCHF but are rare in the other
diseases. Although massive bleeding can occur in severely ill
or moribund patients, it is much less common than popular
descriptions of these diseases would suggest.
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Other clinical manifestations reflect the involvement of
specific organ systems. Some degree of hepatic infection and
damage is seen in most types of VHF, but the severity varies
markedly among the different diseases. Serum levels of as-
partate and alanine aminotransferase are markedly elevated
in filoviral HF, YF, and RVF, but clinical jaundice is com-
monly observed only in the latter two conditions. Higher
serum aspartate than alanine aminotransferase levels indi-
cate sources other than liver alone. Cough, dyspnea, low
oxygen saturations, and the need for mechanical ventilation
have all been described in EVD, and difficulty breathing has
been associated with a fatal outcome in patients with EVD
due to pulmonary edema (32). Gross pathological findings in
Lassa fever deceased patients include pulmonary edema.

Renal dysfunction is common in some VHFs. In EVD
this may be due to a number of reasons, including hypo-
volemic shock, acute kidney injury, rhabdomyolysis, and
interstitial nephritis. (33, 14) A number of the repatriated
cases from the West African EVD outbreak received renal
support. The renal compromise phase of HFRS is charac-
terized by severe oliguria with increased blood urea nitrogen
and creatinine levels; a diuretic phase typically follows.

The systemic inflammation of VHF leads to numerous
changes in clinical laboratory tests, none of which are specific
to these diseases. Blood leukocyte patterns vary widely.
Leukopenia is frequently observed, but patients with dengue
HF usually have normal white blood cell counts. Leukopenia
is minimal in Lassa fever, and fatal disease may be heralded by
a frank polymorphonuclear leukocytosis. Thrombocytopenia
is a universal finding, but it is usually not severe enough in
itself to account for hemorrhagic manifestations. Signs of
hemoconcentration include a rise in the hemoglobin, he-
matocrit, and plasma protein levels. Monitored sequentially,
these can provide an index of the loss of plasma volume
resulting from the capillary leak syndrome and the efficacy of
therapeutic countermeasures. Proteinuria is commonly found
in VHFs and may be severe in Lassa, Marburg, and Ebola
fevers as well as in HFRS. Coagulation factors are variously
reduced, but major increases in prothrombin and partial
prothrombin times are common only in YF, CCHF, RVF, and
the filoviral diseases. Limited testing during outbreaks has
shown that fibrin split products and d-dimers, indicative of
disseminated intravascular coagulation, are present in EVD
and CCHF; they would probably be found in many of the
other diseases if testing capability were available.

VHFs can lead to severe complications during pregnancy,
leading to fetal loss and life-threatening illness of the mother.
In some VHF, including Lassa and filovirus infections, third
trimester infection is associated with extremely high rates of
maternal and fetal mortality, which may approach 100%.
The range and degree of outcomes following infection in
pregnancy has not been well explored for all VHFs, including
such widespread diseases as dengue. This is an important
topic for investigation in future outbreaks of all VHFs.

A range of neurological complications including visual
disturbance have been described as a result of RVF infection.
These may occur as early or late complications. Examples
include encephalitis and loss of vision. The retinal vasculitis
of RVF can result in permanent loss of central vision (34, 35,
36, 37).

A few of the VHFs have well recognized sequelae. As in
Marburg Virus Disease, EVD has been noted to cause uveitis,
with live virus being isolated in some instances from the
aqueous. In fact, a range of ocular symptoms was described
prior to the West African outbreak, in the Kikwit outbreak
in 1995 and the Gulu EVD outbreak in 2001. About 3% of

Lassa fever survivors have permanent eighth-nerve damage,
making it the most common cause of deafness in young
people in its region of endemicity. HFRS has led to sequelae
from severe complications occurring during the acute phase
of the illness, such as intracranial hemorrhage or renal rup-
ture. Persistence of viral replication in immunologically
protected “sanctuary” sites may lead to late sequelae, recru-
descence of illness, or late transmission through sexual or
other routes, with a risk of rekindling outbreaks, as recently
observed for Ebola. The recent Ebola epidemic in West
Africa has led to the recognition of a range of sequelae and
chronic health impacts, which were not previously well
characterized, including arthralgia, new visual problems, and
hearing impairment. (38, 39) This recognition has led to
continuing research to more carefully characterize the long-
term impacts and persistence of infection among large co-
horts of survivors. Careful, prospective follow-up of recov-
ered patients has not generally been performed for many
other VHFs, therefore generalizations about lack of sequelae
should be avoided.

DIAGNOSIS
The signs and symptoms of VHF resemble those of a wide
range of infectious diseases, so a specific diagnosis can be
made only by means of specialized laboratory tests that di-
rectly identify the pathogen. This is particularly true in the
early stages of infection, when institution of the correct dis-
ease control measures and the appropriate patient manage-
ment strategy can protect the community and yield the best
outcome for the individual patient. Until recently, such as-
says were generally not performed by hospital laboratories,
and required a containment reference facility. Advances in
diagnostic technologies have permitted the development of
diagnostic platforms and sensitive assays for the suspect
VHFs, which can be performed by operators who do not
possess advanced laboratory skills, for use in hospitals and
field laboratories. Mobile laboratories have been employed
which can be easily transported to outbreak sites lacking
appropriate laboratory infrastructure and basic services. In
the recent EVD outbreak in West Africa, even virus se-
quencing capacity was brought to the field. However, such
capacity is not often on hand at the beginning of an out-
break, and often a combination of clinical and epidemiologic
findings will raise the suspicion. For certain VHFs, this may
sometimes be in the context of recognition of disease in
animals (e.g., waves of abortion in livestock for RVF), or due
to an occupational association with animals or their slaugh-
ter. Only in rare circumstances in developing countries will
the clinician evaluating an acutely ill patient proceed directly
to requesting specialized tests, as the symptoms and early
clinical features of most VHFs are nonspecific and may be
similar to many other endemic illnesses. VHF would be high
on the list of likely diagnoses when a patient reports having
been exposed to an ill person or a cluster of ill persons, or
during an identified VHF outbreak.

A travel and exposure (e.g., animals, ticks, ill persons,
healthcare settings) history should always be elicited in re-
turning travelers; more often the patient’s recent travel
history will only suggest a range of possibilities, rather than a
specific diagnosis. Although someone who develops fever
and malaise soon after returning from central Africa could be
infected with Ebola or Marburg virus, it is much more likely
that he or she has a more common (and easily treatable)
disease, such as malaria, typhoid fever, or shigellosis. VHF
risk has been conservatively estimated at < 1 in 1 million
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travel episodes to African countries where infection is
present, and febrile patients returning from these countries
are at least 1,000 times more likely to have malaria than
Lassa fever or another VHF (40). Yet, cases of imported VHF
have been missed or misdiagnosed in returning travelers
(41). The consequences both of missing a treatable infection
and missing a diagnosis of a VHF are very serious, so to
follow a diagnostic algorithm which considers both is im-
portant. An appropriate diagnostic strategy for the clinician
faced with a possible case of VHF would therefore be to
obtain advice regarding appropriate and safe sample collec-
tion to diagnose the most likely diseases, based on the
physical examination and history (including the travel his-
tory), and assessment of the epidemiological context. Ad-
vice should also be sought on how to handle, package, and
transport the samples to a laboratory able to perform the
necessary tests under the correct biosafety conditions.

Avariety of diagnostic tests have been developed for VHF.
Viral antigens and antibodies are now detected most com-
monly by enzyme-linked immunosorbent assay, often em-
ploying recombinant antigens and monoclonal antibodies as
defined reagents. Molecular tests like reverse transcription
polymerase chain reaction (RT-PCR) are being utilized with
great success to identify virus-specific sequences. Because
many types of VHF are characterized by prolonged viremia,
blood is generally considered to be the best sample for testing.
However, oral fluid and oral swabs have been used with good
results for detecting filoviruses, and oral fluid has been used
for diagnosis of Lassa fever. RT-PCR is not the perfect solu-
tion for all VHF diagnostics, and indeed for hantavirus in-
fections, in which the viremia occurs early and is short lived
in relation to clinical symptoms, serology proves more useful.
This may also sometimes be the case for dengue and some
other flavivirus infections, in which the viremia may have
decreased below the detection limits by the time the patient
presents to a health care facility (42).

There have been recent advances in the development of true
point-of-care (PoC) tests, performed at the bedside by health
workers without specialized laboratory skills. PoC tests with
panels to distinguish the potential differential etiologies are in
development and should be available for clinical diagnosis and
surveillance in the not-too-distant future. Information on di-
agnostic assays for various types of VHF, including the collec-
tion, processing, and disposal of diagnostic specimens, can be
found in the appropriate chapters of this book and on a number
of infectious-disease websites. In the United States, further in-
formation can also be obtained by contacting the Viral Special
Pathogens Branch, Centre for Disease Control (CDC), and
contact numbers can be found on that webpage (http://www.
cdc.gov/ncezid/dhcpp/vspb/diseases.html).

CLINICAL MANAGEMENT
Infection Prevention and Control
The first priority in treating a patient with VHF is to prevent
the further spread of infection. The risk of person-to-person
transmission varies greatly for the different diseases. Al-
though respiratory spread appears to be rare for most types of
VHF, a hospital outbreak of Lassa fever occurred in Nigeria
in which a patient in an open ward had a persistent cough.
The Andes strain of hantavirus has also been transmitted
from patients to medical personnel or family members (43).
Several diseases characterized by prolonged, high titer vire-
mia, including Lassa, Ebola, and Marburg fevers and CCHF,
can be spread through direct contact with body fluids. In the

case of the filoviruses, the body fluids posing a transmission
risk includes blood, saliva, vomitus, feces, semen, breast
milk, amniotic fluid, and even sweat. The risk of transmis-
sion is obviously highest when a specific diagnosis has not
yet been made and family members and medical personnel
are not taking precautions to avoid contamination.

Whatever type of VHF is being treated, medical personnel
must observe standard precautions in handling the patient and
diagnostic specimens, and take special care to avoid exposure
to aerosolized material, whether during patient care proce-
dures or in the laboratory. Gloves, gowns, and other standard
protective measures against blood-borne or enteric diseases
should be supplemented with face or eye protection when
relevant. The choice of face mask or respirator will be defined
by WHO or national agencies and affected by availability.
Particular attention should be paid to potential aerosol-
generating procedures. The patient’s room should be under
negative directional air pressure, if possible. Up-to-date advice
on the disposal of clinical waste and other aspects of biohazard
management during patient care is available from WHO and
the U.S. Centers for Disease Control and Prevention.

Supportive Care
Therapeutic interventions for VHF can be divided into gen-
eral supportive and virus-specific measures. TheWest African
Ebola outbreak experience, including use of intensive moni-
toring and supportive care (e.g., blood products, renal re-
placement therapy, and mechanical ventilation) in some
treatment centers, and also in small numbers of repatriated
health care workers, has resulted in a deeper understanding
of the supportive medical care required by EVD patients
(44, 11). General supportive management should, whenever
possible, be based on careful monitoring of circulating
blood volume and correction of electrolyte abnormalities
(45, 46, 47). Inotropic agents and vasopressors may also be
indicated. During VHF outbreaks where malaria coinfection
is common, MSF’s recent experience with artesunate-
amodiaquine would suggest that artesunate–amodiaquine
is preferable to artemether–lumefantrine in patients with
confirmed EVD (48). Amodiaquine has some in vitro activity
and there are concerns over QT intervals and lumefantrine
in patients who are likely to be hypokalemic and hypo-
magnesemic due to diarrhea and vomiting. Although corti-
costeroids in various doses have been administered to patients
with many types of VHF, there is no evidence that they are of
benefit for any of these conditions, and should be avoided
unless required for other medical indications like adrenal
support. It is also advised the Non Steroidal Anti In-
flammatory Drugs (NSAIDs) and aspirin are avoided for risk
of bleeding, and some patients have impaired renal function.

Antiviral Treatment
Specific therapeutic measures are available for only a few of
these diseases and there remains doubt over the efficacy of
these drugs. Intravenous administration of the guanosine
analogue ribavirin appeared to improve the survival rate in
severe Lassa fever in a clinical trial in Sierra Leone in the
1980s (49), and treatment has also reduced the rate of
mortality from HFRS (50). However, two systematic reviews
have concluded that insufficient evidence exists to support
the claim of therapeutic efficacy of ribavirin in CCHF (51,
52). Ribavirin has been used for postexposure prophylaxis of
CCHF in health care workers (53).

Convalescent plasma with uncertain specific antibody
content did not appear effective in reducing mortality in
EVD (54). However, convalescent plasma with neutralizing
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antibodies has been successfully used in Argentine HF. A
placebo-controlled trial in the late 1970s showed that such
therapy significantly reduced the case fatality rate, providing
it was initiated before the eighth day of illness (55). Yet in
contrast to untreated patients who undergo a typical HF
syndrome, patients who receive immune plasma sometimes
relapse a few weeks after the completion of therapy with a
variety of neurologic abnormalities. The etiology of this “late
neurologic syndrome” is unknown and merits further study
as these therapies are often some of the first to be considered
(55). Despite promising results from the use of convalescent
plasma in Lassa in Nigeria in 1984 (56) subsequent labora-
tory studies explored the titer levels and the need for a good
match between the patient and plasma donor. Once riba-
virin was thought to be beneficial in Lassa, the option of
convalescent plasma was largely abandoned.

A number of experimental therapies have shown efficacy
in laboratory animal models of various types of VHF, as
described in the corresponding chapters of this book. Most of
the drug development efforts over the years have gone into
Ebola and a number of these therapeutics were trialed in the
recent West African outbreak (see chapter 42). However,
no individual drug (e.g., favipiravir) or immunotherapeutic
(e.g., ZMapp) has demonstrated convincing antiviral or
therapeutic benefits in rigorously controlled trials (58), in
part because studies were under-enrolled and/or observa-
tional in nature. Several of these compounds were also used
in expatriated patients, but for multiple reasons, including
administration of multiple therapies, no conclusions can
be drawn about their efficacy (14). One recently described
prodrug of an adenosine analogue, designated GS-5734, is a
potent inhibitor of Ebolavirus replication in vitro and in
experimentally infected Rhesus macaques (59); this agent
was used in several cases with apparent benefit.

If these approaches prove to be safe and effective in hu-
mans, they could have many applications in the setting of a
disease outbreak, and could be lifesaving for a laboratory
worker accidentally exposed to a pathogen. In contrast,
developing an effective treatment for full-blown VHF, with
its combination of vascular insufficiency, disseminated in-
travascular coagulation, tissue damage, and impaired im-
mune function, is likely to remain a challenging medical
problem for the foreseeable future.

PREVENTION
It is impossible to prevent all sporadic cases of VHFs, espe-
cially those involving spillover from wildlife or a domesti-
cated animal source. Early detection and response remain
fundamental to preventing the extension of outbreaks from
such events. This entails the strengthening of surveillance
systems, health care worker awareness, diagnostic capacity,
and adherence to the International Health Regulations
(2005). Local health care workers should be trained to
recognize the signs and risk factors of early VHF infection.
Analyses of the weaknesses in controlling the West Africa
Ebola epidemic noted the need for improved national sur-
veillance and response systems, as required by the Interna-
tional Health Regulations (IHR), along with strong global
leadership and coordination in responding to such events.

Transmission Reduction Strategies
For VHFs like EVD that can have delayed sexual transmission,
it is important that WHO recommendations are followed re-
garding safe sex practices, including sexual abstinence or con-
dom use until semen has tested negative on two occasions with

an identified interval. Ideally, men should be offered testing of
their semen regularly for Ebola RNA from 3 months after the
onset of symptoms. If not possible, then precautions should
continue for at least 6 months after the onset of symptoms. For
vector-borne VHFs personal protection should be used when
possible, including mosquito repellants. For Crimean Congo
Haemorrhagic Fever Virus (CCHFV) and ticks, animal hus-
bandry practices should be reviewed as animals often roam
easily amongst tick-infested grassland and towns. Safe and
quick removal of ticks should be taught to all at-risk commu-
nities. During VHF outbreaks, transmission-based precautions
should be taken to avoid contamination of the blood supply.

Vaccines
Only a few vaccines are in regular use in humans for the
prevention of VHF. The live attenuated 17D YF vaccine,
first introduced in the 1930s, remains one of the most ef-
fective vaccines ever developed, but its use in tropical
countries, where sylvatic infection is endemic, is unfortu-
nately insufficient to prevent recurrent epidemics as is the
current situation in sub-Saharan Africa with outbreaks af-
fecting a number of countries. Effectiveness of reduced
dosing of the vaccine is currently being studied in the at-
tempt to make it available to more people. The attenuated
Candid-1 vaccine for Argentine HF has also proven to be
highly effective and has played an important role in reducing
the incidence of disease in its zone of endemicity. Some older
vaccines against RVF are used for specified groups of at-risk
humans in very limited settings in a few countries. Avaccine
against Omsk HF is used for high occupational risk persons
in the endemic area. The most problematic disease from the
point of view of vaccine development has been dengue fever.
As discussed above, the immunity that follows infection by
one of the four dengue virus serotypes can predispose an
individual to severe disease if he or she is later exposed to a
second serotype. So as not to place vaccinees at risk of severe
illness, it is now generally accepted that a dengue vaccine
must protect against all four serotypes (60). One dengue
vaccine has recently completed clinical evaluation; the
current status is described in chapter 53.

Several vaccines were fast tracked for evaluation against
Ebola during the West African epidemic. These included
recombinant vesicular stomatitis virus (rVSV) and chim-
panzee adenovirus vectored vaccines expressing the Ebola
surface glycoprotein. Both of these have been demonstrated
to be safe and immunogenic, but due to declining case
numbers, only the rVSV vaccine has gone far enough to
yield interim results indicating protection against EVD (61).
These vaccines, and other candidates, must be evaluated for
efficacy in future outbreaks, but safety and immunogenicity
studies can be carried out in the intervals between outbreaks,
so that the necessary clinical trials can be initiated with
minimal delay when the outbreaks begin. Some of the newer
vaccine technologies, which were explored for Ebola, may
also be adaptable to other VHFs, and work is under way to
assess these vaccine platforms for application to one or more
of the other VHFs mentioned in this chapter.

The various disease control needs, such as vaccination for
VHF outbreak control or the vaccination of potential front-
line workers or other at-risk groups, may necessitate different
vaccination strategies, and indeed, different vaccines. Imme-
diate use to curtail an outbreak demands a one-dose schedule
with rapid induction of immunity. Protection of frontline
workers or populations facing repeated exposure over a long
time period may require multiple doses or combination of
vaccines, e.g., a prime-boost strategy. In addition, while there
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are a variety of candidate vaccines for VHFs, the absence of a
lucrative commercial market to drive their development and
manufacture has led to slow progress in moving them through
the development pipeline. One consequence of the West
Africa Ebola epidemic was increased awareness of a need for
better available vaccines and vaccine preparedness at the
global level. It is hoped that this will translate into the at-
tention and funding required to accelerate their progress and
to make them available when and where they are needed.
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Viral Disease of the Eye
HOWARD M. NEWMAN
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The eye is a fascinating organ not only because of its com-
plex anatomy but also because it is a partly immunologi-
cally privileged site, which protects itself from potentially
destructive systemic immune responses. This characteristic,
however, may hinder defense against infectious agents, in-
cluding numerous viruses, which may manifest with a variety
of ocular diseases (Table 1). The first part of this chapter
discusses ocular anatomy and physiology, as well as the prin-
ciple clinical syndromes, which are usually classified accord-
ing to the affected anatomic structures. The latter part
discusses the major viral ocular pathogens and highlights se-
lected risk groups, such as infants and patients infected with
human immunodeficiency virus (HIV).

ANATOMY AND PHYSIOLOGY
Figure 1 illustrates the anatomy of the eye, which is a com-
plex organ within which three layers can be distinguished.
The outer layer consists of the cornea and sclera. The middle
one consists of the iris, ciliary body and choroid, collectively
known as the uvea. The retina forms the inner layer of the
eye and is a complex multilayered sheet of neural tissue
closely applied to a single layer of pigmented epithelial cells
(1, 2). The three transparent structures surrounding these
layers are the aqueous, the vitreous, and the lens. The eye can
also be divided into anterior and posterior segments, with the
dividing line just behind the lens (3).

The cornea, which is the window of the eye, is not only
transparent but also avascular; it consists of five distinct
layers: the corneal epithelium, Bowman’s membrane, stroma,
Descemet’s membrane, and the corneal endothelium. The
surface of the cornea is covered by tear film, which protects
against foreign substances, including infectious agents (1, 2).
There are several antimicrobial substances in tear film, such
as lactoferrins and lipocalin, which may interfere with viral
attachment to cells, as well as immunoglobulins (IgG and
IgA), which may neutralize viruses, thus preventing ocular
infection (4). All these characteristics allow the cornea to
perform its main function: to refract and transmit light to the
lens and retina and to protect the eye against infection and
structural damage to deeper parts (1).

The sclera forms a connective tissue coat which helps
maintain the shape of the eye. It contains collagen fibrils
arranged haphazardly, and therefore it is opaque rather than

clear. The outer layer of the sclera is the episclera, a highly
vascular connective tissue (2). The cornea and the sclera
connect at the limbus, while the conjunctiva covers the
visible part of the sclera. The iris (in the middle layer)
controls the size of the pupil, thereby controlling the amount
of light entering the eye. The ciliary body controls the power
and shape of the lens and is the site of aqueous production,
while the vascular choroid provides nutrients to the outer
retinal layers (1). Inflammation of the uvea (uveitis) would
therefore affect these functions to varying degrees. Aqueous
humor contains components of both innate and adaptive
immunity but also contains several substances, such as the
cytokine TGF-beta 2 (transforming growth factor), which
may suppress the activation of T-helper cells, thus contrib-
uting to immune privilege (5).

The retina, the tissue that lines the inner surface of the
eye, is an essential ocular component with its primary pur-
pose being photoreception. It surrounds the vitreous cavity
containing the vitreous humor. Like the aqueous humor, the
vitreous humor is also subject to innate and adaptive im-
mune responses, which protect against infection, and im-
mune privilege is also present in the vitreous (6).

Adnexal structures such as the eyelid, periocular skin, and
lacrimal glands and associated structures are often over-
looked when considering the anatomy of the eye, yet they
are important sites for many viral diseases.

In the eyelid and conjunctival sac, immune cells line
the sites at which ocular exposure to antigens occurs. Lym-
phocytes and antigen-presenting cells of the conjunctival-
associated lymphoid tissue (CALT) form a distinct layer in
the substantia propria and, in places, cluster to form folli-
cles. The CALT is considered part of the mucosa-associated
lymphoid tissue. These tissues are protected primarily by
immunoglobulin A (IgA) antibodies and T-cell-mediated
immune responses (7).

Visual function is critically dependent on normal struc-
tural integrity, as functional repair processes are incapable
of remodeling all ocular components if extensive tissue
damage occurs, which sometimes may be a direct result of an
overzealous host immune response. To reduce this likeli-
hood, the eye has evolved mechanisms, which evoke specific
immunological adaptations. Theses adaptations have been
termed anterior chamber-associated immune deviation, or
“immune privilege,” and consist of suppression of relatively
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nonspecific, delayed-type hypersensitivity responses, with
preservation of specific noncomplement fixing humoral
immunity and up-regulation of specific T-cell responses. In
addition, blood-ocular barriers (tight cellular junctions of
capillary endothelial cells and retinal pigment epithelium)
in the retina and anterior segment, limit ocular immune
responses by restriction of cellular macromolecular traffic,
and programmed intra-ocular apoptosis of inflammatory cells
may occur. These immune modulations and adaptations
modify the severity and extent of nonspecific intraocular
inflammation and serve to reduce collateral damage (7).

MAJOR CLINICAL SYNDROMES
Table 2 illustrates the major clinical syndromes, as well as
their viral etiologies and special features.

Conjunctivitis
Conjunctivitis refers to inflammation of the conjunctiva and
has four main causes—viruses, bacteria, allergens, and irri-
tants (8)—with viral causes being the most common. Viral
causes of conjunctivitis are numerous, with adenovirus being
one of the more common etiologies. In addition, conjunc-
tivitis often occurs in association with keratitis (keratocon-
junctivitis).

Conjunctival inflammatory responses are divided into
nonspecific papillary responses (as a consequence of tissue
edema) and follicular responses (due to the formation of ag-
gregates of activated lymphocytes) (7). In severe cases,
transudates rich in protein and fibrin may coagulate to form
membranes and pseudomembranes on conjunctival surfaces.

Clinical features include mild pruritus, foreign body sen-
sation,matted eyelids, generalized conjunctival injection, and
discharge (8,9).

Keratitis
Keratitis refers to inflammation of the cornea. Herpes sim-
plex virus (HSV), in particular, may cause severe keratitis
resulting in blindness (10). However, numerous other viru-
ses, such as adenovirus and measles, may also present with
corneal manifestations. The resultant clinical syndrome will
depend on the anatomical location of the lesion. Epithelial
disease may present with dendritic or amoebic/geographical
ulcers, whereas stromal disease may present with disciform or
interstitial keratitis. Significant inflammation affecting the
cornea results in limbal vascular dilatation with erythema,
most marked at the corneo-scleral limbus (7).

Symptoms include ocular pain, which is usually moderate
to severe, photophobia, which is thought to be due to reflex
inflammation and spasm of the iris in response to light, and a
watery discharge as a result of reflex lacrimation and mucous
buildup. Visual compromise may occur as a consequence of
reactive blepharospasm or, more significantly, inflammatory
cell infiltration and structural damage and perforation (7).

Early and accurate diagnosis with effective treatment is
essential if permanent damage is to be avoided. To this end,
specific laboratory diagnosis is useful.

Scleritis and Episcleritis
Scleritis is a severe ocular inflammation that is often asso-
ciated with more severe ocular complications and is nearly
always treated with systemic medications. In patients with
scleritis, the vasculature is engorged, whereas in the healthy
eye, the scleral vessels are not prominent (11, 12). If the
anterior sclera is involved, the external surface of the eye
becomes red and tender, with the redness being diffuse or
localized. Anterior scleritis can therefore be divided into
diffuse, nodular or necrotizing types, with the latter being
less common. Posterior scleritis is rare and may present with
pain and decreased vision.

Episcleritis is inflammation of the tissue that lies imme-
diately superficial to the sclera, deep into the conjunctiva.
Differentiation of episcleritis and scleritis, which may be

FIGURE 1 Anatomy of the eye. Courtesy of the National Eye
Institute, National Institutes of Health, USA.

TABLE 1 Common viruses affecting the eye

Virus Family Transmission

HSV-1 Herpesviridae Close personal contact
VZV Respiratory droplets
CMV MTC, kissing, sex, blood transfusions, transplant recipients
EBV Contact with infected saliva
HIV Retroviridae Sexual intercourse, MTC, needle-stick injuries
Adenovirus Adenoviridae Faecal-oral, aerosol inhalation à depends on type of adenovirus
Enterovirus Picornaviridae Faecal oral, respiratory route, direct contact
Measles Paramyxoviridae Respiratory aerosols
Rubella Togaviridae Respiratory droplets

HSV, herpes simplex virus; VZV, varicella zoster virus; CMV, cytomegalovirus; EBV, Epstein Barr virus; HIV, human immunodeficiency virus; MTC, mother-to-child.
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caused by several viruses, can be difficult (Table 2), but
correct identification is crucial as the prognosis of episcleritis
is better than for scleritis (9). Other than viral causes for
these syndromes, there are numerous other systemic and
autoimmune conditions which may present with scleritis or
episcleritis. These range from rheumatoid arthritis and sys-
temic lupus erythematosis to metabolic conditions, such as
gout, plus many others. (13)

Initial treatment of scleritis usually involves systemic
anti-inflammatory agents, but cytotoxic agents are some-
times required to control inflammation (7).

Uveitis
Uveitis is the term used to describe many forms of intra-
ocular inflammation involving the uveal tract (iris, ciliary
body, and choroid) and adjacent ocular structures (retina,
vitreous, and optic nerve) (14). The classification of uveitis
into anterior, posterior, or diffuse is based on the physical
appearance of the inflamed eye (14).

In anterior uveitis there is often vascular congestion of
the conjunctiva and sclera. The infiltration of inflammatory
cells between the anterior iris and cornea may result in
closure of the anterior chamber angle, resulting in increased

TABLE 2 Viral causes of ocular clinical syndromes

Clinical syndrome Virus Features

Conjunctivitis Adenovirus
HSV
VZV
EBV
Measles
Mumps
Enterovirus
Influenza
Molluscum contagiosum

Follicular, pseudomembranous/membranous
Follicular conjunctivitis, neonatal ophthalmia
Mucopurulent conjunctivitis with lid margin lesions
Follicular or membranous conjunctivitis
Keratoconjunctivits with conjunctival Koplik’s spots
Follicular or papillary conjunctivitis
Acute haemorrhagic conjunctivitis
Papillary conjunctivitis
Follicular conjunctivitis as reaction to shedding of molluscum bodies
into tear film

Keratitis HSV
VZV

Adenovirus
Measles

Mumps
Rubella
Vaccinia

Epithelial or stromal
Primary infection à punctuate epithelial keratitis, disciform keratitis
Reactivation à epithelial or stromal keratitis
Subepithelial punctate opacities
Epithelial keratitis à usually in malnourished or immunocompromised
children

Punctate epithelial keratitis, disciform keratitis
Punctate epithelial keratitis, stromal keratitis
Epithelial, interstitial, or stromal keratitis

Scleritis / Episcleritis HSV
VZV
Mumps
Influenza
EBV

Scleritis or episcleritis
Scleritis or episcleritis
Scleritis or episcleritis
Episcleritis
Scleritis or episcleritis

Uveitis HSV
EBV
VZV
Adenovirus
Mumps
Influenza
Vaccinia

Anterior uveitis and possibly sectorial atrophy
Anterior uveitis
Anterior uveitis
Rarely, anterior uveitis
Anterior uveitis
Anterior uveitis
Anterior uveitis, choroiditis

Retinitis CMV
HIV
HSV`
VZV

Necrotizing retinitis, usually in AIDS patients
Retinopathy/ Microvasculopathy
Acute retinal necrosis
Necrotising herpetic retinitis

Ocular adnexal disease HSV
VZV
Molluscum contagiosum
Papillomavirus
HHV-8

Blepharitis with primary infection
Lid cicatrisation with HZO
Molluscum eyelid nodules
Papillomas on lid, conjunctiva
Kaposi Sarcoma

HSV, herpes simplex virus; VZV, varicella zoster virus; EBV, Epstein Barr virus; CMV, cytomegalovirus; HIV, human immunodeficiency virus; HZO, herpes zoster
ophthalmicus.
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intraocular pressure. Alternatively, intraocular pressure may
decrease as a result of uveitis, and aqueous humor production
is diminished. Chronic or recurrent anterior uveitis often
leads to opacification of the lens.

In posterior uveitis, vision often decreases as a result
of opacity formation in the vitreous or from inflammation
or vascular occlusions of the macular area of the optic
nerve (14).

Anterior uveitis is typically associated with limbal hy-
peremia, pain, photophobia, and reflex lacrimation (7).
Although several viruses are associated with anterior uveitis
(Table 2), it is usually associated with rheumatoid-negative
spondyloarthropathies, such as ankylosing spondylitis and
Reiters syndrome.

Treatment is usually aimed at reducing the ocular in-
flammation with topical or systemic steroids or nonsteroidal
anti-inflammatory drugs, while treating any underlying eti-
ology where applicable.

Retinitis
Infections of the retina are potentially sight-threatening.
Viral causes of retinitis have become more prominent with
the global AIDS pandemic (7). This is particularly true for
cytomegalovirus (CMV) retinitis, which is an AIDS defin-
ing illness and usually occurs in patients with severe im-
munosuppression (15), particularly with compromised
cellular immunity. On the other hand, viruses, such as var-
icella zoster virus (VZV) and HSV, may cause retinitis in
immunocompetent individuals (15). Nonviral etiologies
include Toxoplasma gondii, syphilis, fungal infections, and
tuberculosis, whereas noninfectious causes include autoim-
mune conditions, such as sarcoidosis, as well as inherited
conditions, such as retinitis pigmentosa, all of which need to
be considered in the differential diagnosis of retinitis.

Retinal inflammatory cellular infiltrates and retinal is-
chemia may result in damage to blood-retinal barriers, which
may allow inflammatory cells to enter the vitreous cavity
and produce opacities, giving rise to symptoms of visual
floaters (7).

Acute retinal necrosis (ARN), classically described in
immunocompetent individuals, may involve one or both
eyes and may be characterized by anterior uveitis, vitritis,
and retinal vasculitis with diffuse or patchy areas of retinal
necrosis (15). In contrast, progressive outer retinal necrosis
(PORN) is seen mainly in immunocompromised patients
and is characterized by outer retinal discoloration in the
posterior pole, which rapidly spreads throughout the fundus
(15, 16). Together, ARN and PORN are classified as nec-
rotizing herpetic retinopathies (NHR) (3), with the primary
etiologic agents being VZV and HSV 1 and 2, although
CMV and Epstein–Barr virus (EBV) are also implicated (7,
15, 17). The visual prognosis for NHR is poor, especially
when caused by VZV (18).

Ocular Adnexal Disease
The ocular adnexa comprise anatomically related tissues
such as the eyelids, lacrimal apparatus, the extraocular
muscles, and periocular skin. Numerous viruses result in
adnexal disease. Disease features depend on the structures
involved and are beyond a general description.

VIRAL OCULAR PATHOGENS
HIV and the Eye
By 2015, over 35 million people worldwide were living with
HIV (see Chapter 34). As access to lifesaving antiretrovirals

increases, this number is expected to steadily rise (19). The
impact that this pandemic has had on all specialties within
medicine, ophthalmology included, has been immeasurable.
Eye clinics in developing countries, in particular, where the
prevalence of HIV is high, have been put under immense
strain to provide clinical care. This is not surprising, since
HIV can affect the eye directly, or, by causing severe immu-
nosuppression, make the eye susceptible to a variety of dev-
astating infectious diseases, including other viral infections.
As such, HIV has to be considered a major ocular viral
pathogen.

Eye infections tend to be more severe and are more
commonly multicentric and bilateral. Approximately 70%
of AIDS patients will develop eye disease during the course
of their illness (20). HIV ophthalmic manifestations, illus-
trated in Table 3, fall within four major groups: micro-
vasculopathy, opportunistic infections, neoplasms, and
neuro-ophthalmic disorders (21). Anterior segment findings
include keratitis, keratoconjunctivitis sicca, iridocyclitis, and
others. Posterior segment findings include HIV-associated
retinopathy and opportunistic infections of the retina and
choroid (20).

Microvasculopathy, which is the most common form of
posterior segment involvement in AIDS patients, may affect
the conjunctiva or retina, with the latter also referred to as
HIV retinopathy (22, 23). It is hypothesized that the path-
ogenesis of conjunctival and retinal microvasculopathy is
possibly similar and may include increased plasma viscosity,
circulating immune complexes and infectious damage of the
vasculature (3, 20).

Conjunctival microvasculopathy, which may result in
asymptomatic microvascular changes, usually requires no
treatment (20). The microvascular changes include micro-
aneurysms and vascular dilatations and narrowings (7, 20).

Although being the most common retinal manifestation
of HIV, most cases of HIV retinopathy are asymptomatic.
Fundoscopic changes (Figure 2) include cotton wool spots,
intraretinal hemorrhages and retinal micro-aneurysms (3,
24). The possible opportunistic infections that may affect
the eye are numerous (Table 3) and include viruses, bacteria,
fungi, and protozoa (25). Among the viral opportunistic
infections, CMV, HSV, and VZV can cause severe disease,
especially in those with severe immunosuppression, and are
discussed in more detail in the sections to follow.

TABLE 3 Ocular HIV manifestations

Category Features

Microvasculopathy HIV retinopathy
Conjunctival microvasculopathy

Opportunistic
infections

Viral à CMV, HSV, VZV, Molluscum
Bacterial: MTB, Syphilis
Fungal: Candida, Aspergillus
Protozoan: Toxoplasma gondii,
Microsporidia

Neoplasms Non-Hodgkin lymphoma
Kaposi sarcoma

Optic neuropathies Optic neuritis (eg HHV-6)
Compression of optic nerve due
to neoplasm

HIV, human immunodeficiency virus; CMV, cytomegalovirus; HSV, herpes
simplex virus; VZV, varicella zoster virus; MTB,Mycobacterium tuberculosis; HHV-
6, human herpes virus-6.
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Orbital and adnexal manifestations of HIV are rare, with
the most common being opportunistic viral infections, such
as molluscum contagiosum, as well as HIV-associated con-
ditions such as Kaposi sarcoma and conjunctival micro-
vasculopathy (26). In addition to infectious complications,
HIV may cause optic neuropathies by various mechanisms,
including compression on the optic nerve by tumors and
vaso-occlusion (3). In children, ocular manifestations of
HIV are much less frequent than in adults for reasons which
are still unclear. However, the commonest ocular manifes-
tation of HIV in children is keratoconjunctivitis sicca, or dry
eyes (20, 27).

With close to 10 million people worldwide receiving
highly active antiretroviral therapy (HAART) by 2012 (28),
immune-recovery uveitis is a syndrome expected to occur
more frequently. It entails paradoxical worsening of intraoc-
ular inflammation after receiving antiretrovirals, which may
be caused by an immune response to CMV and other in-
fectious agents present in the eye (3, 27), and is character-
ized by recovery of CD4 cell counts and function. Although
specific treatment of opportunistic infections is also impor-
tant, the mainstay of treatment for ocular complications of
HIV would be HAART, which is discussed elsewhere and is
mentioned in the following sections.

Herpesviruses
Viruses of the Herpesviridae family have biological features of
latency and cytopathic effects, which are important char-
acteristics with respect to ocular manifestations. These
viruses may evade the host immune system by a variety of
mechanisms, including latency, which allows for persistent,
life-long infections, and the potential for reactivation with
or without disease (3).

Table 4 shows the various herpesviruses and their com-
mon ocular manifestations. Herpes simplex virus 1 and 2
(see chapter 20) (HSV-1, HSV-2), CMV (see chapter 23),
and VZV (see chapter 22) are the herpesviruses with the
greatest propensity for severe disease, which may or may not
result in blindness.

Herpes Simplex Virus
HSV-1 generally enters the host via the oropharyngeal
mucosa, where initial replication occurs. This is followed
by the establishment of latency in the trigeminal ganglia
or sacral ganglia, depending on the mode of transmission.
HSV-2, on the other hand, is usually transmitted sexually
with initial replication in the genital mucosa, followed by
latency in the sacral ganglia. HSV-2 infection acquired
congenitally may or may not have ocular manifestations (29,
30). HSV-1 and -2 have similar clinical ocular manifesta-
tions and produce a wide spectrum of diseases. However,
HSV-1 predominates with regard to ocular infections.

Ocular manifestations of HSV-1 include blepharitis,
conjunctivitis, keratitis, uveitis, and retinitis (31, 32, 33, 34),
with keratitis being the most common. HSV keratitis is also
the commonest cause of infectious blindness in developed
countries (35). Keratitis may manifest as corneal edema,
epithelial ulceration, or stromal inflammatory infiltrates.
Due to the inability of the repair process to precisely remodel
the orthogonal collagen fibers of the original corneal struc-
ture, inflammatory processes may produce permanent scar-
ring and decreased visual acuity (7).

Pathogenesis
There are two major routes for primary ocular infection:
direct infection by contact with infectious secretions or
initial infection at a nonocular site with neural spread along
the nerves supplying the cornea (36). Autoinoculation ap-
pears to be an unlikely source of intraocular infection (37).

Primary infection may be followed by intermittent re-
activation (38), both of which may produce ocular disease.
Reactivation episodes may be responses to various stimuli
including fever, stress, exposure to ultraviolet light, hor-
monal imbalances, among others, and is made possible by

FIGURE 2 HIV retinopathy with cotton wool spots. Courtesy
Retinal Gallery and S Cohen (http://retinagallery.com/displayimage.
php?pid=3301).

TABLE 4 Ocular manifestations of herpesviruses

Virus Extraocular manifestations Common ocular manifestations

HSV-1 Oral and peri-oral skin lesions, genital lesions, encephalitis Blepharitis, conjunctivitis, keratitis, uveitis, retinitis
HSV-2 Genital lesions, oral skin lesions, encephalitis Keratitis, uveitis, retinitis, congenital cataract
VZV Chickenpox, meningitis, encephalitis, pneumonia, herpes zoster HZO, keratitis, uveitis, NHR
CMV Meningitis, encephalitis, pneumonia, hepatitis, colitis, plus others Retinitis, uveitis
EBV Infectious mononucleosis, Burkitt’s lymphoma,

central nervous system (CNS) manifestations
Conjunctivitis, keratitis, uveitis, retinitis

HHV-6 Sixth disease, CNS manifestations, hepatitis Uveitis, optic neuritis
HHV-8 Kaposi sarcoma Conjunctival Kaposi sarcoma

HSV, herpes simplex virus; VZV, varicella zoster virus; HZO, herpes zoster ophthalmicus; NHR, necrotising herpetic retinitis; CMV, cytomegalovirus; EBV, Epstein
Barr virus; HHV-6, human herpes virus-6; HHV-8, human herpes virus-8.
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the virus’s ability to remain latent in the sensory ganglia of
the first division of the trigeminal nerve.

Infectious epithelial keratitis with dendritic or geo-
graphical ulcers is associated with the formation of multi-
nucleated giant cells and intranuclear inclusion bodies, as
well as necrosis of the cells bordering the area of ulceration
and infiltration with neutrophils in the underlying stroma
(7). In stromal keratitis, in addition to the influx of neu-
trophils, lymphocytes are present and are important in pre-
disposing to chronic inflammatory sequelae. How HSV
enters the stroma still needs to be fully elucidated, but it
seems likely that virus present in the epithelial cells migrates
into the superficial stroma from the subepithelial nerve
plexus and then enters the keratocytes, with subsequent
dissemination into the stroma through intercellular spread.
This spread would be enhanced when immune responses are
reduced by corticosteroid use (7, 39).

HSVantigens can be detected in keratocytes, endothelial
cells, and epithelioid hystiocytes, together with multinu-
cleated giant cells in necrotizing stromal keratitis. With in-
active disease, no viral antigens are apparent. Endotheliitis,
on the other hand, is associated with HSV DNA in the
aqueous humor. Endothelial cells are dysfunctional due to
direct infection with HSV and as a consequence of anterior
chamber inflammation.

Clinical manifestations
HSV may cause epithelial ulcerative keratitis, which is gen-
erally self-limiting and responds rapidly to antiviral therapy.
The typical dendritic ulcer caused by HSV-1 is a form of
infectious epithelial keratitis and occurs as a result of active
viral replication (Figure 3). Stromal keratitis results in tem-
porary or permanent loss of corneal transparency, and loss of
corneal sensation is a useful clinical sign of its occurrence (7).

Primary ocular infection is rare and may manifest as ve-
sicular lesions on the eyelid, follicular inflammatory response
in the conjunctiva, or dendritic ulcers in the cornea.

In recurrent disease, stromal involvement may occur,
while other manifestations include iridocyclitis, panuveitis,
and ARN, the latter being rare and usually occurring in
immunocompetent hosts (40).

Epithelial disease causes moderate to severe pain, water-
ing, and photophobia. Infections are usually unilateral, and
recurrences are associated with triggers, such as fever, stress,
and exposure to sunlight (41).

Dendritic ulcers are narrow and branching and are best
visualized after instilling fluorescein drops. Untreated, these
ulcers usually heal in 5 to 12 days (7). In malnourished

children with measles virus infection, or in cases where
corticosteroids were erroneously used to treat a dendritic
ulcer, these lesions may evolve into more extensive amoe-
boid or geographical ulcers (Figure 4).

Stromal keratitis is an inflammatory reaction and is the
most common sight-threateningmanifestation of ocularHSV
(42). Spread of viral particles from the epithelium is pre-
vented by relative barriers, such as the basement membrane
of the epithelium and Bowman’s layer. However, in ap-
proximately 30% of patients with ulcerative disease, viruses
may still penetrate into the corneal stroma (7, 43, 44). Per-
manent stromal scarring generally follows. Scarring may not
be sufficient to cause permanent visual handicap, but when it
affects the visual axis, it may result in significant visual com-
promise for which a corneal transplant may be required (45).

Diagnosis
HSV keratitis is usually diagnosed clinically, but, in doubtful
cases, specific diagnostic tests are indicated. Table 5 illus-
trates the common laboratory tests for the common ocular
viral infections. Detection of viral DNA by polymerase
chain reaction (PCR) is more sensitive than viral culture or
antigen detection (3, 34). Intraocular infection can be
demonstrated by PCR amplification of viral DNA found in
the anterior chamber or vitreous fluids. In addition, locally
produced antibody may be detected, and, by comparing with
total immunoglobulin G (IgG), one can calculate the
Goldmann-Witmer coefficient (GWC), which is the quo-
tient of two ratios, namely the specific antibody titer in
the aqueous humor over the total IgG in the aqueous humor
and the specific antibody titer in the serum over the total
IgG in the serum. A value of 3 or more indicates infection
with the specific virus involved. Using a combination of
PCR and GWC allows for a more comprehensive laboratory
diagnosis (46).

Treatment
The goal of treatment is to inhibit viral replication and to
reduce the inflammatory reaction in the stroma that may
lead to long-lasting damage to the collagen fibrils (47, 48).
Topical steroids are never used in isolation for epithelial
keratitis because the virus can replicate freely in the presence

FIGURE 3 Herpes simplex virus keratitis with dendritic ulcer,
visible after fluorescein staining.

FIGURE 4 Herpes simplex virus keratitis with geographical
ulcer. Courtesy of Hee K. Yang, Young K. Han, Won R. Wee, Jin H.
Lee, and Ji W. Kwon; Department of Ophthalmology, Seoul Na-
tional University College of Medicine, Seoul, Korea (http://www.
jmedicalcasereports.com/content/5/1/328/figure/F1).
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of local steroid-induced immunosuppression, potentially
resulting in more extensive geographical ulcers. Prior to
antivirals being available, alternative treatment modalities
were used, including cautery with carbolic acid, ether, or
iodine (7), which were associated with stromal scarring.
Debridement using a cotton-tipped applicator to gently
remove loose epithelium is an alternative when antiviral
treatment is unavailable (49).

Antivirals
Antiviral agents are the mainstay of treatment in HSV

infections. The decision whether to use topical or systemic
agents depends on the anatomical site involved, severity of
infection, and immune status of the patient (3). Available
topical agents include acyclovir and trifluridine, with the
former being the most widely used. Systemic agents other
than acyclovir includes valacyclovir (the prodrug of acy-
clovir) and famciclovir.

Topical antivirals are used to treat HSV blepharitis,
conjunctivitis, and infectious epithelial keratitis and are also
used as prophylaxis to cover corticosteroid treatment of
certain forms of keratitis. Systemic agents are used in certain
cases of endotheliitis and severe uveitis in immunocom-
promised patients, in pediatric patients not responding to
topical treatment, or as prophylaxis (3). Intravenous acy-
clovir is generally reserved for patients with posterior pole
involvement (30, 33).

For recurrent epithelial or stromal keratitis, as well as
corneal graft failure in patients with a history of recurrent
HSV keratitis, long-term prophylaxis with oral acyclovir
appears to reduce their occurrence (50–52).

Resistance to acyclovir has been reported, particularly in
AIDS patients, where isolates were shown to have mutant
thymidine kinase (53).

Corticosteroids
The use of corticosteroids to reduce inflammation in

HSV ocular disease is controversial, since it may lead to
increased severity of HSV infection by suppressing the local
immune response. However, in certain cases they are very
beneficial in reducing scarring and neovascularization. To-
pical steroids are usually reserved for moderate to severe
cases of stromal keratitis, endotheliitis, and uveitis. Systemic
steroids are only used in very severe forms of stromal and
endothelial keratitis, uveitis, and retinitis after initiating
antiviral therapy (33, 54). High-dose corticosteroids should
be tapered over days to weeks to avoid the risk of a severe
rebound inflammatory response (55).

Cytomegalovirus
CMV retinitis (Figure 5) is the most common severe ocular
infection in AIDS patients. It is an AIDS-defining illness,

typically occurring in patients with a CD4+ lymphocyte
count below 50 cells/mm3 (56). CMV retinitis may also
occur in other immunosuppressed patients and occasionally
in neonates, albeit much rarer than in late stage HIV in-
fection. The availability of HAART has led to a significant
decline in the incidence of CMV retinitis (57, 58).

Pathogenesis
The virus may be spread vertically or horizontally and is
shed from multiple sites. Risk factors for severe disease in-
clude primary infection, high viral load, and immune sup-
pression (59). CMV remains latent in immunocompetent
individuals until there is an abrogation of the immune re-
sponse (60).

CMV retinitis occurs following chronic CMV viremia.
The virus is thought to reach the retina via infected mono-
cytes, or, rarely, by direct extension from the CNS via
the optic nerve (7). HIV microvasculopathy possibly facili-
tates the passage of CMV infected cells into the retina and
may explain the higher incidence of CMV retinitis in AIDS
patients than in patients with immunosuppression due to
another cause.

Histologic examination reveals extensive retinal necrosis
with little inflammatory response. Cells containing intra-
nuclear and intracytoplasmic inclusion bodies may be found
in all layers of the retina. Some of these are large with a
surrounding halo, giving rise to the characteristic “owl’s eye”
appearance. Indeed the virus’s name was derived from these
cytopathic effects seen in cell culture, namely “cytomegaly”
(61). Occasionally, multinucleate giant cells may be seen.
CMV antigens, DNA, and virions have been found in the

TABLE 5 Laboratory diagnosis of common ocular viral infections

Virus Specimen Laboratory test options

HSV Aqueous humour, biopsy specimens PCR, Goldman-Witmer coefficient (GWC), culture
VZV Aqueous humour, biopsy specimens PCR, GWC, culture
CMV Vitreous humour, biopsy specimens, blood PCR, culture, serology and viral load on blood (complementary tests)
EBV Biopsy specimens, blood PCR, serology on blood (complementary test)
Adenovirus Aqueous humour, biopsy specimens PCR, culture
Enterovirus Aqueous humour, biopsy specimens PCR, culture
Rubella Aqueous humour, biopsy specimens, blood PCR, GWC, serology on blood (complementary test)

HSV, herpes simplex virus; VZV, varicella zoster virus; CMV, cytomegalovirus; PCR, polymerase chain reaction; EBV, Epstein Barr virus.

FIGURE 5 Cytomegalovirus retinitis with retinal haemorrhages
and exudates. Courtesy Retinal Gallery and Don Gass (http://
retinagallery.com/displayimage.php?pid=3989).
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nuclei and cytoplasm of infected cells using techniques such
as immunohistochemistry, in situ hybridization and electron
microscopy. Gliosis or calcium deposits mark areas of
burned-out disease where retinal vessels show perivascular
fibrosis and narrowing (7).

Clinical manifestations
CMV retinitis is typically painless but may be associated
with mild discomfort. Symptoms will depend upon the lo-
cation of lesions and upon complications, such as retinal
detachment (62). CMV retinitis is bilateral in approximately
half of cases. In approximately 80% of those with unilateral
disease, the contralateral eye will be affected, as well, in the
absence of treatment (63).

When the optic nerve head or macula is affected, vision
may be markedly reduced. However, many cases are as-
ymptomatic, requiring regular screening, particularly in those
with CD4+ cell counts below 100 cells/mm3.

The necrotic process of CMV retinitis usually starts in the
periphery and slowly progresses. Untreated, the entire retina
is destroyed within 6 months. Symptomatic patients may
complain of blurred vision, visual field defects, or floaters.
Fundoscopy may reveal large, unifocal, sometimes multifo-
cal, areas of cheesy, yellow-white, full-thickness retinal ne-
crosis with associated intraretinal hemorrhages (7).

Typically, the vitreous cavity, choroid, and anterior seg-
ment show little or no inflammatory reaction, although fine
scattered deposits are commonly observed on the corneal
endothelium (64). Other than retinitis, other ocular mani-
festations of CMV include anterior uveitis and corneal
endotheliitis (65), as well as acute retinal necrosis (66).

Diagnosis
The differential diagnosis of hemorrhagic retinal necrosis in
an HIV-positive individual includes ARN, PORN, toxo-
plasma retinochoroiditis, fungal infection, syphilitic retinitis,
intraocular lymphoma, and HIV microvasculopathy (67).
The slow progression, unifocality, characteristic appear-
ance, and absence of intraocular inflammation aid in estab-
lishing the diagnosis of CMV retinitis. However, although
the diagnosis is usually made clinically, additional laboratory
testing may be necessary and includes PCR assessment of
blood and ocular fluids, as well as serum antibody testing
(68). In atypical cases the diagnosis may be aided by electron
microscopy or PCR amplification of viral DNA obtained
from an endoretinal, choroidal, or vitreous biopsy. Virus
isolation from blood or urine may help confirm the diagno-
sis (69).

Treatment
Without treatment the disease progresses relentlessly, re-
sulting in little or no visual function. The management of
CMV retinitis involves treatment with an antiviral drug in
conjunction with HAART for HIV-positive patients. An-
tiviral treatment may be administered systemically, as in-
travitreal injections, or as a long-acting intravitreal implant.
Systemic antiviral agents include the nucleoside analogue
ganciclovir and its prodrug, valganciclovir, which has ex-
cellent oral bioavailability and offers the benefits of an
orally bioavailable drug with pharmacokinetics compa-
rable to intravenous ganciclovir (70, 71). Both require
induction doses, which are given twice a day, followed
by maintenance doses, given once daily. However, some
HIV positive patients on HAART, who respond well to
treatment, may no longer require maintenance treatment
(71–76).

Ganciclovir-resistant mutants, usually the result of a
mutation in the unique long 97 (UL97) region of the ge-
nome, may emerge (77). Other available drugs for the
treatment of CMV disease includes foscarnet, a pyrophos-
phate analogue, and the nucleotide analogue, cidofovir.
Systemic treatment with ganciclovir, valganciclovir, foscar-
net, or cidofovir leads to suppression of the retinitis and
delays progression of disease (78). Further, it has the ad-
vantage of treating associated systemic disease and protect-
ing the contralateral eye (7).

Local treatments usually take the form of intravitreal
injections containing ganciclovir or formivirsen (no longer
available in the U.S.), a synthetic antisense oligonucleotide
that blocks viral mRNA translation (54). Other options
include intravitreal injections with foscarnet or cidofovir or
implantation of a sustained-release device delivering ganci-
clovir slowly (79–81). Intravitreal cidofovir may precipitate
hypotony and is therefore generally avoided.

Although systemic drug toxicity is avoided, there are
complications associated with repeated intraocular injec-
tions, including hemorrhage, endophthalmitis and retinal
detachment (7). Intraocular injections also do not address
occurrence of the frequent extraocular complications of
CMV infection. Laser retinal photocoagulation has not been
proven to contain the spread of retinal infection but may be
of use in treating retinal breaks and localized peripheral
detachments. Treatment of full-blown retinal detachments is
best performed by pars plana vitrectomy, internal silicone oil
tampanade, and endolaser (7).

Varicella Zoster Virus
Varicella zoster virus (VZV) is spread via respiratory droplets
and is highly infectious. After primary infection the virus
remains latent in one or more posterior root ganglia, usually
in the trigeminal or thoracic nerves. During periods of
lowered immunity the virus may reactivate and travel from
the ganglia down the peripheral nerves to the skin, resulting
in the typical lesions of herpes zoster, occurring typically in a
dermatomal distribution (3). Damage to the eye may be due
to a number of processes, including viral replication and
inflammatory responses to the virus. Postherpetic neuralgia
is a serious complication of herpes zoster ophthalmicus
(HZO), which is more likely to occur with advanced age and
severe eruptions (82). Unfortunately, postherpetic neural-
gia is not prevented by early systemic antivirals or cortico-
steroids.

Clinical manifestations
Primary VZV infection occasionally may result in vesicular
lesions on the eyelids, conjunctiva, or limbus. Lid lesions
may develop into excavated ulcers that cause considerable
inflammation, and VZV may rarely induce severe scleritis
(83, 84). The cornea may also be involved with primary
infection, which may show a punctate keratitis and marginal
keratitis in the presence of limbal pustules (7). Later in the
disease course, after the resolution of the exanthema, corneal
involvement may still occur. In addition, bleb-like lesions in
the presence of corneal edema have been described, as well
as disciform keratitis, which appears to be identical to HSV
keratitis (7).

Approximately 10 to 20% of all cases of herpes zoster
present as HZO (85). The presentation of ophthalmic zoster
can be complex due to the structure and complexity of the
eye. It may involve the eyelid, conjunctiva, sclera, cornea,
and iris, with iritis and keratitis being the most common
complications (86). The typical erythematous, pustular rash
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of HZO occurs in the distribution of the first division of the
trigeminal nerve. The rash may extend from the nose and
the eye to the scull vertex but does not cross the midline
(Figure 6). Involvement of the nasociliary branch of the
trigeminal nerve occurs commonly and correlates with oc-
ular involvement in approximately 50% of patients with this
sign (7). When this does occur, Hutchinson’s sign, which is a
vesicular lesion at the tip of the nose, may precede the de-
velopment of HZO.

Eyelid vesicles resolve with pitting pigmentation and
scarring, sometimes yielding eyelid retraction, malposition,
and corneal exposure. The eyelash follicles and meibomian
glands may also be damaged (7). Nodular and diffuse scleritis
and keratitis may occur, sometimes months later. Damage to
corneal nerves may result in corneal anesthesia.

Acute retinal necrosis has been described in older pa-
tients (87) as has PORN, which is most commonly caused by
VZV, which can be diagnosed by PCR amplification of viral
DNA found in fluid obtained from the anterior chamber
(87, 88). Also associated with ocular VZV infection is an-
terior uveitis, both granulomatous and nongranulomatous
(89). Cranial nerve palsies and CNS involvement are oc-
casionally seen. Long-term sequelae include postherpetic
neuralgia, permanent scarring of the eyelids, entropion,
keratoconjunctivitis sicca, and neurotrophic keratopathy (7).

In congenital varicella syndrome, where mothers suffer
VZV infection in the first or second trimester of pregnancy,
ocular involvement may be present in the newborn.

Treatment
The treatment of VZV infection is generally aimed at
treating the symptoms, speeding up recovery, and reducing
complications (7). There are currently three antivirals used
for the treatment of HZO, namely acyclovir, valacyclovir,
and famciclovir. Intravenous acyclovir is the drug of choice
for immunosuppressed patients to prevent disseminated in-
fection. Oral acyclovir commenced within 72 hours of onset
hastens the resolution of skin lesions, reduces acute pain,
and reduces the incidence of ocular complications. Valacy-
clovir and famciclovir are at least as effective as acyclovir in
preventing ocular complications and have simpler dosing
schedules because of higher oral bioavailability (90, 91). In
addition, topical acyclovir has been shown to hasten the
resolution of corneal epithelial disease and reduce the inci-
dence of recurrence (92).

Epstein-Barr virus
Epstein-Barr virus (EBV) infection usually follows contact
with infectious saliva, and generally infects B-cells but can
also replicate in subpopulations of squamous epithelial cells
(see chapter 25) (93). Previous studies have found various
presentations of corneal epithelial and stromal infections
associated with EBV (35). However, the most common oc-
ular manifestation of acute mononucleosis is periorbital
edema and follicular conjunctivitis (94). Posterior seg-
ment diseases have been reported but are very rare. There
have also been reports of ocular lymphomas including
B- and T-cell lymphomas associated with EBV (35). Sero-
epidemiologic studies have implicated EBV in conjunctivi-
tis, episcleritis, keratitis, retinitis, and uveitis, with uveitis
being reported in numerous case reports. Indeed, EBV has
been detected in all ocular tissues except the optic nerve
(94, 95, 96).

No specific treatments for EBV infections of the eye have
been proven effective. Treatment is usually supportive, in-
cluding lubricants, analgesia, and topical steroids in cases of
uveitis. The antiviral agents acyclovir and foscarnet have
been used but with limited success. Interferon-alpha has also
been used to treat cases with apparent success, following a
poor response to acyclovir (95).

Other Herpesviruses
The other less common herpesviruses that may affect the
eye include human herpesvirus-6 (HHV-6) and human
herpesvirus-8 (HHV-8), with the latter also known as Kaposi
sarcoma-associated herpesvirus (see chapters 24 and 26).
There have been rare reports of optic neuritis and conjunc-
tivitis been caused by HHV-6 (61, 97). HHV-8 may cause
conjunctival Kaposi sarcoma and possibly uveitis (3, 35, 98).

Adenoviruses
The ocular manifestations of adenoviruses are not strain-
specific (99), and while the prevalence of milder forms of
ocular disease is unclear, local epidemics of more severe in-
fections occur episodically, including in eye clinics, where
water and instrument contamination may facilitate trans-
mission (100). These nonenveloped viruses are particularly
resistant to inactivation and can survive on inanimate ob-
jects for prolonged periods (see chapter 27).

Pathogenesis
Adenoviral pathology results from a combination of viral
replication and cell lysis. Histopathologically, adenoviruses
produce intranuclear inclusion bodies, as well as the so-
called “smudge cells”, which contain large amounts of capsid

FIGURE 6 Herpes zoster ophthalmicus. Courtesy of William
Charles Caccamise and Ophthalmic Atlas Images by EyeRounds.
org, The University of Iowa. Note the dermatomal distribution of
the lesion and scar of Hutchinson’s sign at the tip of the nose which
may precede the development of herpes zoster ophthalmicus.
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protein. The toxic effect of large amounts of structural
protein, as well as the immune response, may also contribute
to adenoviral pathology (101,102).

Clinical manifestations
Ocular manifestations of adenoviral infection usually results
in acute, self-limiting disease, which may vary considerably
in severity. The incubation period ranges from 2 to 14 days,
and viral shedding in ocular secretions occurs up to 2 weeks
after onset. Symptoms vary and include pain, lacrimation,
and foreign body sensations in more severe cases. Corneal
involvement and anterior uveitis may produce considerable
discomfort and photophobia. Vision may be reduced in acute
stages by corneal epithelial and stromal inflammation and
in the latter stages, by scarring. Generally the contralateral
eye also becomes infected but not as severely as the primary
eye (7).

Ocular manifestations of adenoviral infection are clas-
sified into four syndromes: epidemic keratoconjunctivitis
(EKC), pharyngoconjunctival fever (PCF), acute nonspecific
follicular conjunctivitis (NFC), and chronic keratoconjunc-
tivitis (CKC) (Table 6) (103). In addition, adenovirus in-
fection has been linked to acute hemorrhagic conjunctivitis.

PCF most commonly occurs in children and is usually due
to serotype 3, but serotypes 1, 4, 5, 6, 7, and 14 have also been
implicated. It usually presents with fever and sore throat
after an incubation period of about 12 days. Ocular in-
volvement is usually bilateral, with burning, irritation, and
photophobia. A punctate keratitis may develop, followed by
corneal infiltrates (103).

EKC is most commonly associated with serotype 8 and
19, although serotypes 2, 3, 4, 7 to 11, 14, 16, and 29 have
also been linked. This condition is highly contagious and is
most common during autumn and winter. Keratitis occurs in
the minority of cases, whereas subepithelial corneal infil-
trates are the hallmark of EKC; corneal infiltrates may lead
to visual loss (103, 104).

Follicular conjunctivitis is the most common ocular
manifestation of adenoviral infection, which usually pro-
duces a mild conjunctivitis that is self-limiting. However,
conjunctival hemorrhages may occur and range from pete-
chiae to frank subconjunctival hemorrhage. The more se-
vere forms may also produce exudation and membrane, or
pseudomembrane, formation.

Although acute disease is self-limiting, subepithelial
punctate opacities may persist for weeks to years, producing
the final syndrome of ocular adenoviral disease, namely
CKC, which is very rare but which may result in symptoms
of ocular irritation and visual disturbance.

Diagnosis
Diagnosis requires a thorough history and examination,
looking for associated systemic features, as well as a history of

infectious contacts. Definitive laboratory diagnosis can be
made with techniques such as virus isolation either by con-
ventional culture or shell vial culture, and PCR assessment,
with the latter being more sensitive and specific, thus facili-
tating a more rapid and reliable diagnosis (105–107).

Treatment
In 2015, no specific antiviral agent had yet been approved
for adenoviral disease; however, brincidofovir has good
in vitro activity with anecdotal reports of successful human
therapy. At the present the most important step in the
management of adenoviral conjunctivitis is prevention of
transmission. Treatment is directed at symptom relief with
analgesia, lubricants, and cold compressors, as well as pre-
vention of serious sequelae. In the acute stage, antibiotic
drops are often given to prevent secondary infection, and
cycloplegic agents may be offered for pain relief. Generally,
however, antibiotics are not indicated. Povidone-iodine
drops to treat conjunctivitis are cost-effective and can be
beneficial due to the broad spectrum of coverage (33).

Membranes and pseudomembranes can be managed with
surgical removal and careful administration of topical ste-
roids. Treatment of keratitis and uveitis, secondary to severe
adenoviral conjunctivitis, may be managed with topical
steroids but under close supervision as recurrences are pos-
sible after withdrawal of treatment (3).

Picornaviruses
Of the three genera within the Picornaviridae family that
affect humans, species within the genus Enterovirus (See
chapter 46) and Parechovirus are known to cause ocular
disease. Ocular manifestations include conjunctivitis, kera-
toconjunctivitis, and uveitis (108–110). Enteroviral eye
disease may result from direct inoculation via hand-to-eye
contact, or may spread to the eye after initial replication in
the gastrointestinal tract.

Various serotypes have been associated with conjuncti-
vitis. Echovirus 7, 11, and others, as well as coxsackie B2,
have been isolated from the conjunctiva in sporadic cases,
with echovirus additionally reported to cause keratocon-
junctivitis (110).

Acute hemorrhagic conjunctivitis (Figure 7) is caused by
one of two enteroviruses, a variant of coxsackie A24 and
enterovirus 70 (108). In addition, enteroviral uveitis, caused
by echovirus19 and two types of echovirus 11, has been
reported (109).

Parechovirus, which was previously grouped under the
human enteroviruses, has recently been isolated from ocular
fluids in patients with uveitis (111).

Clinical Manifestations
Ocular infection is typically bilateral, with the usual
symptoms of pain, foreign body sensation, and lacrimation.

TABLE 6 Adenoviral ocular syndromes

Syndrome Adenoviral species Common serotypes involved

Epidemic keratoconjunctivitis Human mastadenovirus D 8, 19, 37
Pharyngoconjunctival fever Human mastadenovirus B

Human mastadenovirus E
3, 4, 7, 11, 14

Nonspecific follicular conjunctivitis Human mastadenovirus B
Human mastadenovirus D
Human mastadenovirus E

3, 4, 7

Chronic keratoconjunctivitis Very rare—caused by many of the serotypes mentioned above
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Clinical features include eyelid edema, follicular conjuncti-
vitis, chemosis, and subconjunctival hemorrhages. Corneal
involvement is limited to superficial epithelial keratitis,
while bacterial superinfection has also been reported, par-
ticularly in patients treated with topical steroids (112).

Diagnosis
Diagnosis of picornaviral ocular disease is based upon clin-
ical examination in addition to laboratory testing, such as
viral isolation or PCR evaluation from conjunctival scrap-
ings, with neutralizing antibody tests being less helpful
(113).

Treatment
Ocular disease due to picornaviruses is usually self-limiting,
allowing conservative management with cold compressors
and lubrication. Various agents have been shown to inhibit
enteroviral replication in vitro, but none are available as
chemotherapeutic agents (103). Topical steroids should be
avoided because of the risk of corneal perforation (33).

Measles
Measles virus, a member of the Paramyxoviridae family of
single-stranded RNA viruses, is transmitted via the respira-
tory route and is highly contagious (114, 115). After an
incubation period of 8 to 12 days, the symptoms of fever,
cough, coryza, and conjunctivitis begin. The typical rash
lasts for 3 to 7 days. Complications of measles may be caused
by disruption of epithelial surfaces, as well as by immuno-
suppression (see chapter 38) (114).

The ocular manifestations of measles first appear during
the prodrome and include subepithelial conjunctivitis with
elevated papules (Koplik spots) (7). These may develop into
epithelial keratoconjunctivitis that first appears on the ex-
posed parts of the conjunctiva and progresses toward the
centre of the cornea. Involvement of the cornea gives rise to
photophobia that is characteristic of measles virus infection
(7). In general, most patients will develop conjunctivitis,
while keratitis occurs less often. In resource-poor countries
with poor sanitation and malnutrition, particularly with
vitamin A deficiency, measles may result in corneal disease
with ulceration, keratomalacia, secondary bacterial infec-
tions, and corneal perforation (116). Indeed, measles virus is
the most important cause of blindness in children in de-
veloping countries (115). Acute measles virus infection
depresses the serum retinol concentration, which may

manifest as xerophthalmia and eventually result in blind-
ness. Blindness may also result from cortical damage from
measles encephalitis (114).

Treatment of conjunctivitis is symptomatic, and recovery
is usually complete and without sequelae. In poorer coun-
tries, where measles is often associated with vitamin A de-
ficiency, keratomalacia is a severe complication and should
be treated with urgency. Systemic vitamin A supplementa-
tion is required, while local lubrication, topical retinoic acid,
and sometimes surgical intervention may be required (54).

Poxviruses
Molluscum contagiosum

Molluscum contagiosum virus is a fairly common viral
disease, which is spread by direct contact and causes a pap-
ular eruption on skin and mucous membranes anywhere on
the body (see chapter 19) (3). In patients with HIV infec-
tion, the lesions may be atypical and extensive (117) and are
recognized as an ocular complication of AIDS. Such lesions
are also being reported in patients undergoing systemic ste-
roid therapy (118). The typical umbilicated nodules are
most common on the trunk or in the axilla, but the perio-
cular skin and, rarely, the conjunctiva, may be affected
(Figure 8).

The virus may affect the eyelid, conjunctiva, and cornea,
predominantly in young adults (119). A uniocular chronic
follicular conjunctivitis is typical and represents a reaction to
virus particles shed into the tear film (7).

Most lesions resolve spontaneously over weeks. Should
treatment be required, such as in highly immunosuppressed
patients, options include cryosurgery or curettage. In addi-
tion, cidofovir has been shown to contribute toward clear-
ance of advanced lesions in HIV-associated disease (120).

Vaccinia Virus
With the eradication of smallpox and discontinuation
of vaccination programs in the 1970s, ocular disease due
to vaccinia virus is rare. However, with a recent resurgence
of vaccinations, several cases of ocular vaccinia have been
reported (see chapter 19) (121). The clinical manifesta-
tions are more severe in immunosuppressed patients and
include ulcerating eyelid pustules, blepheroconjunctivitis,
eyelid edema, and papillary conjunctivitis, while corneal
involvement occurs in about 30% of cases. Although ocular
complications of vaccinia virus are usually self-limiting in

FIGURE 7 Haemorrhagic conjunctivitis. Courtesy of William
Charles Caccamise and Ophthalmic Atlas Images by EyeRounds.
org, The University of Iowa.

FIGURE 8 Eyelid molluscum contagiosum with typical umbil-
licated lesion. Courtesy Jesse Vislise and Ophthalmic Atlas Images
by EyeRounds.org, The University of Iowa.
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immunocompetent individuals, treatment may be required
in certain cases. Options include vaccinia immune globulin,
which is the only FDA approved medication for the man-
agement of complications resulting from smallpox vaccina-
tion (7, 122). Experimental agents include the nucleoside
analogues cidofovir and brincidofovir, which have shown
in vitro activity against poxviruses, with the latter having less
renal toxicity and greater oral bioavailability. (123,124).
Another investigational agent is the compound ST-246
(tecovirimat), which inhibits the release of infectious virus
from infected cells and was shown to work in animal models
(125). Other agents that have activity against vaccinia are
adefovir and ribavirin, which have been considered for
treatment of serious complications of smallpox vaccination.
(126,127).

Human Papillomavirus
Human papillomaviruses (see chapter 29) may cause a va-
riety of ocular epithelial disorders, including common warts
on the eyelids, conjunctival papillomas in the fornices or at
the limbus, conjunctival squamous cell carcinoma in asso-
ciations with types 16 and 18, and non-neoplastic condi-
tions, such as climatic droplet keratopathy (128), which is a
disease characterized by accumulation of transparent mate-
rial in the superficial layers of the corneal stroma (129).

Lesions occurring on the eyelids share the general his-
tologic features of lesions occurring on other keratinizing
epithelia. Eyelid lesions may be disfiguring or result in ptosis,
while those on the eyelid margin may cause chronic papillary
conjunctivitis or a punctate epithelial keratitis (7). While
types 16 and 18 are associated with conjunctival carcinoma,
types 6 and 11 cause benign papillomas (130).

Treatment of conjunctival lesions is usually by surgi-
cal excision. Adjunctive therapies include cryotherapy
and cautery to the base of the lesion. Incomplete excision
may result in recurrence. Recurrence or severe disease may
be treated with systemic interferon or topical cytotoxic
agents (7).

Ocular Disorders Associated with Systemic
Viral Illness
Numerous other viruses are reported to manifest with an
ocular complication as part of the spectrum of disease.
Some of these occur very rarely and include influenza vi-
rus, mumps, BK virus, human T-cell leukemia virus type 1
(HTLV-1), Rift Valley fever, dengue, Lassa virus, and other
arenaviruses (131), plus other viruses more commonly as-
sociated with hemorrhagic fevers, and hepatitis C virus.
Many systemic viral infections are associated with con-
junctival injection and retro-orbital pain.

Influenza (see chapter 43)
The H7 subtype of avian influenza virus is the predomi-
nant influenza virus associated with conjunctivitis (132,
133), although this has not been a feature of the recent avian
H7N9 outbreak. The commonest influenza viruses able to
infect numerous ocular cell types are the highly patho-
genic avian influenza viruses H7N7 and H5N1 (3, 132).
The neuraminidase inhibitor oseltamivir has recently been
shown to inhibit H7N7 and H7N3 replication in the ocular
tissue of mice (134) and is thus a potential treatment option.

Mumps
Most patients with mumps present with parotitis, and com-
plications include orchitis, oophoritis, aseptic meningitis,

encephalitis, pancreatitis and, very rarely, ocular complica-
tions (see chapter 39) (135). The most common form of
ocular involvement is dacroadenitis, although conjunctivitis,
which may be associated with subconjunctival hemorrhage,
is not unusual (136). An association between mumps virus
infection and keratitis and iritis has been reported previously
(137). Corneal involvement is unilateral, along with pain-
less interstitial keratitis. Visual acuity is usually decreased in
the affected eye, but recovery is complete and long-term
sequelae rare (3).

Human T-cell Leukemia Virus Type 1
The two important diseases caused byHTLV-1 are adult T-cell
leukemia/lymphoma and HTLV-1-associated myelopathy/
tropical spastic paresis (HAM/TSP), but HTLV-1 can cause
uveitis (see chapter 33). The uveitis caused by HTLV-1 is
characterized by granulomatous and nongranulomatous in-
flammation with associated vitreous opacities and retinal
vasculitis in one or both eyes (138). The uveitis may occur as
a primary event or may occur with HAM/TSP. Other ocular
manifestations include opportunistic chorioretinal infec-
tions, lymphomatous infiltrates in patients with adult T-cell
leukemia/lymphoma, retinal pigmentatory degeneration, epi-
scleritis, keratouveitis, and keratoconjunctivitis sicca in pa-
tients with HAM/TSP (3, 139). Diagnostic laboratory tests
include serology for IgG and IgM, as well as PCR of blood or
ocular tissues.

BK Virus
BK virus, a member of the Polyomaviridae family (see
chapter 28), may reactivate under conditions of immune
suppression and spread to other organs (140). Reactivation
of latent infection may present as an atypical retinitis (141).

Hepatitis C virus
The extrahepatic complications of hepatitis C (see chapter
54) can include ocular involvement of the cornea, con-
junctiva, and accessory lacrimal glands, with dry eye syn-
drome being a common manifestation of chronic hepatitis
C. Retinal involvement has also been reported (3, 142).
Treatment of chronic hepatitis C has resulted in improve-
ment in certain ocular hepatitis C manifestations. On the
other hand, treatment with interferon and ribavirin is also
associated with ocular disease, including retinopathy (143).

Viruses Associated with Hemorrhagic Fevers
Viral hemorrhagic fevers (VHF) usually present as an acute
febrile illness, characterized by increased vascular perme-
ability, malaise, and eventually prostration. Symptoms are
usually due to damage to the endothelium, which commonly
is associated with conjunctival injection and may manifest
with ocular symptoms (144). The filoviruses, Ebola and
Marburg (see chapter 42), may cause conjunctivitis as part of
the disease syndrome. In addition, the convalescent phase of
Ebola virus disease has recently been associated with severe
unilateral uveitis, where viable Ebola virus was isolated from
aqueous humor (145). In addition to conjunctivitis, arbo-
viruses such as Rift Valley fever virus (RVFV) (see chapter
44) and dengue (see chapter 53), may affect other parts of
the eye as well.

RVFV may be associated with uveitis and chorioretinitis
(146), and conjunctivitis is common, sometimes associated
with subconjunctival hemorrhages. Dengue fever has also
been implicated in ocular disease, albeit very rarely. Retinal
and conjunctival diseases due to dengue virus infection have
been reported (147).
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Chikungunya virus (see chapter 55) may uncommonly
present as a viral hemorrhagic fever. In a recent retrospec-
tive review out of India, chikungunya was also associated
with ocular complications, mostly iridocyclitis, retinitis, and
episcleritis (148).

Viruses Associated with Congenital Ocular Disease
A variety of infectious agents result in congenital infection,
some of which may manifest with an ocular complication.
The viruses associated with congenital ocular disease are
illustrated in Table 7. Although CMV, VZV, and HSV may
rarely result in congenital ocular disease, congenital ru-
bella (see chapter 56) is well known for producing ocular
complications.

Approximately 10% of neonates with congenital CMV
will have symptoms at birth (149). Of these, approximately
10% will present with chorioretinitis and/or optic atrophy,
while the frequency of symptomatic infection has recently
been shown to be similar for maternal primary infection
versus reactivation (149,150). A previous study, however,
found that ocular symptoms in congenital CMV were more
common among patients born after a primary maternal in-
fection than among those born after a recurrent maternal
infection. (151).

Neonatal HSV may occur as a result of intrauterine in-
fection (rare), perinatal infection (approximately 85%), or
postnatal infection (approximately 10%). Ocular involve-
ment most commonly consists of blepheroconjunctivitis or
keratitis. (152).

Congenital Rubella
The Australian ophthalmologist, Norman Gregg, first de-
scribed the teratogenic effects of the rubella virus in the
1940s (153). Other than Fuchs heterochromic iridocyclitis,
the ocular manifestations are generally limited to the con-
genital rubella syndrome (154–156). Damage to the fetal
endothelial cells within the first 12 weeks of pregnancy is the
result of viral replication, since the immune system has not
developed by this time (157). In addition, retardation of
mitosis in infected cells contributes to the pathogenesis.

In a study from the early 1990s, ocular disorders were
found to be the most common signs in patients with con-
genital rubella syndrome (CRS) (158). Ocular defects in-
clude cataract, glaucoma, retinopathy, microphthalmia, and
iris hypoplasia. The most common of these were pigmenta-
tory retinopathy and cataract. Cataracts may be bilateral,
nuclear, lamellar, or total and may progress to complete
opacity. Persistence of live virus in the lens after birth may
result in the development of cataracts after birth in previ-
ously clear lenses (159).

Retinopathy is usually bilateral and affects the retinal
pigment epithelium in isolation, resulting in widespread,
irregular pigment deposits of variable size, most numerous at
the macula (7). Glaucoma associated with CRS probably
results from aberrant development of the anterior chamber
angle, while chronic uveitis and an enlarged cataract lens
may also contribute.

The diagnosis of CRS can be made by demonstrating
rubella specific IgM synthesized by the fetus, which is pres-
ent at birth. An absence of IgM in the neonatal period
virtually excludes symptomatic CRS (157). Culture meth-
ods, as well as molecular methods such as PCR, may also be
used for direct viral detection. Oral fluid, urine, blood,
CSF, lens aspirates, and postmortem tissues are all suitable
specimens (3).

Management of CRS is aimed at treating complications,
such as performing cataract surgery, and the management of
secondary glaucoma. For infections occurring after birth,
which may manifest as conjunctivitis or keratitis, symp-
tomatic treatment may be necessary, although the condition
is usually self-limiting (33).
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Antiretroviral Agents
CHRISTINE J. KUBIN, BARBARA S. TAYLOR, AND SCOTT M. HAMMER

11
In 1987, zidovudine became the first approved agent in the
United States for the treatment of human immunodefi-
ciency virus type 1 (HIV-1) infection. Almost 30 years later,
more than 26 additional agents in six drug classes have
been approved. These include nucleoside/nucleotide reverse
transcriptase inhibitors (NRTIs), non-nucleoside reverse
transcriptase inhibitors (NNRTIs), protease inhibitors (PIs),
a fusion inhibitor (entry inhibitor), a chemokine coreceptor
antagonist (entry inhibitor), integrase strand transfer in-
hibitors (Table 1), and pharmacokinetic enhancers. This
success is the result of a prodigious effort to dissect the virus’
replication cycle and the virion’s interaction with its CD4
target cells to identify promising drug targets. It also illus-
trates the interdependency of the drug development process,
knowledge of disease pathogenesis, and use of sensitive
therapeutic monitoring tools like plasma HIV-1 RNA levels
and drug resistance testing.

The expanding availability of fixed-dose combinations
(FDCs) (Table 6) has revolutionized treatment over the past
20 years by providing high potency and excellent safety
profiles, simplifying treatment, improving quality of life, and
facilitating adherence to therapy (Table 1). In resource-rich
settings with full formulary access to approved drugs and
FDCs, the expectation is that viral suppression can be ach-
ieved in more than 90% of individuals, including those with
high degrees of treatment experience and multidrug-resistant
virus (1).

This chapter describes the major characteristics of anti-
retroviral agents that are currently approved, or at a prom-
ising stage of clinical development, and is organized
according to the virus’ replication cycle (Fig. 1). This
chapter complements chapter 34, which discusses the viro-
logic, pathogenetic, and clinical aspects of HIV disease and
in which the principles of antiretroviral treatment and the
prevention of resistance are discussed.

HIV-1 ENTRY INHIBITORS
HIV cell entry is characterized by a series of complex virus-
host cell interactions that are each a potential step for in-
hibition. HIV entry into the CD4 cell requires nonspecific
interactions with the cell surface heparin sulfates, followed
by highly specific binding to the CD4 receptor and either
the CCR5 or CXCR4 coreceptor, leading to conformational

change in the envelope transmembrane subunit, and finally,
virus-host cell membrane fusion (2–4). Both viral envelope
(gp120 and gp41) and cellular receptors (CD4 and CCR5/
CXCR4) are involved in HIV fusion and entry and are at-
tractive targets for drug development (Fig. 1) (5). Currently,
two drugs are approved in this class with several others in
clinical development. Selected investigational agents are
summarized in Table 2.

Enfuvirtide
Enfuvirtide (Fuzeon, T-20; formerly DP-178, pentafuside) is
a membrane fusion inhibitor that interferes with HIV gp41
protein-mediated virus-cell fusion (Figs. 1 and 2). The agent
is a 36-amino-acid synthetic peptide that is derived from the
second heptad repeat (HR2) of HIV-1 gp41. This molecule
interacts with sequences within the first heptad repeat
(HR1) of the pre-hairpin intermediate, thereby perturbing
the transition of gp41 into an active state (3, 23).

Enfuvirtide’s 50% inhibitory concentrations (IC50) for
wild-type strains average 1.7 ng/ml. Several in vitro studies
have suggested that susceptibility to enfuvirtide may vary by
coreceptor usage, but virologic and clinical outcomes do not
differ by coreceptor specificity (23–25). Enfuvirtide inhibits
a broad range of non-clade B viruses and strains resistant to
other classes of antiretroviral agents but has no activity
against HIV-2, exhibiting additive to synergistic activity
when combined with members of other antiretroviral drug
classes. Although enfuvirtide is a gp41 derivative, its phar-
macokinetic and antiviral effects are not affected by preex-
isting or developing anti-gp41 antibodies.

Pharmacology
The low oral bioavailability of enfuvirtide necessitates par-
enteral administration. It is available in powder form and
must be reconstituted with sterile water before administra-
tion by subcutaneous injection. The current dosage in adults
is 90 mg twice daily (b.i.d.) administered subcutaneously
into the arm, thigh, or abdomen with all sites having com-
parable pharmacokinetics. The bioavailability of the 90-mg
dose is about 84% with a mean steady-state trough level of
3.3 mg/ml and a mean elimination half-life (t1/2) of 3.8 h (1.8
h after intravenous dosing). The drug is approximately 92%
protein bound. No dose adjustments are required in the
setting of hepatic or renal impairment.

doi:10.1128/9781555819439.ch11
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Adverse Effects
Adverse effects include local inflammation around the in-
jection site, which may be related to its action as a phagocyte
chemoattractant and a chemotactic agonist via the phago-
cyte N-formyl peptide receptor (26). Painful, erythematous,
indurated nodules have been reported to occur in as many as
98% of individuals participating in clinical studies, but this

uncommonly led to drug discontinuation (7% of subjects) or
local infection (1.7%) in clinical trials. The majority of in-
dividuals experience their first injection site reaction during
the initial week of treatment. Bacterial pneumonia has been
reported to occur with greater frequency among patients on
enfuvirtide. Risk factors for pneumonia include low initial
CD4 cell count, high initial viral load, intravenous drug use,

TABLE 1 Commonly used antiretroviral agents: indications and dosing regimens

Antiretroviral agent (year approved) HIV-1 HIV-2 HBVa Standard adult dosing for HIV

Fusion and entry inhibitors
Enfuvirtide (2003) X 90 mg (1 ml) s.c. twice dailyb

Maraviroc (2007) X X 300 mg orally twice daily
Dose adjustments:
� 150 mg orally twice daily with CYP3A inhibitors
� 600 mg orally twice daily with CYP3A inducers

NRTIs
Zidovudine (1987) X X 300 mg orally twice daily
Lamivudine (1995) X X X 300 mg orally once daily or 150 mg orally twice dailyc

Abacavir (1998) X X 600 mg orally once daily or 300 mg orally twice daily
Emtricitabine (2003) X X X 200 mg orally once dailyd

Tenofovir disoproxil fumarate (2001) X X X 300 mg orally once daily
Tenofovir alafenamide (2015) X X 25 mg orally once dailye

NNRTIs
Nevirapine (1996) X Initial: 200 mg orally once daily for 2 weeks

Maintenance: 400 mg once daily extended release or 200 mg
orally twice daily immediate release

Efavirenz (1998) X 600 mg orally once daily in the eveningf

Etravirine (2008) X 200 mg orally twice daily
Rilpivirine (2011) X 25 mg orally once dailyg

INSTIs
Raltegravir (2007) X X 400 mg orally twice daily
Dolutegravir (2013) X X 50 mg once dailyh

Elvitegravir (2014) X X 150 mg once daily with cobicistati

PIsj

Lopinavir/ritonavir (2000) X X 400 mg/100 mg orally twice daily
Tipranavir (2005) X X 500 mg orally twice daily
Atazanavir (2003) X X 300 mg once daily with pharmacokinetic booster

400 mg once daily without booster for ART naïve only
Darunavir (2006) X X 800 mg orally once daily

‡ 1 darunavir-resistance associated mutations: 600 mg twice daily
Pharmacoenhancers
Ritonavir (1996) X X 100–400 mg orally per day as a pharmacokinetic booster
Cobicistat (2014) 150 mg once daily with appropriate PI or INSTIs
aTenofovir alafenamide has activity against HBV, but is not FDA approved to treat HBV. Emtricitabine is approved for HBV treatment in combination with tenofovir

disoproxil fumarate. Please see chapter 13 for comprehensive information on dosing for HBV disease. Dosing presented in this table is for HIV alone.
bs.c., subcutaneously.
cLamivudine dosing for HBV disease without HIV infection is 100 mg once daily, see chapter 13.
dAlternative emtricitabine oral solution: 240 mg (24 ml) once daily.
eTenofovir alafenamide is currently only available for those with CrCl ‡ 30 ml/minute in combination with emtricitabine, or as a single-dose formulation with

elvitegravir, cobicistat, and emtricitabine.
fEfavirenz dose adjustments required if given with rifampin or voriconazole.
gRilpivirine must be taken with a normal to high-calorie meal (at least 533 calories) to ensure absorption and cannot be given with proton pump inhibitors.
hDolutegravir is given 50 mg twice daily for INSTI-experienced patients with certain INSTI-associated resistance mutations and when coadministered with

carbamazepine, efavirenz, fosamprenavir/ritonavir, tipranavir/ritonavir, or rifampin.
iElvitegravir dosing is 150 mg once daily if given with cobicistat, darunavir/ritonavir, fosamprenavir/ritonavir, or tipranavir/ritonavir. Dosing is 85 mg once daily if given

with atazanavir/ritonavir or lopinavir/ritonavir.
jAll protease inhibitors must be given with a pharmacoenhancer, either ritonavir or cobicistat, unless otherwise noted.
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smoking, and a history of lung disease, but direct causality
has not been proven (27). Laboratory abnormalities include
development of eosinophilia in 10.1%.

Drug Interactions
Enfuvirtide is not an inhibitor of cytochrome P450
(CYP450) enzymes. No clinically significant interactions
with other antiretroviral agents have been identified to date.

Resistance
Resistance to enfuvirtide in vitro is associated with amino
acid mutations at positions 36 to 43 within the first heptad
repeat (HR1) target domain of gp41 (28). These changes
confer alterations in HR1 binding affinities and corre-
sponding increases, up to 34-fold, in the IC50 (29). Enfu-
virtide has a low genetic barrier to resistance, and resistant
variants appear within 2 to 4 weeks during monotherapy. In
patients with early treatment failure, the most common
amino acid mutations are G36D/S and V38A/M/E; muta-
tions at codons 40 (Q40H) and 43 (N43D) seem to emerge
more slowly than those at codons 36 and 38 (30). Other
mutations associated with enfuvirtide resistance emerging
during treatment include I37V, Q39R, and N42T (31, 32).
These findings highlight the importance of combining
enfuvirtide with other active agents to ensure the probability
of virologic suppression. In growth competition assays,
enfuvirtide-resistant isolates containing I37T, V38M, or
G36S/V38M HR1 domain mutations appear to be less fit
(33). The N43D single mutation confers decreased fitness
for which the E137K mutation can compensate.

These mutations in the envelope gene do not appear to
diminish the susceptibility of HIV-1 to other classes of viral
entry inhibitors, including coreceptor (CCR5 and CXCR4)
antagonists (34). In patients with virologic failure, changes
other than those described for the HR1 region may con-
tribute to the poor response (24), such as mutations or po-
lymorphisms in the HR2 region, as well as CCR5 coreceptor
usage and density (35). Increased affinity for the gp120

coreceptor is also associated with increased resistance to
both enfuvirtide and maraviroc (a CCR5 antagonist) (36).

Clinical Applications
In treatment naïve individuals, enfuvirtide, when given as
an intensification of combination therapy, neither improves
the immunologic response nor reduces the latent viral res-
ervoir (37, 38). Enfuvirtide has proven beneficial, however,
in highly treatment-experienced patients when treatment
options are limited. Studies of patients with preexisting
multidrug class resistance have established that (i) addition
of enfuvirtide to an optimized background significantly im-
proves rates of viral suppression to < 400 copies/ml and
results in greater CD4 cell increases (39, 40); (ii) enfuvirtide-
naïve patients who add enfuvirtide to the protease inhibitors,
darunavir-ritonavir or tipranavir-ritonavir, and with ralte-
gravir and maraviroc achieve better rates of virologic sup-
pression to < 50 copies of HIV-1 RNA/ml than patients
whose optimized background did not include enfuvirtide (41,
42). The greatest benefit of enfuvirtide has been seen in
patients with CD4 cell counts of > 100 cells/mm3, plasma
HIV-1 RNA levels < 100,000 copies/ml, and at least two
active drugs in the background regimen (43). The week 12
virologic and immunologic responses to enfuvirtide are
highly predictive of subsequent response (44). Advances in
antiretroviral therapy have marginalized the use of enfuvir-
tide, which is now essentially reserved for rare, difficult
multidrug-resistant cases for which a suppressive oral regimen
cannot be devised. Much was learned about the molecu-
lar mechanisms of HIV entry during enfuvirtide’s develop-
ment, however.

CCR5 Antagonists
The rationale for development of CCR5 antagonists in the
treatment of HIV-1 infection was based on the observations
that (i) R5 HIV-1 uses the CCR5 chemokine receptor for
entry into human cells and (ii) a 32-bp deletion in the
CCR5 coding region confers natural resistance to infection

FIGURE 1. Replication cycle of HIV-1 with current targets for antiretroviral therapy.
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TABLE 2 Selected investigational agents

Agent
Mechanism
of action Study phase Comments

Fostemsavir (BMS-663068) Attachment
inhibitor

III Attaches to gp140. Prodrug of temsavir. Active regardless of
tropism. Phase IIb study compared to atazanavir/ritonavir showed
similar response rates at 48 weeks (6, 7).

Cenicriviroc (CVC,
TAK-652, TBR-652)

CCR5 Inhibitor IIb Dual inhibitor of CCR2 and CCR5. Similar viral suppression rates
for patients taking 100 mg cenicriviroc (76%), 200 mg
cenicriviroc (73%), and with efavirenz (71%) (8).

Ibalizumab (Hu5A8,
TMB-355, TNX-355)

Entry inhibitor III Humanized monoclonal antibody directed at CD4 receptor. In a 24-
week study of ibalizumab plus optimized background as a bi-
monthly intravenous injection in treatment-experienced
patients, 82.5% of patients met the primary endpoint of ‡ 0.5
log10 decrease in viral load at 7 days (9). Subcutaneous and
intramuscular injection dosage forms under development.

PRO 140 (PA14) Entry inhibitor IIb / III Humanized IgG4 monoclonal antibody directed against CCR5.
Studied as subcutaneous injections. A phase IIb study as single-
agent maintenance therapy has maintained virologic suppression
for 1.5 years in some patients (10).

Sifuvirtide Entry inhibitor II Peptide that is more efficient in inhibiting HIV fusion compared to
enfuvirtide (11).

HGS101 Entry inhibitor Preclinical / I Monoclonal antibody directed at CCR5. Derivative of HGS004
that shares the same characteristics, but has 5 to 10 times the
potency of the original drug HGS004. Maraviroc more active
against resistant HIV-1 and more potent against sensitive HIV-1
when combined with HGS004 or HGS101 (12).

Doravirine (MK-1439) Reverse
transcriptase
inhibitor

III NNRTI. In vitro activity against virus with K103N and Y181C
mutations. In a phase IIb study, overall treatment response at 48-
weeks comparable in those treated with doravirine and those
taking efavirenz (76% vs. 71%, respectively) with less drug-
related adverse events including CNS adverse events in those
treated with doravirine (13). Doravirine primarily metabolized by
CYP3A4 without inhibitory or inductive potential.

Dapivirine (TMC120) Reverse
transcriptase
inhibitor

III NNRTI. Intravaginal ring being developed as a pre-exposure
prophylaxis strategy. Reduced the incidence if HIV-1 infection by
27% compared to placebo with further reductions in patients
with increased adherence (14).

Censavudine (Festinavir,
BMS-986001, OBP-601)

Reverse
transcriptase
inhibitor

II NRTI. Thymidine analog (derivative of stavudine) more potent
against HIV-2 than HIV-1 but with potentially less toxicity than
stavudine (15). Viruses with thymidine analogue mutation
(TAM) pattern 1 and pattern 2 have reduced susceptibility to
censavudine.

MK-8591 Reverse
transcriptase
inhibitor

I Long-acting NRTI with the triphosphate form having a half-life of
150–160 h in human PMBCs. Single 10 mg dose in naïve
patients resulted in a mean viral load reduction of 1.67 log10 at
168 h post-dose that declined thru day 10 (16). Potential for
weekly oral dosing and long-acting parenteral formulation dosed
every 6 months or longer.

KM-23 (KM-023) Reverse
transcriptase
inhibitor

I NNRTI. KM-023 has demonstrated dose- and time-dependent
nonlinear pharmacokinetic properties over a dose range (75–600
mg) in healthy subjects (17).

Bictegravir (GS-9883) Integrase strand
transfer
inhibitor

III Part of fixed-dose combination product containing bictegravir/
emtricitabine/tenofovir alafenamide. Improved resistance profile
compared to other integrase inhibitors.

(Continued)
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with R5 virus; and (iii) individuals failing to express the
receptor are otherwise well (45–48). The current therapeu-
tic niche of CCR5 inhibitors is as one component of com-
bination regimens for patients with multidrug-resistant R5
virus. These agents are not active against HIV-1 strains that
use CXCR4 (49).

Maraviroc
Maraviroc {4,4-difluoro-N-[(1S)-3-[(1S,5R)-3-(3-methyl-5-
propan-2-yl-1,2,4-triazol-4-yl)-8-azabicyclo[3.2.1]octan-8-
yl]-1-phenylpropyl]cyclohexane-1-carboxamide; Selzentry,
UK-427,857} (Figs. 1 and 2) is a selective, slowly reversible
antagonist that blocks the interaction between HIV-1 gp120
and the chemokine receptor CCR5 on host cells (50),
thereby preventing gp41 from inserting the fusion peptide
into the host cell membrane. Maraviroc is only active
against CCR5-tropic virus, and patients should be screened
for their virus coreceptor tropism before initiating treatment
with maraviroc. Maraviroc is the only antiretroviral drug of
its class yet approved. In vitro, maraviroc demonstrates no
antagonism with existing antiretroviral agents and additive
or synergistic activity in combination with enfuvirtide.

Pharmacology
Formulations of maraviroc include 150- and 300-mg film-

coated tablets. The recommended dosage is 150, 300, or 600
mg b.i.d., depending on the CYP3A inhibitory and induction

potential of concomitant therapy. The bioavailability of the
100-mg dose is 23%, and that of the 300-mg dose is pre-
dicted to be 33%. Coadministration of this agent with a
high-fat meal reduces its area under the concentration-time
curve (AUC) by 33%, although in clinical trials the anti-
viral effects of maraviroc have not been affected by food. It
can therefore be administered without food restrictions.
Approximately 76% of the drug is protein bound, and it has
a volume of distribution of approximately 194 liters. The
plasma elimination t1/2 of the 300 mg b.i.d. dosage regimen is
around 14–18 h. It is primarily excreted via feces, with only a
limited amount of renal excretion (25%). Drug concentra-
tions and associated adverse effects may be increased in
patients with either renal impairment [Creatinine clearance
(CrCl) < 50 ml/min] or concomitant administration of
CYP3A inhibitors (51).

Adverse Effects
Hepatotoxicity has been reported with maraviroc. Evi-

dence of a systemic allergic reaction (e.g., pruritic rash, eo-
sinophilia, or elevated immunoglobulin E) may occur before
the development of hepatotoxicity. The safety of this agent
has not been adequately studied in patients with significant
underlying liver disease, including concomitant hepatitis B
or C virus infection, and caution is advised in such patients.
Five-year clinical trial follow-up data suggest hepatic events
are uncommon (52). An increase in cardiovascular events

TABLE 2 Selected investigational agents (Continued )

Agent
Mechanism
of action Study phase Comments

Cabotegravir
(S/GSK1265744)

Integrase strand
transfer
inhibitor

IIb Studied as a long-acting (half-life 21–50 days) parenteral
nanosuspension administered via intramuscular or subcutaneous
injection and a shorter half-life (40 hours) oral dosage form. Oral
cabotegravir effective as a two-drug maintenance therapy with
rilpivirine from weeks 24 to 72 compared to efavirenz plus two
NRTIs (68–84% vs. 63% virologic suppression at 96 weeks,
respectively) (18). Intramuscular long-acting cabotegravir plus
rilpivirine every 4 weeks or every 8 weeks as maintenance therapy
in patients with undetectable viral loads was as effective as oral
agents at 32 weeks (94–95% vs. 91% maintained viral
suppression, respectively) (19).

BMS-955176 Maturation
inhibitor

II Second-generation maturation inhibitor. Activity maintained
against reverse transcriptase, protease, and integrase inhibitor-
resistant viruses, with EC50s similar to those for the wild-type
virus (20).

GSK 2838232 Maturation
inhibitor

I IC50 of 0.8–4.3 nM against a broad spectrum of 26 isolates covering
a range of genotypes. Antiviral activity similar in subjects with
wild-type HIV-1 or HIV-1 with Gag polymorphisms (V362,
Q369, V370, and T371). Antiviral response increased with doses
up to 40 mg daily, with a plateau of about 1.64 log10 c/ml
observed at 40–120 mg daily (21).

GS-9620 Toll-like
receptor-7
(TLR-7)
agonist

I Oral toll-like receptor agonist. In a placebo-controlled study in SIV-
infected rhesus macaques, the use of GS-9620 after viral
suppression induced transient and variable increases in plasma
SIV RNAs and found significant reductions of virus in multiple
tissues (22).

CCR: C-C motif chemokine receptor; NRTI: nucleoside reverse transcriptase inhibitor; NNRTI: non-nucleoside reverse transcriptase inhibitor; PMBC: peripheral
blood mononuclear cell.
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(1.3%) was seen in clinical trials compared with placebo.
Other more common adverse events reported were cough,
pyrexia, upper respiratory tract infections, rash, musculo-
skeletal symptoms, abdominal pain, and dizziness, but these
were infrequently associated with the need to discontinue
maraviroc. Maraviroc does not adversely affect lipid profiles.

The consequences of targeting a CCR5 coreceptor on
host defenses, particularly in the setting of underlying im-
munodeficiency, remain uncertain (47). The possibility that
pharmacological blockade might increase the risk of oppor-
tunistic events, including malignancies, has not been sub-
stantiated in long-term safety data to date (52). An increase
in susceptibility to severe West Nile virus infection and tick-
borne encephalitis in European populations is a concern
with pharmacological blockade of CCR5, given the reports
of this complication in individuals who do not express an
intact CCR5 coreceptor (53, 54).

Drug Interactions
Maraviroc is metabolized by CYP3A, so inhibitors of

CYP3A (e.g., ketoconazole, lopinavir-ritonavir, ritonavir,
atazanavir, clarithromycin) increase the concentrations of
maraviroc in plasma, while CYP3A inducers (e.g., efavirenz,
rifampin, phenytoin, St. John’s wort) decrease maraviroc
exposure. Maraviroc is not an inhibitor or inducer and will

not cause clinically significant changes in concentrations of
other drugs metabolized by this route.

Resistance
Two mechanisms of resistance to maraviroc have been

described. Individuals with a subpopulation of CXCR4-
tropic virus at baseline demonstrate a reduced virologic re-
sponse to maraviroc (55). CXCR4- or dually tropic virus
may emerge from a preexisting reservoir of X4 virus not
detected before the initiation of treatment (56). The pri-
mary mechanism of de novo resistance in clinical isolates
derived from maraviroc-treated patients is not related to
conversion of R5 to X4 viruses per se although outgrowth of
preexistent X4 populations can occur. Rather, R5 virus can
acquire mutations that allow it to utilize the CCR5 cor-
eceptor even in the presence of bound drug (57). Two or
three amino acid mutations in the V3 loop region of the
gp120 envelope allow the protein to interact with CCR5 in
the drug-bound conformation and are the most likely cause
of the resistance phenotype. The IC50 may not shift with
maraviroc resistance; rather, a subset of the virus population
attaches to the drug-bound coreceptor, resulting in a flat-
tening of the high end of the susceptibility curve (57). Ex-
amining the entire susceptibility curve and reporting IC90 is
more helpful in this circumstance.

FIGURE 2. Chemical structures of HIV entry inhibitors.
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Clinical Applications
Maraviroc is approved as part of combination treatment

of HIV-1 infected patients with pure CCR5-tropic virus.
However, it is not recommended as first-line treatment be-
cause it requires twice-daily dosing and does not have vi-
rologic benefits equivalent to other regimens. A trial
comparing maraviroc and efavirenz-based therapy for treat-
ment naïve patients with CCR5-tropic virus was discon-
tinued early for not meeting prescribed efficacy criteria (58).
Post hoc efficacy analysis at 48 weeks demonstrated non-
inferiority to efavirenz in those patients with CCR5-tropic
virus confirmed using a more sensitive tropism assay (59),
and long-term safety and efficacy were comparable to efa-
virenz at five years (60).

In treatment-experienced patients, two large efficacy
trials have demonstrated significantly higher rates of viro-
logic suppression to HIV-1 RNA levels of < 50 copies/ml
and higher mean increases in CD4 cell counts in the mar-
aviroc group than in the placebo group. Among patients
who experienced virologic failure on maraviroc, the majority
harbored X4 virus at baseline. It is therefore important to use
the most sensitive tropism assay available to the clinician
when contemplating use of maraviroc.

CXCR4-tropic or dually tropic virus emerges more fre-
quently in patients with disease progression and with anti-
retroviral treatment experience (61). Patients infected with
CXCR4-tropic, mixed-tropic, or dually tropic virus do not
derive benefit from the addition of maraviroc to their regi-
men as do those with pure R5 virus. Of note, 44% of
screened patients in the major efficacy trials harbored
CXCR4-tropic or dually/mixed-tropic virus, and among
treatment-experienced patients or those with first-line reg-
imen failure, the prevalence of dually tropic virus is even
higher (25, 62).

Maraviroc has also been tested in preexposure prophy-
laxis in HIV-negative persons (63). In a study of 406 men
who have sex with men (MSM), maraviroc was shown to be
safe and well tolerated in a double-blind, placebo-controlled
trial which compared maraviroc, maraviroc-tenofovir dis-
oproxil fumarate (TDF), and emtricitabine/TDF. No judg-
ment could be made regarding efficacy since the study was
not powered to detect differences in HIV-1 acquisition. The
viral isolates from five seroconverters were R5 and drug-
susceptible.

INVESTIGATIONAL HIV-1 ENTRY
INHIBITORS
A number of investigational agents are in various stages of
clinical and preclinical testing in 2016 (Table 2). They in-
clude two promising agents in later stages of development,
(i) an attachment inhibitor (fostemsavir; BMS-663068)
which blocks the gp120-CD4 interaction, and (ii) a hu-
manized anti-CD4 monoclonal antibody (ibalizumab; TNX-
355; TMB-355). In phase 2 testing, fostemsavir (in combi-
nation with raltegravir and TDF) yielded a similar virologic
response rate at 24 weeks (61–82%) compared to ritonavir-
boosted atazanavir (71%; with the same background regi-
men) with fewer adverse effects. In treatment-experienced
patients in combination with optimized background therapy,
intravenous ibalizumab resulted in as much as a 0.96 log10
reduction in the HIV-1 RNA level at 48 weeks. It is in phase
3 testing and can be obtained through an expanded access
program (ClinicalTrials.gov NCT02707861); (iii) PRO-
140, a humanized monoclonal antibody directed at the

CCR5 coreceptor which has shown antiviral activity (1.0–
1.5 log10 reductions in plasma HIV-1 RNA levels) and safety
in human trials to date (64–70).

BROADLY NEUTRALIZING MONOCLONAL
ANTIBODIES
HIV-infected individuals with chronic antigen exposure may
produce highly potent, broadly neutralizing, cross-subtype
antibodies through somatic hypermutation (71, 72). These
antibodies are of great interest in preventive vaccine re-
search. The technology for isolating these antibodies has
progressed, and dozens of these broadly neutralizing mono-
clonal antibodies (bnAbs) have been characterized. A
fraction of these have reached clinical testing for pharma-
cokinetics, safety, and in vivo anti-HIV activity (73–81).
Combinations of bnAbs, bispecific bnAbs, and bnAbs in
combination with long-acting antiretroviral agents (e.g.,
cabotegravir, rilpivirine-LA), are also under consideration
(82–84). One bnAb, VRC01, directed at the CD4 binding
site, has recently entered phase 2b, efficacy testing in persons
at risk for HIV-1 acquisition in the Americas and southern
Africa (85). For further discussion of HIV monoclonal an-
tibodies in the context of vaccine development, please see
chapter 34.

NUCLEOSIDE ANALOG REVERSE
TRANSCRIPTASE INHIBITORS
Reverse transcriptase catalyzes the conversion of single-
stranded genomic viral RNA into double-stranded DNA
with duplicated long terminal repeats, which is subsequently
integrated into cellular DNA by the viral integrase enzyme.
The mature p66/p51 heterodimeric reverse transcriptase is
generated by the viral protease from a homodimer by
cleavage of the C-terminal RNase H domain during matu-
ration of the viral particle. The polymerase and RNase H
catalytic sites are located on p66, while p51 plays a structural
role. Nucleoside analogs require intracellular triphosphor-
ylation by host cell enzymes before incorporation by reverse
transcriptase into the growing chain of viral DNA. All the
currently approved nucleoside analogs target the polymerase
activity of the reverse transcriptase. As with the other nu-
cleoside analogs, the HIV-1-inhibitory concentrations of
NRTIs in vitro depend on a number of factors, including the
assay system, cell type, and virus isolate used. The pharma-
cology and adverse effects of these agents are summarized in
Table 3.

As more potent, less toxic, and simpler regimens have
moved up the priority list, others have either been discon-
tinued or are rarely used. For agents in this category (e.g.,
zalcitabine, stavudine, didanosine) please see the previous
edition of this chapter. An exception is being made for zi-
dovudine given its historic significance and the fact that it is
still in use globally.

Zidovudine
Zidovudine (3¢-azido-3¢-deoxythymidine; azidothymidine,
Retrovir) (Figs. 1 and 3; Tables 1 and 3) is a synthetic thy-
midine analog with an azido group substituting for the
3¢-hydroxyl group on the ribose ring. In peripheral blood
lymphocytes, zidovudine has an IC50 for HIV-1, which
ranges between 3 and 13 mg/ml. It has in vitro inhibitory
activity against other retroviruses, including HIV-2 and
human T lymphotropic virus type 1 (HTLV-1).
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TABLE 3 Commonly used reverse transcriptase inhibitors: pharmacokinetic, major toxicity, and drug interaction characteristics

Agent
Oral

bioavailability
Effect of food
on AUC

t1/2 (intracellular
t1/2), h Major route of elimination

Adjust for
renal

insufficiency Major toxicities Major drug interactions

Zidovudine 64% Modest decrease 1 (3) Major inactive metabolite,
G-zidovudine is renally
excreted

Yes Neutropenia, anemia,
myopathy, nausea,
headache, lactic acidosis,
and hepatic steatosis
(rare)

Myelosuppressive agents (e.g.,
ganciclovir): increased risk of
neutropenia, anemia

Rifampin, rifabutin: decreased
zidovudine levels

Probenecid, valproic acid,
atovaquone, fluconazole,
phenytoin, methadone:
increased zidovudine levels

Lamivudine 86% No 3–4 (10.5–15.5) Mainly renally excreted
unchanged

Yes Peripheral neuropathy and
pancreatitis in pediatric
patients

No known significant interactions

Abacavir 83% No 1.2 (20.9) Metabolized by alcohol
dehydrogenase and
glucuronyl transferase to
inactive forms which are
then mainly renally
excreted

No Potentially fatal
hypersensitivity reaction
in 3% of cases. Asthenia,
abdominal pain,
headache, diarrhea,
dyspepsia, and
transaminitis are also
reported

Methadone: decreased levels by
abacavir and decreased abacavir
levels

Emtricitabine 93% No 10 ( > 20) Renally excreted Yes Headache, nausea,
insomnia; lactic acidosis
and hepatomegaly with
steatosis (rare),
hyperpigmentation of
palms and soles

No known significant interactions

Tenofovir
disoproxil
fumarate

> 25% Increase > 12 Mainly renally excreted
unchanged

Yes Neutropenia, headache,
fatigue, renal
insufficiency, bone
density loss

May decrease levels of atazanavir;
administer 300 mg of atazanavir
with 100 mg of ritonavir when
used as part of a tenofovir-
containing regimen

Tenofovir
alafenamide

unknown Absorption increased
> 85% with high
fat meal

0.5 (150-180) CatA in PBMCs, then
hepatic (carboxyesterase 1)

No, not
recommended
for CrCl
< 30ml/min

Nausea, less decrease in
renal function and bone
mineral density

Tipranavir-ritonavir,
carbamazepine, oxcarbazepine,
phenobarbital, phenytoin,
rifamycins, St. John’s wort:
decreased tenofovir alafenamide
levels

Ritonavir, cobicistat: increased
tenofovir alafenamide levels

(Continued)
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TABLE 3 Commonly used reverse transcriptase inhibitors: pharmacokinetic, major toxicity, and drug interaction characteristics (Continued)

Agent
Oral

bioavailability
Effect of food
on AUC

t1/2 (intracellular
t1/2), h Major route of elimination

Adjust for
renal

insufficiency Major toxicities Major drug interactions

Nevirapine > 90% Not available > 24 Hepatic (CYP450 system) No Rash, including Stevens-
Johnson syndrome; fever;
myalgias; hepatic toxicity,
including acute hepatic
failure

Etravirine, methadone: decreased
levels by nevirapine

Rifabutin, rifampin: decreased
nevirapine levels

Fluconazole: increased nevirapine
levels

Efavirenz 40–50% A high-fat meal
increases the oral
bioavailability
in humans by 50%

40–55 Hepatic enzymes CYP3A and
CYP2D6

No Rash, CNS symptoms (e.g.,
dizziness, abnormal
dreams), hepatotoxicity

Lopinavir/ritonavir, atorvastatin,
carbamazepine, diltiazem,
methadone, rifabutin,
simvastatin: decreased levels by
efavirenz

Carbamazepine, phenobarbital,
phenytoin, rifampin: decreased
efavirenz levels

Etravirine Unknown Food increases oral
bioavailability;
should be taken
following a meal

41 Hepatic (CYP450 system) No Nausea, rash Efavirenz, clarithromycin,
rifabutin: decreased levels by
etravirine

Clarithromycin, fluconazole,
voriconazole: increased
etravirine levels

Lopinavir/ritonavir, ritonavir,
nevirapine, tipranavir, rifabutin,
rifampin: decreased etravirine
levels
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Mechanism of Action
The antiviral activity of zidovudine is mediated by its in-
tracellular 5¢-triphosphate derivative. The mono- and di-
phosphate forms of zidovudine are generated by cellular
thymidine and thymidylate kinases, respectively. The for-
mation of zidovudine diphosphate appears to be a rate-
limiting step, as reflected by higher intracellular zidovudine
monophosphate levels due to inhibition of thymidylate ki-
nase. The final phosphorylation is completed by a cellular
nucleoside diphosphate kinase. Zidovudine triphosphate
then acts as a competitive substrate for the HIV reverse
transcriptase and is incorporated into the elongating 3¢ end
of the yet-unintegrated proviral DNA. This results in the
premature termination of chain elongation due to the in-
ability of the nucleoside analog to form a normal 3¢–5¢
phosphodiester linkage.

Zidovudine and the other nucleoside analogs often vary
in their antiviral activities across different primary cell types
in vitro. Zidovudine is more potent in activated cells than
nonactivated cells. The thymidine kinase required for zido-
vudine phosphorylation is an S-phase-specific enzyme and
thus has increased activity in stimulated cells and lowered
activity in resting cells.

Pharmacology
Zidovudine is available in capsule, syrup, and intravenous
formulations and in fixed-dose combinations with lam-
ivudine (Combivir) and with abacavir and lamivudine
(Trizivir), with no differences in bioavailability or side effects
compared to each of the drugs taken separately. The oral
forms of zidovudine are rapidly absorbed and undergo ex-
tensive first-pass metabolism. The resulting oral bioavail-
ability is 364%, and food has no significant impact on oral
absorption. Zidovudine reaches a plasmaCmax at 0.5 to 1.5 h
after a 200-mg dose. The mean t1/2 of zidovudine in serum is
approximately 1 h after oral dosing, but the intracellular t1/2
of zidovudine 5¢-triphosphate is approximately 3 hours.

Zidovudine has limited plasma protein binding (30–
38%). Cerebrospinal fluid (CSF)-to-plasma ratios vary
widely (15 to 135%) but average 50% 2 to 4 hours after
dosing. The median CSF drug concentrations in adults is 74
mg/l and independent of dose over a dose range of 200 to
1,250 mg. Drug appearance in semen correlates with clear-
ance/suppression of infectious HIV-1 from that compart-
ment. The semen/blood ratios of the concentrations of
zidovudine, amprenavir, and lamivudine average 12.9, < 1,
and 5.3, respectively (86). Zidovudine levels in breast milk
and serum are comparable after a single dose. Zidovudine
rapidly crosses the placenta by passive diffusion; fetal and
maternal concentrations are proportional. Pregnancy does
not appear to alter the pharmacokinetics of zidovudine.

Zidovudine is predominantly metabolized hepatically by
a uridine diphosphoglucuronosyl transferase (UGT) to its
major active metabolite, zidovudine glucuronide, which
undergoes renal elimination with a plasma t1/2 of 0.61 to
1.73 hours. Urinary recoveries of zidovudine and the glu-
curonide are 14 and 74%, respectively. Patients with hepatic
dysfunction have 2- to 3-fold increases in the peak plasma
zidovudine level and elimination t1/2 (87). The metabolism
of zidovudine also leads to the formation of a minor but
cytotoxic compound, 3¢-amino-3¢-deoxythymidine, which
may be partially responsible for the hematologic adverse
effects of zidovudine (87). This metabolite has a plasma t1/2
of approximately 2.7 h. Renal dysfunction (mean CrCl, 18
ml/min) doubles zidovudine’s AUC; total reduced daily
dosages of 300 to 400 mg are therefore recommended for

FIGURE 3. Chemical structures of HIV nucleoside/nucleotide
reverse transcriptase inhibitors.
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patients with severe renal impairment (CrCl < 15 ml/min).
Although zidovudine glucuronide is effectively removed by
dialysis, negligible amounts of zidovudine are cleared by ei-
ther hemodialysis or peritoneal dialysis, and a dose adjust-
ment is recommended in these patients.

Adverse Effects
The most prominent zidovudine toxicities are neutropenia
and anemia, which occur at higher doses in 16% and 24% of
patients, respectively. In zidovudine-induced anemia, the
reticulocyte count is usually depressed and the erythropoie-
tin level is elevated, suggesting inhibition of erythroid stem
cell lines. Myelosuppression has been associated with in-
creased doses and duration of zidovudine exposure, as well as
with lower baseline hematologic parameters (e.g., CD4 cell
count, neutrophil count, hemoglobin concentration, and
vitamin B12 levels).

Anemia occurs as early as 2 to 4 weeks after initiation of
therapy and in nearly 7% of patients with advanced HIV
disease, compared to 1% in those with early asymptomatic
infection. Although macrocytosis (elevated RBC mean
cell volume) occurs in more than 90% of zidovudine re-
cipients, it does not correlate with the development of
anemia. Neutropenia is also seen more frequently in ad-
vanced HIV infection (37%) than in the early stages (8%)
and is usually detected within 6 to 8 weeks after initiation of
therapy. In addition to zidovudine dose reduction or dis-
continuation, management options for zidovudine-related
hematologic toxicity include the use of hematopoietic
growth factors (erythropoietin or granulocyte colony-
stimulating factors).

Zidovudine is also associated with both skeletal and
cardiac muscle toxicities. Zidovudine-related polymyositis
occurs in approximately 6 to 18% of patients who have been
treated for more than 6 months. Clinically, this myopathy is
manifested by the insidious onset of myalgias, muscle ten-
derness, and proximal-muscle weakness, mainly in the lower
extremities. Diagnostic features include elevated creatine
phosphokinase levels and a myopathic pattern on electro-
myography. Muscle biopsy reveals minimal to moderate in-
flammation and myonecrosis with an excess of abnormal
mitochondria and a decrease in mitochondrial DNA,
probably secondary to the inhibition of DNA polymerase g.
The cessation of zidovudine treatment usually results in a
gradual resolution of these abnormalities over the ensuing 6
to 8 weeks.

Nausea, abdominal discomfort, headache, insomnia,
malaise, and fatigue are relatively common side effects.
These are early symptoms in a substantial number of pa-
tients, but often resolve despite continued drug administra-
tion. Gastrointestinal effects such as bloating, dyspepsia,
hepatitis, and esophageal ulceration have also been de-
scribed. Zidovudine can cause nail and skin hyperpigmen-
tation. Zidovudine-related seizures and macular edema have
been reported as have sometimes fatal cases of lactic acidosis
characterized by elevated liver transaminase levels and he-
patomegaly due to steatosis.

Zidovudine has been associated with abnormalities of
body fat distribution and lipid metabolism (88). In a key
study comparing zidovudine/lamivudine with tenofovir/em-
tricitabine, each with efavirenz in treatment-naïve patients,
more patients taking zidovudine experienced loss of limb fat
as assessed by dual-energy X-ray absorptiometry scans than
in the tenofovir arm. No teratogenicity in human studies has
been reported thus far; zidovudine is mutagenic and carci-
nogenic in rodents.

Drug Interactions
Agents that interfere with the hepatic metabolism or renal
excretion of zidovudine can accentuate zidovudine-associated
toxicities. Probenecid increases zidovudine levels by inhibit-
ing glucuronidation and renal excretion. Valproic acid, ato-
vaquone, fluconazole, and methadone have been associated
with increased zidovudine levels while rifampin and phe-
nytoin can lower zidovudine concentrations. Other drugs
which also have myelosuppressive effects, such as ganciclovir,
dapsone, flucytosine, and oncological chemotherapeutic
agents, may add to the hematologic adverse effects of zido-
vudine.

Resistance
There are three pathways to zidovudine resistance that can
affect multiple NRTIs. In the first, thymidine analog muta-
tions (TAMs) evolve in one of two distinct pathways: (i)
T215Y alone or with M41L, L210W (TAM1) and (ii)
T215F, which commonly occurs with D67N, K70R, and
K219Q or E (TAM2) (89, 90). The level of zidovudine re-
sistance increases with the accumulation of mutations in
reverse transcriptase, and susceptibility to most other NRTIs
is affected. Two additional multi-nucleoside resistance mu-
tational pathways have been described that confer resistance
to multiple NRTIs. The 151 complex affects all NRTIs ex-
cept tenofovir-based NRTIs: tenofovir disoproxil fumarate
and tenofovir alafenamide fumarate. The 151 complex in-
cludes A62V, V75I, F77L, F116Y, and Q151M, with the
Q151M mutation being the critical mutation for multidrug
resistance. The second pathway is the 69 insertion complex,
a 2-amino-acid insertion at reverse transcriptase position 69,
along with one or more TAMs: M41L, A62V, K70R, L201W,
T215 Y or F, and K219 Q or E (28, 91). This mutational
complex confers resistance to all current NRTIs. Other
amino acid changes at codon 69, without the insertion, can
also be associated with resistance to multiple NRTIs.

Two mechanisms of resistance to zidovudine illustrate the
complexity of resistance mutational interactions: (i) im-
pairment of the incorporation of the analog into DNA; and
(ii) removal of the analog from the prematurely terminated
DNA chain (92, 93). Thymidine analog mutations at posi-
tions 41, 67, 210, 215, and 219 promote ATP-mediated
pyrophosphorolysis with excision of the incorporated ter-
minator (94). The M184V mutation, most associated with
lamivudine and emtricitabine resistance, severely compro-
mises pyrophosphorolysis and can result in a resensitization
of the virus to zidovudine and other NRTIs, including te-
nofovir, affected by this pathway of resistance (95).

Most resistance assays evaluate the polymerase domain
and do not assess resistance mutations in the connection and
RNase H domains of the HIV-1 reverse transcriptase. RNase
H cleaves the RNA template as the DNA reverse transcript
elongates. Mutations in the RNase H domain increase NRTI
resistance, probably by decreasing RNase H activity, allow-
ing more time for excision of zidovudine (96). The clinical
relevance of these mutations remains unclear and is com-
plicated by subtype-specific variations in mutations selected
in treatment-experienced patients (97). Some mutations,
particularly in combination with M184V or other TAMs,
can confer reduced susceptibility to zidovudine and nevira-
pine in vitro (98), but thus far they have not been shown to
impact response to antiretroviral therapy (99).

Clinical Applications
Zidovudine was the first approved antiretroviral agent and
for two decades was one of the agents most widely studied in
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clinical trials and used in clinical practice. Zidovudine in
combination with another nucleoside analog and either a
protease inhibitor (with or without ritonavir enhancement)
or a NNRTI became one of the standard-of-care regimens in
the era of potent antiretroviral therapy beginning in 1996.
As part of initial therapy, the combination of zidovudine and
lamivudine was a key dual-NRTI component in multiple
clinical trials and demonstrated considerable durability,
tolerability, and clinical benefit (100–102).

Comparison of zidovudine with abacavir, in combination
with lamivudine and efavirenz, showed similar virologic
response in both arms; however, the CD4 cell count rise
was greater in the abacavir/lamivudine-treated patients
than in the zidovudine/lamivudine-treated patients (103).
A comparison of zidovudine/lamivudine with tenofovir/
emtricitabine as part of an efavirenz-based regimen in
treatment-naïve patients demonstrated lower rates of viro-
logic suppression to < 50 copies/ml and higher rates of
anemia with the zidovudine regimen (104). Zidovudine/
lamivudine has been supplanted by tenofovir/emtricitabine
and abacavir/lamivudine as recommended dual-nucleoside
components of initial combination regimens for treatment-
naïve patients (105).

Zidovudine was the first antiretroviral agent evaluated as
a prophylactic agent in HIV-infected pregnant women and
accidentally exposed health care workers. In a landmark
study (ACTG 076), zidovudine reduced the risk of mother-
to-child transmission of HIV-1 by two-thirds compared to
placebo (106). For accidentally exposed health care workers,
a retrospective case control study found that zidovudine
reduced the hazard of HIV transmission by 81% (107).
Combination therapy is now, of course, recommended when
HIV-1 prophylaxis is indicated.

Lamivudine
Lamivudine [2’,3’-dideoxy-3’-thiacytidine; Epivir (Figs. 1 and
3; Tables 1 and 3)] is the (–) enantiomer of a cytidine analog
with a sulfur substituted for the 3¢ carbon atom in the fu-
ranose ring. To streamline the dosing of the nucleoside
analog component of combination therapy, fixed-dose for-
mulations of lamivudine/zidovudine (Combivir), lam-
ivudine/zidovudine/abacavir (Trizivir), lamivudine/abacavir
(Epzicom), and lamivudine/abacavir/dolutegravir (Triumeq)
in single tablets have been approved. The standard dosage of
lamivudine is 150 mg twice daily or 300 mg once daily.

Lamivudine displays activity against HIV-1 and -2, as
well as hepatitis B virus (HBV). Inhibitory concentrations
range from 0.46 ng/ml to 3.45 mg/ml in in vitro susceptibility
assays. Synergy has been noted in combination with the
thymidine analogs and tenofovir.

Mechanism of Action
Although both lamivudine enantiomers have in vitro anti-
viral activity, the (–) enantiomer form is both more potent,
possibly on the basis of its resistance to 3¢–5¢ exonuclease
excision, and less cytotoxic because (–) enantiomers of nu-
cleosides are poorly recognized by mammalian polymerases.
Lamivudine requires phosphorylation to the triphosphate
metabolite for antiviral activity; the triphosphate competi-
tively inhibits the viral reverse transcriptase and interrupts
proviral DNA chain elongation.

Pharmacology
Oral lamivudine is rapidly absorbed, and bioavailability in
adults is approximately 86%. Peak plasma concentrations

range from 2.6 to 5.8 mg/ml after a 300-mg dose. Although
absorption of lamivudine is slowed in the postprandial state,
there is no significant decrease in the AUC with food.
Lamivudine has low protein binding ( < 36%). The mean
plasma elimination t1/2 is approximately 2 to 4 hours, but the
intracellular t1/2 of lamivudine triphosphate varies between
10.5 and 15.5 hours. As a consequence of predominant renal
elimination of lamivudine via glomerular filtration and ac-
tive tubular excretion, dose adjustments are required in in-
dividuals with renal impairment.

Adverse Effects
Lamivudine has a very favorable toxicity profile and is well
tolerated at dosages ranging from 0.5 to 20 mg/kg/day (108).
A trend toward neutropenia is seen only with the highest
doses. Insomnia, headache, diarrhea, abdominal pain, and
pruritus have been reported but are infrequent (108). Re-
ports of rash, arthralgias, myalgias, pancreatitis, hepatitis,
and peripheral neuropathy have an unclear association with
lamivudine in adults. In children, rare associations of pan-
creatitis or hepatitis with lamivudine have been noted.

Drug Interactions
Trimethoprim-sulfamethoxazole decreases the renal clear-
ance of lamivudine and consequently increases its systemic
exposure (109). Lamivudine and emtricitabine have nearly
identical resistance profiles, have minimal additive antiviral
activity, and should not be used together.

Resistance
Resistance to lamivudine develops rapidly and uniformly in
treated patients who are not on a fully suppressive antire-
troviral regimen or who are poorly adherent through mu-
tations at two codons: 65 and 184. K65R/E/N conveys
resistance to lamivudine, as well as several other NRTIs.
Mutations at codon 184 that lead to either an isoleucine or a
valine substitution for methionine occur rapidly and con-
fer 100- to 1,000-fold decreases in susceptibility (110). The
M184V mutation generates lamivudine resistance by de-
creasing the efficiency of incorporation of lamivudine
monophosphate 20- to 100-fold relative to those of the wild-
type reverse transcriptase HIV strains (95).

There are potentially beneficial impacts of the M184V
mutation. It reverses reduced susceptibility to the thymidine
analogs and tenofovir conferred by the TAMs. The M184V
mutation, although decreasing the rate of incorporation of
lamivudine monophosphate and conferring lamivudine re-
sistance, also reduces pyrophosphorolytic rescue of viral
DNA synthesis from chain-terminating zidovudine triphos-
phate (95). The presence of M184V is also associated with a
reduction in viral fitness (111). These effects may, in part,
underlie the efficacy of combination therapy of lamivudine
or emtricitabine with thymidine analogs and tenofovir.

Although low-level cross-resistance (2- to 4-fold) has
been noted with M184V for didanosine and abacavir, the
presence of the M184V mutation in isolation does not ap-
pear to compromise treatment with didanosine- or abacavir-
containing regimens (112, 113). The multidrug-resistance
mutations and mutation clusters that impact most NRTIs
(69 insertion complex, 151 complex, and TAMs) may also
confer various degrees of cross-resistance with lamivudine.

Clinical Applications
Lamivudine (or emtricitabine; see below) is a key compo-
nent of current initial regimens in treatment-naïve persons
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with drug-susceptible virus because of its potency and ex-
cellent tolerability. It is typically combined with abacavir or
tenofovir (in the case of emtricitabine) to form the dual-
nucleoside component of recommended treatment regi-
mens. In patients with viruses containing M184V, there may
be a benefit in continuing lamivudine to maintain this
mutation because viruses with M184V replicate less well
than wild-type viruses when a fully suppressive new regimen
cannot be constructed (114). Lamivudine and emtricitabine
are essentially clinically interchangeable; the choice de-
pends on which nucleoside or nucleotide analog it is paired
with, given the availability of fixed-dose combinations.

Abacavir
Abacavir sulfate {[(1S-cis)-4-[2-amino-6-(cyclopropylamino)-
9H-purin-9-yl]-2-cyclopent-1-methanol; Ziagen} is a carbo-
cyclic guanine analog (Figs. 1 and 3; Tables 1 and 3). It is
available as both a 300 mg tablet and a 20 mg/ml solution, as
well as in fixed-dose formulations as lamivudine/abacavir
(Epzicom), zidovudine/lamivudine/abacavir (Trizivir), and
lamivudine/abacavir/dolutegravir (Triumeq). Abacavir has
an IC50 of 0.07 mg/ml in human peripheral blood lympho-
cytes for HIV-1 strains, being additive with NNRTIs, PIs,
and other nucleoside analogs.

Mechanism of Action
Abacavir undergoes intracellular metabolism to its active
triphosphate form, which interrupts HIV proviral DNA
chain elongation. However, abacavir is also a prodrug that,
prior to triphosphorylation, requires modification to carbo-
vir. Thus, abacavir activation is characterized by an initial
phosphorylation by adenosine phosphotransferase to a mo-
nophosphate form, which is then further processed by a
cytosolic 5¢-nucleotidase to produce carbovir monophos-
phate; the latter is subsequently converted to di- and tri-
phosphates of carbovir by cellular kinases.

Pharmacology
Abacavir sulfate is well absorbed, with an oral bioavailability
of 83% with no important food effects. Similar pharmaco-
kinetic profiles are seen with the abacavir/zidovudine/lam-
ivudine fixed-dose formulation as well as if the three drugs
are given separately. The serum Cmax of 2.87 and 4.73 mg/ml
are attained in less than 2 h after dosages of 300 mg b.i.d. and
600 mg, respectively. As the most lipophilic of the nucleo-
side analogs, abacavir exhibits good central nervous system
(CNS) distribution, with mean levels in CSF that are twice
the IC50 for wild-type HIV-1 and CSF-to-plasma AUC ratios
ranging from 27% to 33% (115). Despite a plasma elimi-
nation t1/2 of 1.2 h for abacavir, the intracellular t1/2 of
carbovir triphosphate at an abacavir dosage of 300 mg/day is
20.6 h. Thus, the prolonged intracellular t1/2 of the active
carbovir triphosphate supports the approved twice or once-
daily dosing. Abacavir is metabolized to inactive metabolites
by alcohol dehydrogenase and glucuronyl transferase with
subsequent elimination of metabolites in the urine. Based on
increased abacavir AUC and prolonged t1/2 in patients with
mild hepatic impairment, dosage adjustment is recom-
mended but controversial. Abacavir use in severe hepatic
impairment is not recommended.

Adverse Effects
Because abacavir is a relatively selective inhibitor of the
HIV reverse transcriptase as compared to cellular DNA
polymerases, myelotoxicity is infrequent (116). Abacavir is

generally well tolerated, with asthenia, abdominal pain,
headache, diarrhea, and dyspepsia being the most commonly
reported side effects. Laboratory abnormalities include ele-
vations in liver enzyme levels.

The most significant adverse effect associated with aba-
cavir is the idiosyncratic hypersensitivity reaction. This
syndrome has an incidence of approximately 8% and is
characterized by the appearance over several days of fever
(80%), rash (70%), gastrointestinal symptoms (50%), mal-
aise (40%), and respiratory symptoms (30%). Fever or rash
occurs in 98% of cases. Hypersensitivity cases typically occur
within 6 weeks of the initiation of abacavir therapy (94%),
with a median onset of 11 days. Accompanying laboratory
abnormalities can include lymphopenia, thrombocytopenia,
and elevated transaminase or creatine phosphokinase levels.
This syndrome usually improves within days after the dis-
continuation of abacavir therapy. Rechallenge in individuals
suspected of having this condition is contraindicated be-
cause severe allergic reactions, including fatalities, may oc-
cur within hours. Individuals who have tolerated abacavir in
the past are unlikely to experience hypersensitivity reactions
after reinitiating treatment; several severe or fatal excep-
tions, however, have been reported among these individuals
(117, 118). HLA B*5701 predicts abacavir hypersensitivity
(119), and screening for HLA B*5701 before initiating the
drug is recommended (120, 121). It is important to note,
however, that hypersensitivity can still occur in HLA
B*5701-negative persons (122). The mechanism of this
delayed hypersensitivity appears to be related to abacavir
binding to the peptide-binding groove of HLA-B*5701 and
presentation of altered class I MHC binding peptides which
trigger CD8 T-cell responses (123).

Abacavir use may be associated with an increase in car-
diovascular disease and events (124–126). An international
cohort study including > 23,000 HIV-infected patients re-
ported abacavir as one of the agents associated with in-
creased risk of myocardial infarction (124). A follow-up
analysis adjusting for 10-year risk of coronary heart disease
also found that abacavir (as well as didanosine) use in the
previous 6 months was associated with an increased risk of
myocardial infarction. Other studies, however, have failed to
identify an association (127, 128), and, as such, the signif-
icance of these findings remains controversial. Practically,
the potential for such risk should be taken into account
when considering treatment of individuals with either a
history of cardiovascular disease or a high risk for cardio-
vascular events.

Drug Interactions
Abacavir and ethanol share a similar metabolic pathway, and
coadministration has been shown to increase the abacavir
AUC by 41% in males. A small study examining the inter-
action of abacavir with methadone suggested that metha-
done clearance increased by 22%, which may only be
significant in a very small proportion of patients.

Resistance
Selection for resistance to abacavir in vitro is characterized by
the accumulation of multiple mutations in the HIV-1 reverse
transcriptase. An initial M184V mutation, conferring a 2- to
5-fold increase in resistance, is followed by the appearance of
either L74V and K65R/E/N or L74V and Y115F. While
individually these mutations are associated with a low-level
(2- to 4-fold) loss of susceptibility, M184V-containing dou-
ble mutants have increased (7- to 11-fold) resistance.
Abacavir-resistant isolates containing combinations of these
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mutations have various degrees of cross-resistance to lam-
ivudine and didanosine.

Isolates obtained after abacavir monotherapy revealed
mutations at codons 65, 74, and 184. The addition of zi-
dovudine delayed the selection of the M184V mutation. In
vivo studies identified the following mutations: K65R, L74V,
Y115F, and M184V, as well as TAMs M41L, D67N, K70R,
L210W, T215F/Y, and K219E/Q; the Q151M complex,
usually in combination with V75I, F77L, F116Y; and T69
insertion mutations (28). Increasing numbers of TAMs ( > 4)
result in a loss of virologic response to abacavir (129).
Multinucleoside analog resistance-associated insertions at
position 69 and the 151 complex also confer cross-resistance
to abacavir (28).

Clinical Applications
Abacavir has demonstrated durable efficacy in combination
with lamivudine and a third active antiretroviral drug (a
boosted PI, NNRTI or INSTI) in treatment-naïve patients
with baseline HIV-1 RNA levels < 100,000 copies/ml (103,
105,130–134). Abacavir may be administered either as a
separate pill or in a more convenient fixed-dose combina-
tion, single-pill formulation that might favorably impact
drug adherence. Abacavir-lamivudine and zidovudine-
lamivudine regimens, each combined with efavirenz in
treatment-naïve individuals, show comparable rates of vi-
rologic suppression to < 50 copies/ml, but there is a greater
increase in CD4 cell counts in the abacavir-lamivudine
group (209 cells/mm3 versus 155 cells/mm3) (103, 135). A
study that compared abacavir-lamivudine to tenofovir
disoproxil-emtricitabine, both regimens combined with
efavirenz, demonstrated a lower proportion of patients
achieving virologic suppression to < 50 copies/ml of HIV-1
RNA but similar adverse event rates in both arms. In com-
bination with lopinavir/ritonavir, abacavir-lamivudine is
noninferior to tenofovir disoproxil-emtricitabine (136).
Data from ACTG A5202, a study comparing abacavir-
lamivudine with tenofovir-emtricitabine in combination
with either efavirenz or atazanavir-ritonavir in treatment-
naïve patients, showed that individuals with baseline HIV-1
RNA levels ‡ 100,000 copies/ml were more likely to expe-
rience virologic failure in the abacavir-lamivudine arm than
in the tenofovir-emtricitabine arm; there was no difference
in time to virologic failure for participants with HIV-1 RNA
levels < 100,000 copies/ml (137, 138). When compared to a
single tablet regimen of efavirenz/tenofovir disoproxil/em-
tricitabine, the single tablet combination of dolutegravir/
abacavir/lamivudine led to higher proportions of partici-
pants with HIV-1 RNA levels < 50 copies/ml at 48 weeks,
shorter median time to viral suppression, and fewer adverse
events (139). For the treatment of antiretroviral-
experienced patients, the use of abacavir-containing regi-
mens has also demonstrated clinical utility (140, 141).

Emtricitabine
Emtricitabine {5-fluoro-1-(2R,5S)-2-[hydroxymethyl)-1,3-
oxathiolan-5-yl]cytosine; Emtriva} is a cytidine analog that
is the (–) enantiomer of a thio analog of cytidine; it differs
from other cytidine analogs in that it has a fluorine in the 5
position (Figs. 1 and 3; Tables 1 and 3). It is available as both
a 200 mg capsule and a 10 mg/ml oral solution, as well as in
multiple fixed-dose formulations with TDF (Truvada), with
TDF and efavirenz (Atripla), with TDF and rilpivirine
(Complera), with TDF, elvitegravir, and cobicistat (Stri-
bild), with tenofovir alafenamide (TAF) (Descovy), with
TAF and rilpivirine (Odefsey), and with TAF, elvitegravir,

and cobicistat (Genvoya). Emtricitabine is administered in a
once-daily dosage of 200 mg.

Emtricitabine is 4- to 10-fold more potent than lam-
ivudine; for a laboratory-adapted strain, it has an IC50 of
0.002 to 0.124 mg/ml in human cell lines (142). This
heightened potency may be the result of a greater efficiency
of incorporation of emtricitabine triphosphate than of lam-
ivudine triphosphate by the HIV-1 reverse transcriptase
(143). In addition, emtricitabine triphosphate has a longer
intracellular t1/2 (see below). The drug has activity against
HIV-1, HIV-2, and HBV. The role of emtricitabine as an
anti-HBVagent is discussed in chapter 13. Emtricitabine has
demonstrated synergistic or additive activity with other
nucleoside analogs, PIs, and NNRTIs.

Mechanism of Action
Emtricitabine undergoes serial intracellular phosphorylations
to an active triphosphate form that inhibits the activity of
the HIV-1 reverse transcriptase by competing with the nat-
ural substrate deoxycytidine 5¢-triphosphate. Because it lacks
a hydroxyl group at the 3¢ position of the oxothiolane moiety
(144), incorporation of emtricitabine 5¢-triphosphate inter-
rupts HIV proviral DNA chain elongation in susceptible
strains (143).

Pharmacology
Emtricitabine is rapidly absorbed with high oral bioavail-
ability (393%) that is not affected by coadministration of
food. After a 200-mg dose, the mean peak concentration is
1.8 mg/ml. The oral bioavailability of the oral solution is
lower (375%) and as such requires a slighter higher daily
dose. The drug has low protein binding (< 4%). The plasma
elimination t1/2 averages approximately 10 h, and the in-
tracellular t1/2 of emtricitabine triphosphate is longer than
20 h, allowing once daily dosing. Emtricitabine is predom-
inantly renally eliminated by both glomerular filtration and
active tubular secretion; thus, dosing interval adjustments
are required in individuals with renal impairment.

Adverse Effects
Emtricitabine, like lamivudine, is well tolerated. Adverse
effects attributed to emtricitabine have been mild to mod-
erate CNS and gastrointestinal symptoms (Table 3). Skin
hyperpigmentation is also possible and is more common (as
high as 32%) in children. Exacerbations of hepatitis B in
coinfected individuals have been reported after discontinu-
ation of emtricitabine.

Drug Interactions
There are no clinically significant drug interactions.

Resistance
As with lamivudine, high-level resistance to emtricitabine is
associated with K65R/E/N and M184I/V reverse transcrip-
tase mutations (28). The combination of tenofovir with
emtricitabine in clinical studies was less likely to select for
the M184V mutation than the zidovudine-lamivudine
combination. The emtricitabine-containing regimen may
also be less likely to select for the K65R mutation than
lamivudine in the presence of tenofovir (145).

Clinical Applications
Emtricitabine is recommended as a component of initial
antiretroviral therapy for treatment-naïve patients and can
be used interchangeably with lamivudine but should never
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be used in combination with lamivudine (105). Emtri-
citabine has also shown efficacy in treatment-experienced
patients with plasma HIV-1 RNA levels of < 400 copies/ml
who switched from lamivudine- or PI-containing regimens to
emtricitabine-containing ones. The simplification to once-
daily emtricitabine does not affect the proportion of patients
with plasma HIV-1 RNA level suppression to < 400 or < 50
copies/ml. Emtricitabine in combination with TDF has
demonstrated considerable potency and durability of viro-
logic control as part of PI- or NNRTI-based regimens (146).

SELECTED INVESTIGATIONAL NRTIS
Nucleoside analog drug development continues with the
goals of improving safety, pharmacokinetics, potency, and
activity against drug-resistant strains. Selected new agents in
this drug class are listed in Table 2.

NUCLEOTIDE ANALOG REVERSE
TRANSCRIPTASE INHIBITORS
Tenofovir Disoproxil Fumarate
(See also Tenofovir Alafenamide)
Tenofovir {9-[(R)-2-[[bis[[(isopropoxycarbonyl)oxy]methoxy]-
phosphinyl]methoxy]propyl]adenine fumarate; Viread (Figs. 1
and 3; Tables 1 and 3)} is a prodrug of the cyclic nucleoside
phosphonate 9-R-(2-phosphonomethoxy-propyl)adenine
(PMPA). This agent is approved for once-daily dosing and is
available in 300-mg tablets and powder for oral use. It is
available in combination with emtricitabine (Truvada), with
emtricitabine and efavirenz (Atripla), with emtricitabine
and rilpivirine (Complera), and with emtricitabine and el-
vitegravir and cobicistat (Stribild) in fixed-dose combina-
tions. Tenofovir disoproxil fumarate (TDF) is an inhibitor
of retroviruses, including HIV-1, simian immunodeficiency
virus, and feline leukemia virus, as well as hepadnaviruses.

Mechanism of Action
TDF is converted to tenofovir by diester hydrolysis and
phosphorylation to form tenofovir diphosphate. As a nu-
cleotide analogue, only two intracellular phosphorylation
steps are needed to convert the drug to its active form. The
mechanism of reverse transcriptase inhibition is as described
for the nucleoside analogs.

Pharmacology
Because of the drug’s hydrophilic properties, tenofovir
demonstrates a permeability-limited oral absorption and has
a bioavailability of 25 to 40% as the bis-ester prodrug, TDF
(147). The AUCs of the tablet and oral powder formulations
are similar despite a lower Cmax for the oral powder. Ad-
ministration of TDF with a high-fat meal increases the AUC
of tenofovir by 340%, an effect not seen with a lighter
meal. Tenofovir has a plasma t1/2 of approximately 17 hours
and an intracellular t1/2 of the diphosphate form of 12 to 15
hours in activated PBMCs and 33 to 50 hours in resting
PBMCs, thus permitting once-daily dosing. The drug is ex-
creted renally by both glomerular filtration and active tu-
bular secretion and requires dosage adjustment in patients
with renal impairment.

Adverse Effects
A small proportion of patients taking TDF experience in-
creases in serum creatinine, glycosuria, hypophosphatemia,
and acute tubular necrosis. However, renal impairment de-

velops uncommonly in patients with normal renal function
at baseline (148). Patients with more advanced HIV disease,
greater treatment experience, concomitant PI use, and pre-
existing renal impairment may be at an increased risk of this
complication (149). The mechanism may be a direct toxic
effect of free tenofovir in renal tubular cells (150). The agent
should be used with caution in individuals with preexisting
renal disease, and alternative nucleoside analogs should be
considered. In individuals coinfected with HBV, discontin-
uation of TDF may cause flares of viral replication and
hepatitis; close monitoring of such patients is advised.

Fat maldistribution is not commonly seen with TDF-
based regimens (151), and switching from zidovudine- or
stavudine-containing regimens to TDF or abacavir may slow
or halt the progression of this syndrome. TDF may have a
more pronounced effect on bone loss than other agents
(152). While low bone mineral density and fractures appear
more common in HIV patients compared to non-HIV pa-
tients, the impact of antiretrovirals on loss of bone mineral
density suggests a contribution of antiretroviral therapy,
which may be more noteworthy with agents such as TDF
and PIs (153–156). The safety of tenofovir in pregnancy has
not been definitively established, and some animal studies
have reported impaired fetal growth and decreased fetal
bone porosity within 2 months of starting maternal therapy.
However, data from infants exposed in utero to tenofovir do
not suggest an increase in growth or bone abnormalities
(157). The drug is now routinely used in pregnancy.

Drug Interactions
TDF decreases the AUC of atazanavir by 25%; therefore,
patients who receive concomitant therapy with TDF should
only use ritonavir- or cobicistat-boosted atazanavir. The
combination of TDF and didanosine has been associated
with increased didanosine toxicity and a high rate of early
virologic failure as well as CD4 cell decline in treated in-
dividuals, although conflicting data exist on this point (158,
159). Coadministration of TDF with ritonavir-boosted PIs
may result in increased tenofovir absorption by 330% due
to inhibition of p-glycoprotein.

Resistance
Tenofovir retains activity against a range of nucleoside-
resistant HIV strains. In vitro, the K65R/E/N mutation of
HIV-1 confers a 9-fold decrease in sensitivity to tenofovir;
the M184V mutation partially reverses this resistance. The
K70E mutation and insertions at codon 69 also confer de-
creased susceptibility to tenofovir (160). The effect of the 69
insertion complex is potentiated in the presence of the
M184V mutation. Nonresponse to tenofovir is more likely
to occur when the drug is added to a failing regimen in
heavily pretreated patients, as opposed to its use as a part of a
new regimen with other active medications. Clinical data
suggest that the presence of > 2 TAMs, including M41L or
L210W, is associated with decreased susceptibility to teno-
fovir. The activity of tenofovir is retained in the presence of
the 151 complex (161, 162).

Clinical Applications
TDF has been an essential component of initial treatment
regimens for treatment-naïve patients, that traditionally
were combined with lamivudine or emtricitabine plus an
agent from one of three other classes: NNRTIS, PIs, or IN-
STIs. Its availability in multiple fixed-dose drug combina-
tions also increases its clinical utility. Potent and durable
virologic suppression occurs in treatment-naïve individuals
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with TDF and lamivudine or emtricitabine in combination
with efavirenz (151). In direct comparison with lamivudine-
zidovudine, TDF-emtricitabine demonstrates a greater in-
crease in CD4 cell counts and a higher rate of virologic
suppression to < 50 copies/ml sustained over 144 weeks
(163). As described above, compared to abacavir-lamivudine
in combination with either efavirenz or atazanavir-ritonavir,
TDF-emtricitabine shows a more favorable virologic efficacy
and side-effect profile.

In treatment-experienced individuals with incomplete
virologic suppression and baseline nucleoside resistance
mutations, the addition of TDF to stable regimens has re-
sulted in significant reductions in plasma HIV-1 RNA levels
(164) with the caveat that incremental monotherapy is dis-
couraged. In patients with suppressed viral loads at baseline,
switching the nucleoside component to TDF-emtricitabine
results in fewer treatment failures and drug discontinuations
than switching to abacavir-lamivudine (165).

TDF is also recommended, in combination with em-
tricitabine in a fixed-dose combination, as preexposure
prophylaxis for prevention of HIV infection in high-risk
populations including sexually active men who have sex
with men, heterosexually active men and women at sub-
stantial risk for HIV infection, injection drug users, and
heterosexually active men and women whose partners are
living with HIV (166, 167).

Tenofovir Alafenamide
Tenofovir alafenamide [isopropyl (2S)-2-[[[(1R)-2-(6-
aminopurin-9-yl)-1-methyl-ethoxy]methyl-phenoxy-phos-
phoryl]amino]propanoate; GS-7340] is a nucleotide reverse
transcriptase inhibitor prodrug of tenofovir associated with
reduced risk of renal adverse effects. It is currently available
only in fixed-dose combinations with emtricitabine (De-
scovy), with emtricitabine and rilpivirine (Odefsey), and
with emtricitabine, elvitegravir, and cobicistat (Genvoya).

Mechanism of Action
Tenofovir alafenamide is 1,000- and 10-fold more active
against HIV in vitro than tenofovir and TDF, respectively.
Conversion to tenofovir occurs intracellularly with higher
active metabolite concentrations seen in peripheral blood
mononuclear cells (PBMCs) than with TDF. Tenofovir en-
ters cells where it undergoes ester hydrolysis by lysosomal
carboxypeptidase cathepsin A (CatA). A key intermediate
formed with alanine eventually releases tenofovir, which is
subsequently phosphorylated to the active metabolite
tenofovir-diphosphate. Intracellular cleavage by CatA oc-
curs rapidly in HIV-target cells, and this, coupled with me-
tabolites that are trapped in cells, results in accumulation of
the active metabolite tenofovir diphosphate (168).

Pharmacology
Tenofovir alafenamide is rapidly absorbed, reaching mean
peak concentrations of 0.16 mg/ml within 1 hour. Admin-
istration with a high fat meal increases the AUC 385%.
Tenofovir alafenamide is 380% bound to plasma proteins.
Tenofovir alafenamide is primarily metabolized first by CatA
in PBMCs and macrophages and then by carboxylesterase 1
in hepatocytes. The terminal plasma t1/2 is330 minutes but
that of tenofovir diphosphate is 3150–180 hours within
PBMCs. Renal impairment has no impact on concentrations
of TAF. Tenofovir alafenamide results in 90% lower serum
tenofovir levels compared to TDF with consequently di-
minished renal and bone toxicity.

Adverse Effects
The most common adverse effect reported during clinical
trials was nausea ( ‡ 10%). Of note, TAF has been associated
with smaller mean serum creatinine increases, less protein-
uria, and a smaller decrease in bone mineral density at the
spine and hip than TDF (169, 170).

Drug Interactions
Tenofovir alafenamide is a substrate of P-glycoprotein, and
drugs that strongly affect P-glycoprotein activity may alter
TAF absorption. Coadministration of tipranavir/ritonavir,
carbamazepine, oxcarbazepine, phenobarbital, phenytoin,
rifamycins, and St. John’s wort with TAF is not recom-
mended.

Resistance
As TAF is a prodrug of tenofovir, the resistance pattern is
identical to that of TDF (171). Because TAF achieves higher
intracellular concentrations and is more potent than TDF,
there is speculation that it may retain activity against viral
strains with known mutations, but confirmatory clinical data
are lacking at this time (172).

Clinical Applications
Tenofovir alafenamide is included in the regimens recom-
mended for first-line therapy of treatment-naïve patients
with estimated creatinine clearances of ‡ 30 ml/min, in the
form of the fixed-dose combination elvitegravir/cobicistat/
TAF/emtricitabine (105). The side-effect profile of TAF is
favorable compared with TDF when in combination with
elvitegravir-cobicistat or darunavir-ritonavir, including im-
proved renal and bone safety parameters (173, 174). It is an
increasingly popular clinical choice, and it is likely that the
alafenamide form of the prodrug will replace the disoproxil
fumarate form.

NONNUCLEOSIDE REVERSE
TRANSCRIPTASE INHIBITORS
Although structurally diverse, the NNRTIs share similar
HIV-1 reverse transcriptase binding sites and function by
noncompetitive allosteric binding to a hydrophobic pocket
created by the p66 palm-and-thumb subdomains of the re-
verse transcriptase (175). This alters the structure and
function of the HIV-1 reverse transcriptase (176). When the
NNRTI is bound to this site, it interacts with multiple amino
acid residues within the pocket. Mutations of these key
amino acids alter inhibitor binding properties and form the
mechanistic basis for NNRTI resistance. The binding of an
NNRTI to the enzyme-DNA complex is proposed to slow
reverse transcriptase-mediated catalysis by causing a distor-
tion of the normal spatial configuration of the carboxyl
groups and associated Mg2+ ions of three aspartic acid resi-
dues in the adjacent polymerase active site (177). As a
consequence, nucleotide triphosphate molecules destined to
be added to the elongating proviral DNA chain are bound
but inefficiently utilized. The narrow spectrum of antiviral
activity is conferred by a tyrosine at amino acid position 181
in HIV-1, but which is not present in HIV-2 or the HIV-1 O
clade (subtype), against which these compounds are inactive
(178).

Nevirapine
Nevirapine (11-Cyclopropyl-4-methyl-5,11-dihydro-6H-di-
pyrido[3,2-b:2’,3’-e][1,4]diazepin-6-one; Viramune) (Figs. 1
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and 4; Tables 1 and 3) formulations include 200-mg tablets,
a once-daily extended release 400 mg tablet, and a 50 mg/5
ml oral suspension. Nevirapine antiviral activity is limited to
HIV-1, with an IC50 of 0.003 mg/ml to 0.03 mg/ml, while
50% cytotoxicity concentrations are more than 300-fold
higher.

Pharmacology
Nevirapine is rapidly absorbed with an oral bioavailability
of > 90%. An initial serum Cmax of 2.0 mg/ml (7.5 mM) is
reached approximately 4 hours after a 200-mg oral dose.
Steady-state trough concentrations average 4.5 mg/ml (17
mM) at a nevirapine dosage of 400 mg/day. Concentrations
in plasma do not appear to be altered by food or antacids.
Secondary peak levels are seen, which may reflect enter-
ohepatic recirculation. Plasma protein binding is approxi-
mately 60%. Nevirapine is highly lipophilic, and CSF
concentrations are about 45% of plasma values (179). Ne-
virapine crosses the placenta and is present in breast milk
and semen.

Nevirapine is metabolized by CYP3A and CYP2B6 and
also induces these enzymes. The clearance of nevirapine

increases through the first 2 to 4 weeks of dosing, such that
its plasma elimination t1/2 decreases from 45 hours after
single doses to 25 to 30 hours with multiple dosing. De-
tectable levels of nevirapine have been found in chronically
treated children and adults for as many as 7 days after ces-
sation (180). Detectable levels may persist longer in
treatment-naïve women who receive single-dose nevirapine
for prophylaxis of mother-to-child transmission of HIV-1.

Adverse Effects
The most common adverse reaction associated with nevi-
rapine is a nonpruritic macular rash distributed on the face,
trunk, and extremities, excluding the palms and soles; the
rash usually occurs within the first 6 weeks of therapy. Rash
has occurred in 48% of nevirapine recipients who received
400 mg/day. The rash may be accompanied by hepatotox-
icity, fever, and myalgias.

The incidence of rash does not appear to be related to
plasma drug levels, stage of HIV disease, history of rash with
other agents, sex, or race. The risk may be attenuated by
administering a lower initial dosage of 200mg/day for 2 weeks
and then increasing the dosage to 200 mg b.i.d. Liver toxicity
occurs in about 4% of patients. The risk of hepatotoxicity is
higher in women and in patients with higher CD4 cell counts
(> 250 cells/mm3 in women and > 400 cells/mm3 in men),
and thus nevirapine should not be initiated in these popu-
lations. Coinfection with HBV or HCV increases the risk of
liver toxicity. Life-threatening and fatal cases of hepatotox-
icity, as well as severe, even fatal, skin reactions, including
Stevens-Johnson syndrome, toxic epidermal necrolysis, and
hypersensitivity reactions, have been reported and can occur
during the first 18 weeks of therapy. The overall rate of hy-
persensitivity reactions has been about 6%; increased risk has
been associated with high pretreatment plasma HIV-1 RNA
levels, high CD4 cell counts, and female sex.

Drug Interactions
Nevirapine induces the hepatic CYP450 enzyme. As such, it
affects its own metabolism as well as coadministered drugs
that also utilize the CYP3A4 metabolic pathway. Nevirapine
decreases the AUCs of the PIs. Coadministration of rifampin
and nevirapine is associated with lower nevirapine con-
centrations and greater variability in plasma drug levels.
Some data suggest that combining efavirenz or nevirapine at
standard doses in combination with rifampin results in
comparable virologic and clinical outcomes (181, 182).
Nevirapine-induced methadone withdrawal has been re-
ported, and the methadone dose should be increased before
commencing nevirapine (183).

Resistance
The nevirapine binding site is created mainly by amino acid
residues at positions 100 to 110 and 180 to 190, comprising
the 2ß sheets that form the binding pocket in the HIV-1
reverse transcriptase. Consequently, mutations associated
with resistance generally fall within these regions. In vitro
and clinical isolate data indicate mutations conferring ne-
virapine resistance include L100I, K101P, K103N/S, V106A/
M, V108I, Y181C/I, Y188C/L/H, G190A, and M230L (28).
Several of these engender variable cross-resistance to other
NNRTIs (184).

In vivo, nevirapine-resistant isolates are genetically mixed
populations, and the most common ones in patients with
virologic failure occur at positions 103, 181, 190, 188, and
106. Each mutation reduces nevirapine susceptibility at least
50-fold (28). The nevirapine-associated Y181C substitution

FIGURE 4. Chemical structures of HIV nonnucleoside reverse
transcriptase inhibitors.
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in zidovudine-resistant HIV strains increases zidovudine
susceptibility in vitro. Mutations at positions 138 and 227,
selected by etravirine, appear to reduce susceptibility to
nevirapine and efavirenz, and V179F in combination with
Y181C causes high-level resistance to nevirapine and etra-
virine (185).

Clinical Applications
Nevirapine’s role as part of initial antiretroviral regimens
continues to diminish, but its historic position as the lead
compound in the NNRTI class is well established. In a direct
comparison with efavirenz and nevirapine, both given in
combination with stavudine and lamivudine, nevirapine
demonstrated a similar rate of virologic suppression to a
plasma HIV-1 RNA level of < 50 copies/ml, without dif-
ferences in treatment failure between regimens (186). De-
spite these data, nevirapine’s twice-daily dosing and risk of
heptatotoxicity make it a less attractive option as initial
therapy than efavirenz or other NNRTIs. The prevalence of
NNRTI-resistant virus in treatment-naïve patients also
limits nevirapine’s utility as first-line treatment (105). In
low- and middle-income countries, nevirapine still plays a
role in initial regimens because of its low cost and avail-
ability in fixed-dose generic combinations (187).

Nevirapine is safe in women with CD4 cell counts < 250
cells/mm3, including pregnant women. Administering
single-dose nevirapine to both the mother and infant in the
peripartum period significantly reduces vertical transmission
of HIV-1 but is associated with a substantial incidence of
nevirapine-resistance emergence in women (up to 40 to
60%) and infants (33 to 87%), especially if techniques for
low-frequency viral variant detection are employed (188,
189). Addition of a short course of nucleoside analogs
(zidovudine-lamivudine or tenofovir-emtricitabine) de-
creases the development of maternal and pediatric resistance
after single-dose nevirapine (190, 191). For infants infected
by mother-to-child transmission after exposure to nevira-
pine, a strategy of induction and virologic suppression with a
lopinavir/ritonavir-based regimen, followed by transition to
nevirapine-based treatment, is associated with long-term
virologic response, sustainable up to three years, and is not
significantly impacted by resistance (192, 193). Advances in
access and guideline advice have made these approaches
outmoded, but the principles are important to remember
when women present at term or in labor and a new HIV
diagnosis is made in that setting.

Efavirenz
Efavirenz [(4S)-6-chloro-4-(2-cyclopropylethynyl)-4-(trifluoro-
methyl)-1H-3,1-benzoxazin-2-one; L-743,726, DMP 266, Sus-
tiva] is available in tablet and capsule formulations (Figs. 1 and
4; Tables 1 and 3). It is also available as a fixed-dose com-
bination tablet with emtricitabine and tenofovir (Atripla).
It has an IC90 ranging from 0.95 mg/l to 2.84 mg/l for wild-
type clinical and laboratory HIV-1 isolates.

Pharmacology
The bioavailability of efavirenz in humans has not been
reported. Administration with food increases the efavirenz
AUC by 317–28% while increasing the plasma Cmax more
significantly, as high as 79%. The plasma Cmax at steady-
state averages 1.26 mg/l and the Cmin averages 0.5 mg/l at a
600-mg daily dosage. Efavirenz is highly protein bound
( > 99%), and CSF concentrations are only about 0.26
to 1.19% of plasma concentrations. Efavirenz is primarily

metabolized by CYP3A and CYP2B6 to hydroxylated
metabolites, with subsequent glucuronidation, and these
metabolites are excreted in the urine. The terminal t1/2 is
approximately 40–55 hours after multiple doses. Efavirenz
achieves therapeutic concentrations in semen throughout
the dosing interval and can suppress HIV-1 levels in the
seminal compartment.

Adverse Effects
Efavirenz toxicities include maculopapular rash, dizziness
(27% versus 9% in the control group), impaired concen-
tration (11% versus 4%), depression (9% versus 5%), ab-
normal dreaming (6% versus 1%), and euphoria (5% versus
2%). CNS adverse events occur more often in subjects
taking efavirenz (54% versus 27%), although these symp-
toms tend to resolve over the course of a few weeks, probably
due to self-induction of hepatic metabolism and increased
clearance of the drug. The incidence of adverse events does
not differ with the timing of the dose, splitting of the dose, or
age of the subject, although when efavirenz is taken at night,
the CNS side effects may be more tolerable. Controversy
remains whether efavirenz increases the propensity for sui-
cide, but more recent data have failed to find such an as-
sociation (194–196). The incidence and severity of rash are
not related to dose. Efavirenz administration can generally
be continued despite the occurrence of a rash, which re-
solves over 3 to 4 weeks. As with other NNRTIs, metabolic
abnormalities, such as lipoatrophy and elevations in high-
density lipoprotein cholesterol and total cholesterol, occur
in subjects taking efavirenz (103, 197). Efavirenz has been
associated with an increased risk of lipoatrophy compared to
lopinavir-ritonavir, whereas derangements in lipid profiles
(triglycerides in particular) were similar in the two groups
(197).

Efavirenz has been reported to cause neural tube defects
in infants whose mothers have been exposed to efavirenz
during the first trimester, although a causal relationship is
not established (198). In pregnant cynomolgus monkeys
treated throughout pregnancy with doses of efavirenz re-
sulting in plasma levels similar to those in humans dosed
with 600 mg/day, craniofacial malformations (anencephaly,
unilateral anopthalmia, microophthalmia, and cleft palate)
occur. Recommendations for the use of efavirenz in preg-
nancy have evolved since the drug was first approved.
Women who wish to become pregnant or who are in their
first trimester should not be started on efavirenz if alterna-
tives are readily available. However, for women who are
already on efavirenz and have been pregnant for 6–8 weeks
by estimated dates, it is reasonable to continue the efavirenz
as the risk period for neural tube defects will have passed
(199, 200). The global rollout of antiretroviral therapy has
provided reassurance concerning the potential teratogenic
effects of efavirenz as clusters of cases of birth defects have
not been reported. The recent prevalence of birth defects
following first trimester efavirenz exposure is 2% with a
relative risk of birth defects in efavirenz-containing regimens
to non-efavirenz-based regimens of 0.85 (95% CI 0.61
–1.20) (201). Women should undergo pregnancy testing
before starting efavirenz and should receive counseling re-
garding contraceptive practices.

Drug Interactions
Efavirenz is a substrate of CYP450 and thus affects the he-
patic metabolism of many coadministered drugs. It has been
characterized as an inducer of CYP3A and CYP2B6 and an
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inhibitor of CYP2C9 and CYP2C19. When coadministered
with protease inhibitors, efavirenz may decrease protease
inhibitor AUCs and boosting is recommended. Efavirenz
also significantly decreases AUCs of maraviroc, simeprevir,
azole antifungals, statins, oral contraceptives, and metha-
done. Coadministration with rifabutin requires a 50% dose
increase of rifabutin, while coadministration with rifampin
requires a dose increase of efavirenz to 800 mg once daily in
patients > 50 kg based on pharmacokinetic modeling data.

Resistance
Efavirenz selects for multiple reverse transcriptase mutations:
L100I, K101P, K103N/S, V106M, V108I, Y181C/I, Y188L,
G190S/A, P225H, and M230L (28). The K103N mutation
confers cross-resistance to nevirapine but not to etravirine or
rilpivirine. Isolates containing the K103N or G190S muta-
tions from patients failing efavirenz combination therapy
have shown 19- to 36-fold or 280-fold reduced susceptibility
in vitro, respectively. Resistance to efavirenz increases to 100-
fold with the development of additional mutations at codons
106, 188, and 190 (202). Several nucleoside analog muta-
tions (e.g., 118I, 298Y, and 215Y) can result in hypersus-
ceptibility to efavirenz in patients with extensive NRTI
experience (203). The underlying mechanism may include
increased reverse transcriptase enzyme susceptibility to
the NNRTI (e.g., with 118I/215Y) or decreased virion-
associated levels of reverse transcriptase (with 208Y/215Y
and 118I/208Y/215Y).

Clinical Applications
Current clinical practice has moved away from the use of
efavirenz in antiretroviral-naïve patients initiating treat-
ment because of its CNS toxicities (105) and the availability
of integrase strand-transfer inhibitors. However, the viro-
logic efficacy of efavirenz-based regimens at 24 weeks re-
mains comparable to many other recommended regimens.
Efavirenz-containing regimens compare favorably to PI-
based therapy, including atazanavir and lopinavir/ritonavir-
based regimens (100, 101, 204). In combination with the
dual-nucleoside backbone of tenofovir-emtricitabine,
zidovudine-lamivudine, or abacavir-lamivudine, efavirenz
has achieved high rates of virologic suppression (103, 151,
205), and the fixed-dose combination of tenofovir/em-
tricitabine/efavirenz demonstrated superior virologic sup-
pression and CD4 cell-count response when compared with
the combination of zidovudine-lamivudine plus efavirenz
(206). Efavirenz compared with nevirapine, each in com-
bination with lamivudine-stavudine, showed no significant
differences in rates of virologic suppression or increases in
CD4 cell counts (186). Efavirenz-based regimens showed
comparable rates of virologic failure to atazanavir-ritonavir-
based regimens in the ACTG 5202 study (137) but were less
likely to be associated with virologic failure than lopinavir/
ritonavir based regimens in the ACTG 5142 study (207).
Efavirenz in its single-tablet regimen formulation (tenofovir/
emtricitabine/efavirenz) was noninferior to the elvitegravir/
cobicistat/tenofovir/emtricitabine fixed-dose regimen (208).
Comparisons to rilpivirine are discussed in that section.

Etravirine
Etravirine [4-({6-amino-5-bromo-2-[(4-cyanoanilino)pyrimidin-
4-yl}oxy)-3,5-dimethylbenzonitrile; Intelence, TMC 125]
(Figs. 1 and 4; Tables 1 and 3) is a diaryl-pyrimidine deriv-
ative that binds to HIV reverse transcriptase with mutations
within the hydrophobic pocket. It is approved for use in

individuals who have experienced virologic failure with
other NNRTIs and harbor a multidrug-resistant virus (209).
Formulations of this agent include 25-mg, 100-mg, and 200-
mg tablets. Etravirine exhibits activity against laboratory as
well as wild-type strains of HIV-1, with a median IC50
ranging from 0.9 to 5.5 nM (0.4 to 2.4 ng/ml).

Pharmacology
The oral bioavailability of etravirine has not been reported.
Its plasma AUC is diminished by 50% under fasting con-
ditions; therefore, etravirine should be taken with food.
The plasma Cmax averages 390 ng/ml at 4 hours after dos-
ing. It is highly protein bound, and its distribution in other
compartments (CSF and genital tract secretions) has not
been evaluated to date. Etravirine is metabolized by the
CYP3A, CYP2C9, and CYP2C19 enzymes. Although the
plasma elimination t1/2 of etravirine (41 hours) is long
enough to support once-daily dosing, such dosing has
not been tested in controlled trials to date. It is primarily
excreted via feces, with only a limited amount of renal
excretion (1.2%).

Adverse Effects
The most commonly reported adverse effects are nausea and
rash (210). The rash is mild to moderate in severity, occurs
most frequently in the second week of therapy, and generally
resolves within 1 to 2 weeks on continued therapy. It is a rare
cause of drug discontinuation (210–212). There are no ob-
servable effects on lipids or liver function enzymes.

Rare cases of serious skin reactions, including Stevens-
Johnson syndrome and erythema multiforme, were reported
during clinical development, but the risk appears to be low
(no cases among over 500 treated patients in phase III
studies). Patients with a history of NNRTI-related rash did
not appear to be at an increased risk for the development of
rash while taking etravirine.

Drug Interactions
Like nevirapine and efavirenz, etravirine is metabolized by
the CYP450 system. It is both a substrate and an inducer of
CYP3A4, as well as an inhibitor of CYP2C9, CYP2C19, and
p-glycoprotein. As a result, coadministration of etravirine
with inhibitors or inducers of these CYP450 enzymes may
alter levels of etravirine in serum. Conversely, coadminis-
tration of etravirine with drugs that are substrates of these
enzymes may alter their levels in serum. Certain antire-
trovirals should not be coadministered with etravirine,
including other NNRTIs, all unboosted PIs, and ritonavir-
boosted tipranavir or fosamprenavir. Dolutegravir con-
centrations are significantly decreased by etravirine, so
dolutegravir should only be administered with etravirine
when coadministered with atazanavir-ritonavir, darunavir-
ritonavir, or lopinavir/ritonavir. The AUC of maraviroc is
decreased by 53%, requiring dosage adjustment to 600 mg
twice daily if coadministered with etravirine. If maraviroc is
dosed with a ritonavir-boosted PI as well as etravirine, the
maraviroc dosage is 150 mg twice daily. Etravirine can be
combined with the integrase inhibitor raltegravir without
dose adjustments.

Resistance
Multiple reverse transcriptase mutations present pretreat-
ment affect the response to etravirine: V90I, A98G, L100I,
K101E/H/P, V106I, E138A/G/K/Q, V179D/F/T, Y181C/I/V,
G190A/S, and M230L (28, 210,213–215). Most data on

11. Antiretrovirals - 187



etravirine resistance are derived from studies of treatment-
experienced patients where it is used in combination with
darunavir-ritonavir. Algorithms have been developed that
predict etravirine susceptibility by assigning a score based on
genotypic and phenotypic cutoffs (216). The L100I, K101P,
or Y181C/I/V are considered “major” mutations as the
presence of any of these alone confers decreased suscepti-
bility to etravirine in vitro, and is associated with decreased
virologic response at 24 weeks for treatment-experienced
patients receiving an etravirine-based regimen (217). The
presence of at least three of these mutations at baseline
(particularly V179D/F, Y181V, and G190S) has been asso-
ciated with a diminished drug response (211, 212). The
highest levels of resistance to etravirine in vitro were ob-
served for HIV-1 harboring a combination of mutations:
V179F plus Y181C (187-fold change), V179F plus Y181I
(123-fold change), or V179F plus Y181C plus F227C (888-
fold change). The K103N mutation does not confer resis-
tance to etravirine. Cross-resistance within the NNRTI class
is common. Patients may develop resistance to etravirine if
failing nevirapine or efavirenz-based regimens (218), and the
development of resistance to etravirine was seen in 90% of
patients failing a rilpivirine-based regimen (219).

Clinical Applications
Etravirine’s clinical utility is limited to treatment-
experienced patients, but its tolerability and side-effect
profile make it an appealing treatment option in combina-
tion with other active agents, particularly for those retaining
etravirine susceptibility after failing other regimens. Etra-
virine monotherapy demonstrated considerable potency and
tolerability over 7 days in treatment-naïve individuals (220).
In treatment-experienced individuals failing initial NNRTI
regimens, etravirine has virologic activity against NNRTI-
resistant virus (217, 221). The addition of etravirine in
highly treatment-experienced individuals results in an in-
creased proportion of individuals achieving sustained viro-
logic suppression to < 50 copies/ml and greater increases in
CD4 cell counts than with placebo (211, 212). The efficacy
of etravirine in highly treatment-experienced patients is
adjunctive and often difficult to separate from the durable
virologic response of other fully active drugs included in the
new, combination regimens (210).

Rilpivirine
Rilpivirine [4-((4(4-((1E)-2-cyanoethenyl)-2,6-dimethylphe-
nyl)amino)-2-pyrimydinyl)amino)benzonitrile; TMC 278,
Edurant] (Figs. 1 and 4; Tables 1 and 3) is a diaryl-pyrimidine
analog that demonstrates conformational “flexibility’’ en-
abling it to bind to the hydrophobic pocket of reverse
transcriptase of both wild-type and drug-resistant variants
(222). The IC50 is < 1 nM (0.37 ng/ml). It is available as
25-mg tablets or in fixed-dosed combinations with em-
tricitabine and TDF (Complera) or with emtricitabine and
TAF (Odefsey). A nanosuspension formulation of rilpivirine
is under study, in combination with cabotegravir, and is
being considered for both maintenance treatment in HIV
positive persons and prevention in HIV negative persons
(1, 63).

Pharmacology
The oral bioavailability of rilpivirine is unknown but peak
concentrations of 3160 ng/ml are achieved within 4–5
hours. Administration in the fasting state or with only a
nutritional supplement decreases the AUC by 40–50%, so
rilpivirine should be administered with meals. Rilpivirine is

highly protein bound (> 99%), and CSF concentrations
average only 1.4% of plasma concentrations (223). Rilpi-
virine is metabolized by CYP3A. The terminal t1/2 is about
50 h allowing for once-daily oral dosing. Rilpivirine-LA is a
nanosuspension which is administered intramuscularly and
demonstrates a t1/2 of 33–35 hours (224).

Adverse Effects
The most common adverse effects associated with rilpivirine
are headache, insomnia, and rash. In clinical trials, the fre-
quency of neurologic and psychiatric adverse events, lipid
elevations, and rash were less with rilpivirine compared to
efavirenz. Severe skin and hypersensitivity reactions are still
of concern. Liver function tests should be monitored in
patients with underlying liver disease. Higher doses of ril-
pivirine (75 mg daily) have been associated with a maximum
QTcF interval-prolongation of310.7 msec at 16 hours post-
dosing. At therapeutic dosing (25 mg daily) rilpivirine has
not been associated with a significant prolongation of the
QTc interval, although some abnormalities were noted and
several events had a delayed onset that may not have been
observed in earlier studies. The drug is better avoided in
individuals with QTc prolongation at baseline and in those
likely to be prescribed other drugs that may confer this risk.

Drug Interactions
Rilpivirine is a substrate of the CYP3A4 isoenzyme. Ex-
posure to rilpivirine is increased during coadministration
with ritonavir, but no dosage adjustments of rilpivirine are
recommended with boosted PIs. Rilpivirine concentrations
are decreased by the coadministration with rifabutin. Due to
increased gastric pH and impaired rilpivirine absorption,
caution must be exercised with antacids, histamine 2-
receptor antagonists (H2RA), and proton pump inhibitors.
Antacids should be administered 2 hours before or 4 hours
after a rilpivirine dose. H2RAs decrease rilpivirine AUC
376% and should be administered at least 4 hours after or
12 hours before a rilpivirine dose. Proton pump inhibitors
are contraindicated.

Resistance
Rilpivirine has a somewhat low barrier to resistance, and,
when compared to efavirenz-based regimens, those failing
rilpivirine-based regimens were more likely to develop re-
sistance mutations, although the role of tolerance and ad-
herence needs to be taken into account in assessing how
much pressure was placed on the virus (225). Mutations
associated with rilpivirine resistance include L100I, K101E/
P, E138A/G/K/Q/R, V179L, Y181C/I/V, Y188L, H211Y,
F227C, and M230I/L. The K103N/R/S and V179D muta-
tions do not confer resistance as single mutations but do
when detected in the combinations L100I plus K103N/S or
L100I plus K103R and V179D (28, 226). The E138A mu-
tation and others may occur more frequently as natural po-
lymorphisms in non-B subtype viruses (227). The M184I
resistance mutation, which confers resistance to the NRTIs
lamivudine and emtricitabine also potentiates rilpivirine
resistance conferred by E138K and K101E (28, 228–230).

Clinical Applications
Rilpivirine is used in treatment-naïve patients with an HIV-
1 RNA level < 100,000 copies/ml. Virologic failure is more
common when rilpivirine-based regimens are initiated in
those with HIV-1 RNA levels > 100,000 copies/ml, com-
pared with those with lower HIV-1 plasma RNA levels and
those receiving efavirenz-based regimens (225, 231, 232).
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However, those on rilpivirine-based regimens have had
fewer adverse events when compared to efavirenz-based
regimens. Few data are available on treatment combinations
other than rilpivirine plus tenofovir-emtricitabine. The re-
striction on using rilpivirine in those with high-baseline
HIV-1 RNA levels, as well as the requirement that it must be
taken with at least a 400-calorie meal and in the absence of
acid-lowering agents, restrict its utility for many treatment-
naïve patients. However, the small rilpivirine pill size or the
fixed-dose combination rilpivirine/tenofovir/emtricitabine
makes it an appealing option.

INVESTIGATIONAL NNRTIS
A number of investigational NNRTI compounds continue
through preclinical and clinical development. These agents
are typically characterized by activity against HIV-1 strains
with K103N and Y181C mutations and possess improved
safety profiles. Doravirine (MK-1439) is one in a new class of
compounds called diarylpyrimidines whose 48-week efficacy
data suggest comparable in vivo activity to efavirenz with
HIV viral loads < 100,000 copies/ml. Selected agents are
listed in Table 2.

INTEGRASE STRAND TRANSFER
INHIBITORS
HIV integrase is a virally encoded enzyme that is responsible
for integrating the viral DNA into the genome of the host
cell (233). Integration is a multistep event that involves
processing of the viral DNA by removing the terminal di-
nucleotides, formation of the preintegration complex, and
integration of the DNA strand into the cellular DNA. The
enzyme incorporates viral DNA strands into the host chro-
mosome through strand transfer. Integrase inhibitors belong
to a class of antiretroviral agents that selectively inhibit the
strand transfer function of the HIV integrase enzyme,
thereby preventing integration and inhibiting HIV replica-
tion (234, 235).

Raltegravir
Raltegravir {N-[2-[4-[(4-fluorophenyl)methylcarbamoyl]-5-
hydroxy-1-methyl-6-oxopyrimidin-2-yl]propan-2-yl]-5-methyl-
1,3,4-oxadiazole-2-carboxamide; MK-0518, Isentress} (Figs.
1 and 5; Tables 1 and 4) was approved by the FDA in Oc-
tober 2007 at a dosage of 400 mg orally twice daily as the
lead compound in this crucial drug class.

Pharmacology
Raltegravir is active against viruses resistant to all other
classes of antiretrovirals, with an IC95 of 31 – 20 nM against
the H9IIIB variant of HIV-1 in human cell lines. The plasma
Cmax averages 4.94 mM 1 hour after a single dose of 200 mg
in healthy volunteers (236), and levels in plasma decline
below the limits of detection by 24 hours. Food increases the
variability of raltegravir bioavailability, but the clinical sig-
nificance is unknown and raltegravir can be administered
without regard to food. In single and multiple dose-ranging
studies in healthy and infected subjects, concentrations in
serum declined in a biphasic manner, with an initial-phase
elimination t1/2 of approximately 1 h and a terminal-phase
elimination t1/2 of 7 to 12 hours. About 83% of raltegravir is
protein bound; CSF concentrations have been estimated at
5.8% of plasma concentrations. The major mechanism of
clearance of raltegravir in humans is by hepatic UGT1A1 to
a glucuronidated metabolite excreted primarily in feces

(51% of the dose) and urine (32% of the dose) (236). No
dose adjustment appears necessary in patients with severe
renal insufficiency.

Adverse Effects
Raltegravir is generally well tolerated and does not seem to
be associated with lipid abnormalities. Possible side effects
include nausea, headache, dizziness, and fatigue. Sympto-
matic skeletal muscle toxicity including creatine phospho-
kinase elevations and rhabdomyolysis have been associated
with raltegravir therapy (237, 238).

Drug Interactions
Raltegravir is eliminated primarily by the UGT1A1-
mediated glucuronidation pathway; therefore, it may be
subject to drug interactions when coadministered with
UGT1A1 inducers or inhibitors (e.g., atazanavir, rifampin).
Levels of raltegravir in plasma may be mildly increased
during concomitant use with tenofovir, atazanavir with or
without ritonavir, and omeprazole while raltegravir may be
mildly decreased during concomitant use with efavirenz,
etravirine, and tipranavir-ritonavir. However, no raltegravir
dose adjustments are recommended during coadministration
of these drugs. Rifampin significantly decreases raltegravir
AUC by 40%, but increasing the dose of raltegravir to 800
mg b.i.d. compensates for this decrease (239). The impact of
other UGT1A1 inducers (e.g., phenytoin) on the pharma-
cokinetics of raltegravir remains unknown.

Resistance
HIV-1 develops resistance to raltegravir with mutations in
the active site of the integrase gene, and cross resistance
between currently available integrase inhibitors, particularly
between raltegravir and elvitegravir, is common for indi-
viduals failing either agent (28). Virologic failure was asso-
ciated with mutations Q148H/K/R and N155H, which
represent signature mutations that define two pathways of

FIGURE 5. Chemical structures of HIV integrase inhibitors.
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TABLE 4 Integrase inhibitors: pharmacokinetic, major toxicity, and drug interaction characteristics

Agent
Oral

bioavailability
Effect of food
on AUC t1/2 (h)

Route of
metabolism

Adjustment for hepatic
and renal insufficiency Major toxicities Major drug interactions

Raltegravir Unknown Variable 9 Hepatic metabolism
via UGT1A1;
excretion: 51%
feces, 32% urine

none Well tolerated, no lipid
abnormalities;
possible nausea,
headache, dizziness,
fatigue, rare
rhabdomyolysis

Aluminum hydroxide, magnesium salts:
decreased levels of raltegravir

UGT1A1 inhibitors (tenofovir,
atazanavir, and omeprazole): increased
levels of raltegravir

UGT1A1 inducers (efavirenz, etravirine,
rifapentine, rifabutin, and rifampin):
decreased levels of raltegravir, requires
increased dose of raltegravir

Elvitegravir Unknown Fasting decreases
AUC by 50%
(must be taken
with food)

12.9a CYP3A with
hepatobiliary
elimination

If combined with
cobicistat, do not
initiate if CrCl
< 70ml/min, stop
therapy if CrCl
< 50ml/min; not
recommended in
severe hepatic
impairment

Nausea, diarrhea CYP3A inducers (carbamazepine,
efavirenz, phenytoin, nevirapine, oral
contraceptives, rifapentine, rifabutin,
and rifampin): decreased levels of
elvitegravir

CYP3A inhibitors (azoles): increased
levels of elvitegravir

Dolutegravir Unknown Food increases
AUC by 33–66%

14 Hepatic metabolism
via UGT1A1,
small CYP3A
contribution

No adjustments but not
recommended for
CrCl < 30ml/min or
severe hepatic
impairment

Well tolerated; nausea,
diarrhea, insomnia,
headache; no lipid
abnormalities

CYP3A inducers (carbamazepine,
etravirine, nevirapine, phenytoin,
phenobarbital, carbamazepine,
oxycarbazepine, St. Johns Wort):
decreased dolutegravir levels, avoid
coadministration; Increase to 50 mg bid
if given with efavirenz, rifampin, or
some ritonavir-based regimens;
administer 4 hours before or 6 hours
after cation containing antacids.

aIf elvitegravir given with pharmacokinetic enhancer.

1
9
0



resistance. Each of these mutations is typically accompanied
by one or more additional mutations in isolates derived from
patients exhibiting virologic failure on raltegravir. The
Q148H/K/R pathway consists of L74M plus E138A/K or
G140A/S. The N155H pathway minor mutations are L74M,
E92Q, or T97A, plus T97A, Y143R/H/C, G162K/R, V151I,
or D232N (28, 240, 241). The F121 mutation is considered
a major mutation and also confers some cross-resistance to
dolutegravir and elvitegravir (242); G118R, though rare in
those failing raltegravir, also confers resistance to raltegravir,
elvitegravir, and dolutegravir (243). The presence of R263K,
a minor mutation, confers 2- to 5-fold reductions in sus-
ceptibility to all currently approved integrase inhibitors but
also conveys a loss of viral replicative capacity (28, 244).

Clinical Applications
Raltegravir has been evaluated as part of initial therapy in
treatment-naïve individuals and as salvage therapy in indi-
viduals harboring a multidrug-resistant HIV strain. Toler-
ability and limited adverse effects have led to its inclusion as
recommended initial therapy for treatment-naïve patients.
Its twice-daily dosing has made it less appealing for some
patients when compared with single-tablet regimens, but
data suggest that a once-daily 1200-mg dose is noninferior to
twice-daily dosing (245). Compared with efavirenz, in
combination with tenofovir and lamivudine, raltegravir
demonstrates higher rates of early virologic suppression to
< 50 copies/ml; at 48 weeks, however, comparable rates of
virologic suppression and mean changes in CD4 cell counts
(144 to 221 cells/mm3) are seen in both groups (246–248).

When used in combination with optimized background
therapy in treatment-experienced individuals with evidence
of resistance to at least one drug in each of the three classes,
raltegravir has resulted in as much as a 2-log10 decrease in
week 24 HIV-1 RNA levels compared to optimized back-
ground therapy alone. Significantly greater proportions of
patients in the raltegravir treatment arm achieved HIV-1
RNA levels of < 50 copies/ml. Higher doses of the drug
resulted in greater CD4 cell recovery (249). Favorable re-
sponses have been sustained at 48 weeks (249), thus leading
to the selection of raltegravir at 400 mg orally twice daily as
the dosage to take forward in clinical development.

In two pivotal studies, week 48 data confirmed the su-
perior potency and durability of raltegravir compared to
placebo, each in combination with an optimized background
therapy, in individuals with triple-class resistant virus: 64%
in the raltegravir arm achieved viral suppression to < 50
copies/ml, compared to 34% in the placebo arm (250, 251).
The availability of raltegravir has contributed substantially
to achieving full virologic suppression (i.e., plasma HIV-1
RNA level of < 50 copies/ml) in highly treatment-
experienced patients with multidrug-resistant virus.

Elvitegravir
Elvitegravir {6-[(3-chloro-2-fluorobenzyl]-1-[(2S)-1-hydroxy-
3-methylbutan-2-yl]-7-methoxy-4-oxo-1,4-dihydroquinoline-
3-carboxylic acid; GS-9137, JTK-303, Vitekta} (Figs. 1 and 5;
Tables 1 and 4) is a modified quinolone antibiotic that in-
hibits HIV-1 integrase. It was approved in 2012 as a fixed-
dose combination with cobicistat, emtricitabine, and TDF
(Stribild). It is now also available in combination with the
same drugs except for the substitution of TAF (Genvoya) for
the older disoproxil fumarate component. It is also available
as a standalone agent in 85-mg and 150-mg tablets. Dosing is
based on concomitant antiretrovirals. Elvitegravir inhibits
strand transfer with an IC50 of 7.2 nM (3.2 ng/ml) and has

an EC50 of about 0.9 nM (0.4 ng/ml) in HIV-1 infection
assays. Elvitegravir is also effective against HIV-2 (252). In a
10-day dose-finding monotherapy study in treatment-naïve
and -experienced patients with HIV-1 RNA levels between
10,000 and 300,000 copies/ml, elvitegravir resulted in a ‡ 1.0
log10 reduction of HIV-1 RNA (253).

Pharmacology
Elvitegravir achieves a Cmax concentration of 31.5 mg/ml
after a 150-mg dose with ritonavir approximately 4 hours
post dose. Fasting decreases the elvitegravir AUC by 50%
and thus must be taken with food. Protein binding is very
high ( > 98%). Elvitegravir is metabolized by CYP450-
mediated oxidation and glucuronidation (UGTs 1A1 and
1A3) with subsequent hepatobiliary elimination. The ter-
minal t1/2 is about 8.7 h when administered in combination
with the pharmacoenhancers ritonavir or cobicistat.

Adverse Effects
The most common adverse effects associated with elvite-
gravir are nausea and diarrhea.

Drug Interactions
The CYP3A isoenzyme pathway is responsible for the me-
tabolism of elvitegravir, and thus, drugs that induce or in-
hibit this pathway will decrease or increase elvitegravir
levels, respectively. Ritonavir and cobicistat are used as
pharmacoenhancers of elvitegravir such that ritonavir 100
mg and cobicistat 150 mg each provide near-maximal
boosting of elvitegravir resulting in lower clearance, higher
bioavailability, and longer t1/2 (254, 255). When used with a
PI, the dosing recommendations reflect the impact of the
boosted PI on elvitegravir kinetics. Coadministration with
lopinavir/ritonavir or atazanavir-ritonavir necessitates an
elvitegravir dose of 85 mg daily while coadministration with
boosted darunavir or fosamprenavir or tipranavir requires an
elvitegravir daily dose of 150 mg.

Resistance
Integrase mutations leading to elvitegravir resistance in
treatment-naïve and experienced patients include T66I/A/
K, E92Q/G, T97A, F121Y, S147G, Q148H/K/R, N155H,
and R236K (208, 256, 257). Mutations T66I, E92Q, F121Y,
S147G, G148H/K/R, and N155H are all considered major
mutations, those that substantially reduce elvitegravir sus-
ceptibility in the absence of other mutations. Cross-
resistance is common between raltegravir and elvitegravir,
and sequential use is not recommended (28, 83,258–260).

Clinical Applications
Elvitegravir, boosted with cobicistat, is used in a fixed-dose
combination with emtricitabine and TAF or TDF as initial
therapy for treatment-naïve patients (105). When compared
with an atazanavir, ritonavir plus TDF-emtricitabine regimen,
elvitegravir/cobicistat/emtricitabine/TDF had similar rates of
virologic failure and a favorable side effect profile (261, 262).
Elvitegravir also had similar efficacy and safety to raltegravir
when combined with a ritonavir-boosted PI in treatment-
experienced patients, over 60% of whom had two-class drug
resistance (263).

Dolutegravir
Dolutegravir {(4R,12aS)-N-[(2,4-difluorophenyl)methyl]-7-
hydroxy-4-methyl-6,8-dioxo-3,4,12,12a-tetrahydro-2H-
pyrido[5,6]pyrazino[2,6-b][1,3]oxazine-9-carboxamide;
GSK1349572, Tivicay} (Figs. 1 and 5; Tables 1 and 4) is the
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most recently approved integrase inhibitor of HIV-1. It is
effective in the presence of most raltegravir- and elvitegravir-
associated mutations. It is available as 50-mg tablets and in
combination with abacavir and lamivudine (Triumeq).

Pharmacology
Dolutegravir exhibits potent antiviral activity with a median
IC50 of 1.07 nM against 9 wild-type isolates. It is adminis-
tered without regard to food, although food increases the
dolutegravir AUC by 33–66%. Dolutegravir trough con-
centrations exceed the IC90 of most viral strains by at least 5-
fold (264). Dolutegravir is primarily hepatically metabolized
by UGT1A1 with some contribution of CYP3A. The
elimination t1/2 is 314 hours, negating the need for a
pharmacoenhancer and allowing for once-daily dosing. Re-
nal elimination accounts for < 1% of a dose, but patients
with severe renal impairment (CrCl < 30 ml/min) have an
AUC that is 40% less compared to healthy matched con-
trols. The mechanism of these lower exposures is unknown,
but it is thought to be clinically significant only in
treatment-experienced patients.

Adverse Effects
Dolutegravir, as with other members in this class, is generally
well tolerated. The most common adverse effects are nausea,
diarrhea, insomnia, and headache. Effects on lipids are
minimal and comparable to raltegravir. An increase in serum
creatinine of 30.11 mg/dl occurs in the first 4 weeks of
treatment and remains stable through 48 weeks of treatment,
due to the cobicistat component that mediates the inhibi-
tion of creatinine secretion by the organic cation transport
system; there is no impact on glomerular filtration rate.

Drug Interactions
Potent inducers of CYP3A4 decrease dolutegravir concen-
trations, necessitating an increased dose or in some cases
alternative agents. Coadministration with etravirine (with-
out select boosted PIs), nevirapine, phenytoin, phenobar-
bital, carbamazepine, oxcarbazepine, and St. John’s wort is
not recommended. When dolutegravir is used concomi-
tantly with efavirenz, fosamprenavir-ritonavir, tipranavir-
ritonavir, and rifampin, dolutegravir should be dosed at 50 mg
twice daily. Efavirenz and rifampin decrease the dolutegravir
AUC to 43% and 46% of usual exposure, respectively, which
can be overcome with twice-daily dosing. Dolutegravir ab-
sorption is adversely affected by cation-containing antacids,
sucralfate, iron, calcium supplements, and buffered medica-
tions (decrease absorption 375%) such that dolutegravir
must be administered either 2 h before or 6 h after these
medications.

Resistance
Dolutegravir has a relatively high barrier to resistance, and
several mutations are required in combination to induce
high-level resistance (28, 265–267). The major mutation,
Q148H/R, occurs in patients failing raltegravir- or
elvitegravir-based regimens but has minimal effect on dolu-
tegravir susceptibility alone (83, 268). Dual mutation com-
binations with E138A/K or G140A/S can cause more than a
10-fold decrease in dolutegravir susceptibility (269). Other
minor mutations associated with dolutegravir resistance,
when combined with other mutations, include F121Y,
N155H, and R263K (28). The majority of dolutegravir-
associated resistance mutations also confer resistance to ral-
tegravir and elvitegravir, making cross-resistance a problem.

Clinical Applications
Dolutegravir has been extensively studied in treatment-
naïve patients, and its efficacy and tolerability resulted in its
being recommended as one of the preferred components of
initial therapy by treatment guidelines committees (1, 105).
Once-daily dolutegravir is noninferior to twice-daily ralte-
gravir in combination with either tenofovir-emtricitabine or
abacavir-lamivudine in treatment-naïve patients (270).
Dolutegravir plus abacavir-lamivudine has superior rates of
virologic suppression compared to the fixed-dose combina-
tion efavirenz/TDF/emtricitabine and primarily because
of treatment discontinuation with efavirenz (139, 271).
Dolutegravir-based regimens are also superior to darunavir-
ritonavir-based regimens because of more frequent treatment
discontinuation with the PI regimen (272, 273).

Dolutegravir has also shown efficacy, tolerability, and a
high barrier to resistance in trials for treatment-experienced
patients. A phase IIb study assessing the activity of dolute-
gravir plus optimized background regimens in patients
with raltegravir resistance found that twice-daily dolute-
gravir dosing was more effective than once-daily (269).
Dolutegravir-based regimens are superior to raltegravir-based
regimens in treatment-experienced patients with at least
two-class drug resistance but no prior exposure to integrase
inhibitors, demonstrating higher rates of virologic suppres-
sion and lower risk for development of resistance (274).

INVESTIGATIONAL INTEGRASE
INHIBITORS
In the current era of increased use of integrase inhibitors,
additional agents with a focus on potency and less frequent
dosing are being developed (see Table 2). Bictegravir (GS-
9883) has more favorable pharmacokinetics, comparable
tolerability, and an improved resistance profile compared to
other INSTIs, including dolutegravir. Bictegravir is being
formulated as a combination product containing bictegravir/
emtricitabine/TAF and is currently in phase 3 clinical trials.
A novel agent in this class is cabotegravir (S/GSK1265744).
Its structure is similar to that of dolutegravir with an elimi-
nation t1/2 of 340 hours following oral administration.
Cabotegravir is also formulated in a long-acting injectable as
nanoparticles resulting in an extended half-life of 21–50
days following a single dose that would potentially allow for
bimonthly, intramuscular injections (275), but this is still
under study. It is being developed for both the treatment and
prevention of HIV-1 infection.

HIV PROTEASE INHIBITORS
Retrovirus replication requires virus-mediated proteolytic
cleavage of gag and gag-pol polypeptide precursors mediated
by the dimeric viral aspartyl protease. There are currently
nine approved HIV PIs that share several characteristics: (i)
are peptidomimetics; (ii) bind to the active site with a
noncleavable scissile bond; (iii) have potent in vivo activity
against HIV-1 when used in combination regimens; (iv)
have in vitro activity against both HIV-1 and HIV-2; (v)
have various degrees of cross-resistance that can be treat-
ment limiting; and (vi) have pharmacological profiles that
confer a significant potential for drug interactions with other
antiviral and non-antiviral agents. For a number of agents in
this class, this latter characteristic can be exploited to im-
prove pharmacological profiles with “boosting” using either
ritonavir or cobicistat. The unique resistance characteristics
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(e.g., large number of mutations required to confer resis-
tance) and antiviral efficacy of boosted PIs make them at-
tractive choices for initial as well as salvage therapy (276,
277). Second-generation PIs such as tipranavir and dar-
unavir present additional options for patients who are highly
treatment-experienced and have HIV-1 strains resistant to
other PIs.

Potential interactions with PIs may result from the co-
administration of drugs that affect the CYP3A4 isozyme.
Major drug interactions for PIs are listed in Table 5. Specific
drugs and drug classes of this kind (e.g., astemizole and ter-
fenadine, midazolam, triazolam, simvastatin, lovastatin,
cisapride, and ergot alkaloids) may lead to severe toxicity
and, therefore, are contraindicated in combination with
CYP3A4-metabolized PIs. Conversely, inducers of the
CYP3A4 isozyme (e.g., rifabutin and rifampin) can enhance
PI clearance and lead to subtherapeutic levels.

Caution is required in administering PIs along with
nonprescription herbal remedies. Since the currently avail-
able PIs are P-glycoprotein substrates and since constituents
of St. John’s wort are P-glycoprotein inducers, their coad-
ministration should be avoided because therapeutic failure
could result from reduced PI bioavailability.

Metabolic disorders have been increasingly recognized in
the era of more potent antiretroviral therapy. Beginning in
the late 1990s, case reports and studies began implicating PIs
in causing abnormal glycemic control, insulin resistance,
and increased triglyceride and cholesterol levels as soon as
14 days after treatment initiation. Accompanying body
morphology changes have been described (278–280). These
include fat distribution changes like truncal obesity, dorso-
cervical fat (‘‘buffalo hump’’), lipomatosis, and gynecomas-
tia, as well as lipoatrophy from the buttocks, face, and
extremities. The lipoatrophic changes have also been at-
tributed to nucleoside analog therapy, and attempts to dis-
sect the causality of the morphological changes continue.
Lipodystrophic changes may be accompanied by insulin re-
sistance and hypertriglyceridemia.

The PI era began in earnest in the mid-1990s with the
reporting of the virologic and clinical benefits of indinavir-
zidovudine-lamivudine and ritonavir (281–283). The for-
tunate parallel development and implementation of plasma
HIV-1 RNA assays facilitated the performance of clinical
trials and were a boon to clinicians and patients as moni-
toring tools (284, 285). The era of truly potent, fully sup-
pressive antiretroviral therapy (ART) began in 1996 and
sparked further drug development to make regimens simpler,
more effective, and less toxic. Saquinavir was the first PI
approved but was hampered by poor absorption. Thus, the
in vivo potency of this class of drugs was realized by full-dose
ritonavir and indinavir that resulted in durable virologic
suppression; reductions in HIV-related disease progression
and death followed. Saquinavir and indinavir are now little
used, and ritonavir’s use is restricted as a low-dose pharma-
coenhancer of other antiretrovirals. The next wave of PI
development brought nelfinavir, amprenavir, fosamprenavir,
and lopinavir/ritonavir, with the latter becoming an impor-
tant part of therapeutic regimens worldwide. Thus, this sec-
tion will detail the characteristics of lopinavir/ritonavir,
atazanavir, tipranavir, and darunavir. The other approved but
currently little used PIs, are discussed in the third edition of
this textbook.

Lopinavir (Coformulated with Ritonavir)
Lopinavir {(2S)-N-[(2S,4S,5S)-5-[[2-(2,6-dimethylphenoxy)
acetyl]amino]-4-hydroxy-1,6-diphenylhexan-2-yl]-3-methyl-

2-(2-oxo-1,3-diazinan-1-yl)butanamide; Kaletra} is struc-
turally related to ritonavir (Figs. 1 and 6; Tables 1 and 5). For
pharmacological enhancement, it is formulated in a fixed-
dose combination with ritonavir in a tablet containing 200
mg of lopinavir and 50 mg of ritonavir. The liquid formu-
lation contains 80 mg of lopinavir and 20 mg of ritonavir per
ml; the capsule formulation has been discontinued. The
more recent formulation offers lower pill burden, less drug
level variability, enhanced tolerability, and heat stability. In
the absence of significant mutations, drug interactions, and
pregnancy, ritonavir-boosted lopinavir is approved for once-
daily dosing.

Lopinavir was designed primarily to reduce the depen-
dence of PI activity on the drug molecule interacting with
the isopropyl side chain of the V82 amino acid of the target
HIV-1 protease. As a result, lopinavir exhibits more potent
activity against both wild-type and mutant HIV-1 strains
than does ritonavir. The IC50 of lopinavir is approximately
10-fold lower than that of ritonavir. The mean IC50 of lo-
pinavir ranges from 4 to 11 nM (0.003-0.007 mg/ml) for
HIV-1 subtype B clinical isolates.

Pharmacology
In healthy volunteers, a 400-mg dose of lopinavir alone only
transiently produces plasma drug levels of > 0.1 mg/ml due to
rapid metabolism. To compensate for these low levels, lo-
pinavir was developed with pharmacokinetic enhancement
by ritonavir to inhibit lopinavir metabolism. The resulting
lopinavir/ritonavir combination has an AUC0-24h that is 77-
fold greater than that of lopinavir alone, and it has a plasma
elimination t1/2 of about 10 hours. Women in their second
and third trimester of pregnancy have 40% lower trough
concentrations of lopinavir compared to post-partum; this
difference is considered clinically significant for women who
harbor viruses with reduced susceptibility. Lopinavir is more
than 98% protein bound, but the CSF penetration of lopi-
navir/ritonavir results in levels which exceed the IC50 for
wild-type HIV-1. Lopinavir is metabolized by CYP3A4; lo-
pinavir metabolism results in the formation of at least 13
inactive oxidative compounds.

Adverse Effects
Gastrointestinal adverse effects (diarrhea, abdominal dis-
comfort, and nausea) are the most commonly reported ad-
verse effects. These symptoms typically occur in the initial 2
months of therapy and subsequently diminish in frequency.
Lopinavir/ritonavir has a greater impact on cholesterol,
particularly on triglycerides, than do atazanavir-ritonavir
and saquinavir-ritonavir (286); some of these abnormalities
may be reversible upon switching to another PI (e.g., ata-
zanavir or a NNRTI). Like other PIs, lopinavir/ritonavir may
contribute to abnormalities of body fat redistribution.

Diarrhea has been reported with a greater frequency at
the 800-mg/200-mg once-daily dosing schedule approved for
antiretroviral-naïve patients than with conventional dosing
(17% vs. 5%, respectively) (287). Hepatotoxicity and pan-
creatitis have been reported. Changes in the lipid profile
typically occur in the first month of treatment (288). Pro-
longation of the QT and PR intervals are of concern and
caution is necessary in patients at risk.

Drug Interactions
Lopinavir/ritonavir is an inhibitor of CYP3A4. Efavirenz
reduces the levels of lopinavir/ritonavir due to its CYP450-
inducing activity; therefore, the dose of lopinavir/ritonavir
should be increased when used in combination with efavirenz.
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TABLE 5 Commonly used protease inhibitors: pharmacokinetic, major toxicity, and drug interaction characteristics

Agent
Oral

bioavailability
Effect of food
on AUC t1/2 (h)

Route of
metabolism

Adjustment for
hepatic and renal

insufficiency Major toxicities Major drug interactions

Lopinavir/
ritonavir

Unknown Increased by
48–130%

5–6 CYP3A4 inhibitor
and substrate

Hepatic: no
Renal: no

Diarrhea, nausea, vomiting,
elevated transaminases,
hyperlipidemia,
hypertriglyceridemia, fat
redistribution, metallic
taste, asthenia, potential
for increased bleeding in
patients with hemophilia

Decreased methadone levels

Tipranavir Unknown None 6 CYP3A4 inducer
and substrate;
combined with
ritonavir CYP3A4
inhibitor and
CYP2D6
inhibitor; potent
inducer of P-
glycoprotein

Hepatic: use with
caution in
moderate to severe
impairment

Renal: no

Rash (especially patients
with sulfonamide allergy);
nausea; vomiting;
diarrhea; hepatotoxicity,
including hepatic
decompensation
(especially with
underlying liver disease);
hyperlipidemia;
hypertriglyceridemia; fat
redistribution; case
reports of intracranial
hemorrhage; potential for
increased bleeding in
patients with hemophilia

Clarithromycin, azole antifungals:
increased tipranavir levels

Erectile dysfunction agents:
increased levels by tipranavir-
ritonavir

Lipid-lowering agents
(atorvastatin, simvastatin):
increased levels by tipranavir-
ritonavir and increased potential
for myopathy or rhabdomyolysis

Amiodarone: increased potential
for serious or life-threatening
cardiac arrhythmias

Rifampin and St. John’s wort:
decreased tipranavir levels

Etravirine, zidovudine: decreased
levels by tipranavir

Atazanavir Unknown Increased 7 CYP3A4 inhibitor
and substrate

Hepatic: yes
Renal: no

Prolonged PR interval and
first-degree AV block
(asymptomatic), indirect
hyperbilirubinemia,
abnormal liver enzymes,
hyperglycemia, fat
redistribution, potential
for increased bleeding in
patients with hemophilia

Proton pump inhibitors decrease
atazanavir absorption, and
concurrent administration is
contraindicated; other antacids
and H2 blockers should be used
with caution

Efavirenz: decreased atazanavir
levels; addition of ritonavir may
compensate for the interaction

Etravirine: decreased atazanavir
levels and etravirine levels
increased by atazanavir;
coadministration not
recommended

(Continued)
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TABLE 5 Commonly used protease inhibitors: pharmacokinetic, major toxicity, and drug interaction characteristics (Continued)

Agent
Oral

bioavailability
Effect of food
on AUC t1/2 (h)

Route of
metabolism

Adjustment for
hepatic and renal

insufficiency Major toxicities Major drug interactions

Darunavir 37%; 82%
with
ritonavir

Increase 15 (with
ritonavir)

CYP3A4 inhibitor
and substrate

Hepatic: yes
Renal: no

Rash; diarrhea; nausea;
headache; cold-like
symptoms, including
runny nose or sore throat;
elevated transaminases;
hyperlipidemia;
hypertriglyceridemia

Lipid-lowering agents, calcium
channel blockers,
antiarrhythmics, erectile
dysfunction agents,
clarithromycin, tenofovir:
increased levels by darunavir or
darunavir-ritonavir

Rifampin: decreased darunavir
levels

Rifabutin: increased levels by
darunavir, requires reduced
rifabutin dose

Caution with lopinavir-ritonavir or
efavirenz (decreased darunavir
levels and increased
coadministered drug levels)

Maraviroc: increased levels; adjust
dose to 150 mg b.i.d. when
combined with darunavir-
ritonavir

1
9
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Tipranavir decreases lopinavir levels significantly and should
not be coadministered. Rifampin decreases lopinavir levels
by 75%, an effect that may be overcome by administering
800 mg lopinavir/200 mg ritonavir twice daily or 400 mg
lopinavir/400 mg ritonavir twice daily (289). Lopinavir has
been shown to significantly reduce methadone levels, re-
sulting in opiate withdrawal symptoms.

Resistance
Coformulated lopinavir/ritonavir demonstrates a high ge-
netic barrier to resistance, requiring six or more mutations
for reduced virologic response (290, 291). At least 10-fold
reductions in susceptibility are needed before a change in
virologic response is observed, and ‡ 60-fold reductions in
susceptibility are required before the activity of a standard
dose of the drug is no longer sufficient to reduce plasma HIV-
1 RNA levels by half a log. The characterization of in vitro-
selected lopinavir-resistant HIV-1 strains reveals a sequential
accumulation of mutations in the protease gene that include
L10F/I/R/V, K20M/R, L24I, V32I, L33F, M46I/L, I47V/A,

I50V, F53L, I54V/L/A/M/T/S, L63P, A71V/T, G73S, L76V,
V82A/F/T/S, I84V, and L90M (28), with major mutations
being those at positions 32, 47, 76, and 82. The V32I and
I47A mutations are associated with high-level resistance
(292–294). In lopinavir/ritonavir-naïve patients with wild-
type virus who experience virologic failure, emergence of
resistance mutations is rare (293, 294).

Clinical Applications
Lopinavir/ritonavir is no longer a preferred regimen for
treatment-naïve patients because of its high pill burden (four
per day) and the side effects associated with its higher doses
of ritonavir. However, it has a robust track record of safety
and efficacy, a relatively high barrier to resistance, and is
more affordable than darunavir. Thus, it is widely used in
resource-constrained settings, particularly as the linchpin
for second-line therapy following virologic failure on an
NNRTI-based regimen (295). A direct comparison of
lopinavir/ritonavir, either once or twice daily, to darunavir-
ritonavir once daily, both combined with tenofovir-
emtricitabine in treatment naïve patients, showed superior
virological response and a more favorable adverse events
profile with fewer gastrointestinal toxicities in the darunavir-
ritonavir arm (296). Better virologic responses were also
seen with an efavirenz-based regimen than with a lopinavir/
ritonavir-based regimen, but better CD4 cell responses and
less resistance were seen following virologic failure with
lopinavir/ritonavir plus two NRTIs (197). Atazanavir-
ritonavir and twice daily lopinavir/ritonavir, each in com-
binationwith tenofovir-emtricitabine, show similar efficacies,
although atazanavir-ritonavir confers better lipid profiles
and fewer gastrointestinal side effects (297, 298). Lopinavir/
ritonavir twice daily plus lamivudine is one of the few rec-
ommended alternative regimens for treatment-naïve indi-
viduals that use fewer than two NRTIs (299).

Lopinavir/ritonavir also is used in salvage therapy. In
combination with NNRTIs and NRTIs, lopinavir/ritonavir
has resulted in virologic suppression to < 400 copies of HIV
RNA/ml in patients failing to respond to their initial or
multiple PI regimens (300). In patients failing an NRTI plus
NNRTI-based first-line regimen, the combination of ralte-
gravir plus lopinavir/ritonavir is noninferior to lopinavir/
ritonavir plus two or three NRTIs with respect to the pro-
portion of patients with plasma HIV-1 RNA levels under
200 copies/ml (301). In patients with prior failure on a PI-
based regimen, lopinavir/ritonavir demonstrates an efficacy
comparable to that of ritonavir-boosted atazanavir for sup-
pression of plasma HIV-1 RNA levels to < 50 copies/ml
(302). The greatest benefit has been seen in patients with
‡ 4 major protease mutations at baseline (303). In lopinavir-
naïve, treatment-experienced patients, the more recently
introduced PIs such as darunavir-ritonavir or tipranavir-
ritonavir proved noninferior to lopinavir/ritonavir treat-
ment (304). Once-daily dosing is not recommended in
PI-experienced patients.

While some data support the use of lopinavir/ritonavir
monotherapy following a fully suppressive regimen, its use as
simplification therapy is not recommended (305, 306). Two
studies found that large proportions of patients on lopinavir/
ritonavir monotherapy after initial virologic suppression
experienced suboptimal virologic responses compared to
those who continued use of combinations (307, 308). Lo-
pinavir/ritonavir monotherapy also led to less virologic
suppression than combination lopinavir/ritonavir plus
tenofovir-emtricitabine in patients failing NNRTI-based
regimens (309).

FIGURE 6. Chemical structures of HIV protease inhibitors.
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Tipranavir
Tipranavir {(N-[3-[(1R)-1-[(2R)-6-hydroxy-4-oxo-2-(2-
phenylethyl)-2-propyl-3,4-dihydro-2H-pyran-5-yl]propyl]-
phenyl]-5-(trifluoromethyl)-2-pyridinesulfonamide; Aptivus}
is a nonpeptidic PI belonging to the class of 4-hydroxy-5,6-
dihydro-2-pyrone sulfonamides (Figs. 1 and 6; Tables 1 and
5). It is available as a 250-mg soft-gelatin capsule co-
administered with ritonavir.

Tipranavir is active against a wide range of drug-resistant
isolates and has a mean IC50 of 0.14 mg/l for highly
multidrug-resistant clinical isolates (310). Potential mech-
anisms of its enhanced potency against PI-resistant virus
include the ability to bind to the active site of the HIV
protease with fewer hydrogen bonds, thereby creating greater
flexibility at the active site (310) or strong hydrogen
bonding interaction with the amide backbone of the pro-
tease active-site Asp30 (311, 312).

Pharmacology
Maximum mean tipranavir concentrations of 47 to 57 mg/l
are achieved within 3 hours post-dosing. Food does not
impact tipranavir absorption. Tipranavir is > 99% protein
bound with a plasma elimination t1/2 of 6 hours. As tipra-
navir is a substrate for CYP3A4, boosting with ritonavir is
necessary to achieve a desirable pharmacodynamics profile.
Ritonavir increases tipranavir concentrations 24- to 70-fold.
To achieve adequate concentrations, tipranavir 500 mg must
be coadministered with 200 mg of ritonavir twice daily. The
higher dose is required because tipranavir is both a substrate
and potent inducer of P-glycoprotein and may initially in-
duce its own metabolism (313, 314). Tipranavir use is con-
traindicated in patients with moderate to severe hepatic
impairment.

Adverse Effects
The most common adverse effects associated with tipranavir
are predominantly gastrointestinal and include diarrhea,
dyspepsia, abdominal distention, and pancreatitis. In two
large clinical trials (RESIST 1 and RESIST 2) of more than
1,400 patients, which included patients coinfected with
HBV or HCV but with stable liver enzymes at baseline,
hepatic and lipid-related adverse effects occurred with
greater frequency in the tipranavir-ritonavir arm but were
rarely a cause for drug discontinuation. Hepatitis virus co-
infection and a baseline CD4 cell count of > 200 cells/mm3

were predictors of liver function abnormalities (315). Cases
of clinical hepatitis and hepatic decompensation in patients
with chronic HBV or HCV infection who received
tipranavir-ritonavir have been reported.

Ritonavir-boosted tipranavir was linked to cases of in-
tracranial hemorrhage, sometimes fatal, but a direct causa-
tive effect has not been proven, and many of the patients
had other contributing risk factors. In vitro and in vivo data
suggest that tipranavir can inhibit platelet aggregation and
thus should be used with caution in patients receiving an-
tiplatelet agents, anticoagulants, supplemental high doses of
vitamin E, or who are at risk of increased bleeding after
trauma or surgery (316).

Drug Interactions
Tipranavir both inhibits and induces the CYP450 enzyme
system, and when tipranavir is used in combination with
ritonavir, the net effect is inhibition of the CYP3A4 enzyme.
Tipranavir is also an inducer of the P-glycoprotein trans-
porter. Thus, tipranavir may alter the concentrations of
many other drugs metabolized by these pathways (Table 4).
Tipranavir decreases the concentrations of atazanavir,

TABLE 6 Fixed-dose single-table regimens. All are given as one tablet orally, once daily.

Agent Components Comments

Atripla Efavirenz 600 mg
Tenofovir disoproxil fumarate 300 mg
Emtricitabine 200 mg

Alternative regimen for treatment-naïve patients because of association with
suicidality in some studies

Take on an empty stomach
Nighttime dosing recommended to reduce impact of associated drowsiness,
dizziness, and other central nervous system side effects.

Complera Rilpivirine 25 mg
Tenofovir disoproxil fumarate 300 mg
Emtricitabine 200 mg

Alternative regimen for treatment naïve patients
Only for patients with pre-treatment HIV RNA level < 100,000 copies/ml and
CD4+ cell count > 200 cells/mm3

Must be taken with a meal (‡ 400 calories)
Genvoya Elvitegravir 150 mg

Cobicistat 150 mg
Tenofovir alafenamide 10 mg
Emtricitabine 200 mg

Recommended regimen for treatment-naïve patients
Only for patients with pre-treatment estimated creatinine clearance ‡ 30 ml/min

Odefsey Rilpivirine 25 mg
Tenofovir alafenamide 25 mg
Emtricitabine 200 mg

Must be taken with a meal (‡ 400 calories)
Only for patients with pre-treatment HIV RNA level < 100,000 copies/ml
Only for patients with pre-treatment estimated creatinine clearance ‡ 30 ml/min

Stribild Elvitegravir 150 mg
Cobicistat 150 mg
Tenofovir disoproxil fumarate 300 mg
Emtricitabine 200 mg

Recommended regimen for treatment-naïve patients
Only for patients with pre-treatment estimated creatinine clearance ‡ 70 ml/min

Triumeq Dolutegravir 50 mg
Abacavir 600 mg
Lamivudine 300 mg

Recommended regimen for treatment-naïve patients
Only for patients who have tested negative for HLA-B*5701

11. Antiretrovirals - 197



fosamprenavir, lopinavir/ritonavir, and saquinavir and nu-
cleoside analogs like abacavir, zidovudine, and didanosine.
Coadministration of tipranavir-ritonavir with enfuvirtide
may affect the volume of distribution and elimination t1/2 of
tipranavir, thereby resulting in a 45% increased Cmin of ti-
pranavir, although this interaction does not appear to result
in an increased risk of hepatotoxicity.

Resistance
Tipranavir retains activity against many HIV-1 isolates with
resistance to previously approved PIs such as nelfinavir, fo-
samprenavir, atazanavir, and lopinavir/ritonavir (310).
Ninety percent of highly resistant clinical isolates ( > 10-fold
resistance to three or more PIs) remain susceptible to ti-
pranavir, and only 2% have > 10-fold resistance to tipra-
navir (310); durable virologic responses are associated with a
tipranavir resistance score of £ 2 at baseline (42). Major
mutations include codons I47V, Q58E, T74P, V82L/T,
N83D, and I84V (28). Minor mutations that correlate with
a decreased response to tipranavir-ritonavir therapy in
treatment-experienced patients are L10V, L33F, M36I/L/V,
K43T, M46L, I54A/M/V, H69K/R, and L89I/M/V.

Clinical Applications
Tipranavir is approved for use, in combination with rito-
navir, for treatment-experienced patients with resistance to
more than one other PI (42). However, drug interactions,
the need for 200 mg twice daily of ritonavir, the pill burden,
and the possibilities of serious hepatotoxicity and perhaps
intracranial hemorrhage, have led many providers to choose
options other than tipranavir for treatment-experienced
patients (105). Its use has been limited to the rare patient
with darunavir resistance and with maintained susceptibility
to tipranavir.

Atazanavir
Atazanavir {methyl N-[(2S)-1-[2-[(2S,3S)-2-hydroxy-3-
[[(2S)-2-(methoxycarbonylamino)-3,3-dimethylbutanoyl]
amino]-4-phenylbutyl]-2-[(4-pyridin-2-ylphenyl)methyl]
hydrazinyl]-3,3-dimethyl-1-oxobutan-2-yl]carbamate; BMS-
232632, Zrivada, Reyataz} (Figs. 1 and 6; Tables 1 and 5) is an
azapeptide aspartyl PI. It is available in capsule formulations
of 150, 200, and 300 mg and 50-mg oral powder packets and
as a fixed-dose combination with cobicistat (Evotaz).

Atazanavir has activity against laboratory and clinical
HIV-1 isolates grown in peripheral blood mononuclear cells
and macrophages (IC50, 2 to 5 nM) and variable activity
against HIV-2 isolates (1.9 to 32 nM). Clinical isolates that
are resistant to first-generation PIs may remain susceptible
to atazanavir. However, isolates with high-level resistance,
and hence, a larger number of mutations in the protease gene,
are more likely to be associated with resistance to atazanavir.

Pharmacology
Atazanavir has rapid absorption that requires food and gas-
tric acid; coadministration of a single dose with a light meal
increases the AUC by 70%. A 400-mg once-daily dose at-
tains mean steady-state Cmax of 3.2 mg/ml and AUC of 22.3
mg*h/ml, well above the protein-binding-adjusted IC90.
Atazanavir is 86% protein bound and has a plasma elimi-
nation t1/2 of approximately 7 hours. It is metabolized by
hepatic CYP3A4 with only 13% of unmetabolized drug
excreted in the urine. Atazanavir can be boosted by ritonavir
100 mg daily or cobicistat 150 mg daily.

The daily dose should be reduced to 300 mg daily in
patients with moderate hepatic impairment due to a 46%

increase in AUC. It is not recommended in patients with
severe hepatic impairment, and boosted atazanavir is not
recommended in any degree of hepatic impairment. The
CSF-to-plasma ratio is 0.002 to 0.02, comparable to that of
indinavir.

Adverse Effects
The most prominent adverse effect of atazanavir is reversible
indirect hyperbilirubinemia, typically occurring in the first
60 days of treatment (Table 4). It is more frequent in persons
with the UGT1A1-28 genotype or the CC genotype of
the 3435C/T polymorphism in the multidrug resistance
(MDR1) gene (317–320). Patients with Gilbert and Crigler-
Najjar syndromes harbor polymorphisms in the UGT1A1
gene and demonstrate higher levels of indirect bilirubin after
treatment with either indinavir or atazanavir than do un-
treated patients. Prolongation of the PR and QTc intervals
has been noted. A case of torsade de pointes has been re-
ported (321). Caution is advised when coadministering
atazanavir with other drugs that cause PR interval prolon-
gation.

Nephrolithiasis due to drug crystals may occur with use of
ritonavir-boosted or unboosted atazanavir (322). Lipid ab-
normalities are slightly more pronounced in patients re-
ceiving ritonavir-boosted atazanavir than in those receiving
atazanavir alone, but both regimens still have less of an
impact on lipids than lopinavir/ritonavir and efavirenz.

Drug Interactions
Atazanavir is a substrate and inhibitor of CYP3A and
UGT1A1 and a weak inhibitor of CYP2C8. Therefore,
atazanavir should not be coadministered with agents with
narrow therapeutic windows that are substrates of these
isoenzymes (Table 4). Atazanavir, however, does not appear
to induce its own metabolism. Drugs that induce or inhibit
CYP3A activity may decrease or increase, respectively,
plasma concentrations of atazanavir. Coadministration with
tenofovir decreases serum atazanavir concentrations and
increases concentrations of tenofovir (323); addition of low-
dose ritonavir compensates for this interaction. Efavirenz
decreases atazanavir levels and a higher boosted dose of
atazanavir (400 mg with 100 mg ritonavir) is recommended.
Atazanavir requires acidic gastric pH for dissolution; there-
fore, administration with proton pump inhibitors, which
raise the gastric pH, significantly interferes with the ab-
sorption of atazanavir and can cause subtherapeutic serum
atazanavir levels. H2 receptor antagonists may be an alter-
native if atazanavir is administered simultaneously or ‡ 10
hours after the H2 receptor antagonist.

Resistance
In vitro, accumulation of the mutations I50L, N88S, I84V,
A71V, and M46I decreases susceptibility to atazanavir 93- to
183-fold. Changes are also observed at the protease cleavage
sites following drug selection. In PI-naïve patients failing
unboosted atazanavir, I50L is the most commonly observed
mutation (324), but it occurs less frequently in patients re-
ceiving ritonavir-boosted atazanavir (28). Recombinant vi-
ruses containing the I50L mutation display increased in vitro
susceptibility to other PIs (fosamprenavir, indinavir, lopi-
navir, nelfinavir, ritonavir, and saquinavir). A genotypic
resistance score composed of 8 mutations (10F/I/V, G16E,
L33I/F/V, M46I/L, D60E, I84V, I85V and L90M) has pre-
dicted that the occurrence of > 3 of these mutations corre-
lated with a reduced virologic response at 3 months,
particularly when L90M is present (325). The presence of a
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mutation at positions 46, 73, 84, or 90 at baseline is asso-
ciated with a poorer virologic response (303). For unboosted
atazanavir, the presence of 0, 1 to 2, 3, or ‡ 4 of the fol-
lowing mutations has been associated with 83, 67, 6, and 0%
response rates: G16E, V32I, K20I/M/R/T/V, L33F/I/V, F53L/
Y, I64L/M/V, A71I/T/V, I85V, and I93L/M.

Clinical Applications
Atazanavir as a once-daily administered PI with a favorable
lipid profile and a higher genetic barrier to resistance than
many NNRTI- or INSTI-based regimens is an alternative
choice for both antiretroviral-naïve and -experienced indi-
viduals (105). In treatment-naïve patients, ritonavir-boosted
atazanavir has efficacy similar to that of unboosted ataza-
navir but is associated with fewer virologic failures and a
higher barrier to development of resistance. Atazanavir
boosted with cobicistat appears pharmacokinetically similar
to atazanavir-ritonavir (326). Unboosted atazanavir and
atazanavir-ritonavir demonstrate potency comparable to
that of efavirenz, each in combination with two nucleoside
analogs (101, 327). Atazanavir-ritonavir plus tenofovir-
emtricitabine is comparable in rates of virologic suppres-
sion to elvitegravir/cobicistat/tenofovir/emtricitabine for
treatment-naïve patients at 96 weeks of treatment (328).
When compared with darunavir-ritonavir or raltegravir plus
tenofovir-emtricitabine, atazanavir-ritonavir plus tenofovir-
emtricitabine shows a higher rate of discontinuation sec-
ondary to adverse events (329). Atazanavir-ritonavir has
been used successfully in treatment-experienced patients
(286), but it has not performed as well as tipranavir-ritonavir
and darunavir-ritonavir in patients failing to respond to
multiple PI regimens (41). Transitioning from boosted ata-
zanavir to unboosted atazanavir plus abacavir-lamivudine is
a safe strategy for virologically suppressed patients and im-
proves bone and renal biomarkers (330, 331).

Darunavir
Darunavir {[(3aS,4R,6aR)-2,3,3a,4,5,6a-hexahydrofuro[2,3-
b]furan-4-yl] N-[(2S,3R)-4-[(4-aminophenyl)sulfonyl-(2-
hydroxy-2-methylpropyl)amino]-3-hydroxy-1-phenylbutan-
2-yl]carbamate; Prezista, TMC-114}, is approved for treatment-
naïve or -experienced persons (Figs. 1 and 6; Tables 1 and 5). It
is available as 75-mg, 150-mg, 400-mg, 600-mg, and 800-mg
tablets and a 100-mg/ml oral suspension as well as in a fixed-
dose combination with cobicistat 150 mg (Prezcobix). Dar-
unavir requires boosting to attain adequate systemic exposure,
either with ritonavir or cobicistat. Darunavir exhibits activity
against HIV-1 and HIV-2, with median IC50s ranging from
1.2 to 8.5 nM (0.7 to 5.0 ng/ml) in PBMCs.

Pharmacology
Darunavir’s oral bioavailability alone and after coadmin-
istration with a pharmacoenhancer averages 37% and
82%, respectively. The Cmax in plasma is reached in 2.5 to
4 hours. Administration with food increases the darunavir
AUC by 40%. Darunavir is approximately 95% protein
bound. In the presence of ritonavir at 100 mg, darunavir
has a rapid distribution and elimination phase followed
by a slower elimination phase, yielding a terminal elimi-
nation t1/2 of 15 hours. Darunavir is metabolized by hepatic
CYP3A isoenzymes. No dosage adjustments are recom-
mended for either renal or hepatic insufficiency. Consid-
ering darunavir’s metabolism, caution is recommended in
its administration to individuals with severe hepatic in-
sufficiency.

Adverse Effects
The most common adverse effects are diarrhea, abdominal
pain, and headache. Mild to moderate, typically self-limited
maculopapular skin eruptions are uncommon (< 5%), and
severe skin rash, including erythema multiforme and
Stevens-Johnson syndrome, is rare. Darunavir contains a
sulfonamide moiety and should be used with caution in
patients with a known sulfonamide allergy. There are reports
of severe hepatitis, including fatal cases, occurring in ap-
proximately 0.5% of patients, particularly those with pre-
existing liver disease, including viral hepatitis.

Drug Interactions
Darunavir is both a substrate and an inhibitor of the CYP3A
isoenzyme. As with other PIs, coadministration with drugs
primarily metabolized by CYP3A may alter concentrations
of darunavir and the other drug in plasma (Table 5).

Resistance
Major mutations associated with a diminished response to
darunavir include I47V, I50V, I54M/L, L76V, and I84V, and
minor mutations include V11I, V32I, L33F, T74P, and L89V
(28, 332). In treatment-experienced patients, the presence
of three or more of these mutations at baseline is correlated
with a diminished virologic response to darunavir-ritonavir
(41). In a clinical trial of darunavir-ritonavir as salvage
therapy, the mutations V32I and I54L/M were present in
more than 30% and 20% of isolates derived from patients
with virologic failure, respectively, and the median dar-
unavir IC50 of the virologic failure isolates was 21-fold
higher at baseline and 94-fold at failure, compared to the
reference virus strain. A higher probability of virologic re-
sponse to darunavir-ritonavir occurs if the baseline darunavir
change in the IC50 (compared with reference darunavir
susceptibility) is less than 10-fold (41); 10- to 40-fold or
> 40-fold changes in phenotypic susceptibility to darunavir
are a commonly used cutoff to differentiate between an in-
termediate or low likelihood of response to darunavir-
ritonavir, respectively. Cross-resistance of darunavir with
other PIs including atazanavir, lopinavir/ritonavir, and ti-
pranavir is possible, but darunavir resistance mutations in
patients failing other PIs is uncommon (333–335).

Clinical Applications
Darunavir, in combination with ritonavir or cobicistat
pharmacoenhancement, is a robust backbone of first-line
therapy for treatment-naïve patients and as salvage therapy
for treatment-experienced patients. Darunavir-ritonavir
has been shown to be superior to lopinavir-ritonavir, and
equivalent to atazanavir-ritonavir or raltegravir-based regi-
mens in treatment-naïve patients (296, 329). A darunavir-
ritonavir plus two NRTIs regimen was inferior to a
dolutegravir-plus-two-NRTI regimen, largely because of dis-
continuation from adverse events in the darunavir-based arms
(272). Darunavir-ritonavir plus tenofovir-emtricitabine is
also recommended for treatment-naïve patients who need to
initiate antiretroviral therapy prior to HIV-1 genotype test-
ing (105).

In treatment-experienced patients with evidence of re-
sistance to PIs, darunavir-ritonavir in combination with
nucleoside analogs provides higher rates of viral suppression
to < 50 copies/ml and immunologic recovery than in pa-
tients in the ritonavir-boosted PI comparator group (41,
336). Darunavir-ritonavir in patients with limited treatment
experience (82% were susceptible to > 4 PIs, all lopinavir/
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ritonavir naïve) demonstrates noninferiority to lopinavir/
ritonavir with respect to virologic suppression. Individuals
with virologic failure on darunavir-ritonavir are more likely
to maintain susceptibility to other PIs than individuals
failing lopinavir/ritonavir regimens. Darunavir/ritonavir
must be used in its twice-daily dosing format in patients with
darunavir-associated resistance mutations, but can be used in
a once-daily formulation for those with other PI mutations.
The efficacy and durability of once-daily darunavir-ritonavir
monotherapy and darunavir-ritonavir plus raltegravir as
simplification strategies are also under consideration but are
not recommended at this time (67, 337, 338).

INVESTIGATIONAL HIV-1 PROTEASE
INHIBITORS
While PIs exhibit potent in vitro activity and the recent ad-
dition of second-generation PIs has marked a major advance
in antiretroviral therapy, patients continue to experience
virologic failure on these regimens. The search for newer
agents with improved efficacy and toxicity profiles continues.
Selected investigational PIs are described in Table 2.

PHARMACOENHANCERS
Ritonavir
Ritonavir {1,3-thiazol-5-ylmethyl N-[(2S,3S,5S)-3-hydroxy-
5-[[(2S)-3-methyl-2-[[2-methylpropyl-[(2-propan-2-yl-1,3-
thiazol-4-yl)methyl]carbamoyl]amino]butanoyl]amino]-1,6-
diphenylhexan-2-yl]carbamate; Norvir} (Figs. 1 and 7; Table 1)
is a C2-symmetric HIV PI that is used as a pharma-
coenhancer of coadministered PIs. Ritonavir is available
in tablet and oral solution formulations.

Pharmacology
Ritonavir was developed as a fully active PI but now is used
solely as a pharmacoenhancer at lower doses, which improves
its tolerance. Ritonavir is metabolized by hepatic micro-
somes, predominantly by the CYP3A4 and -3A5 isozymes

and to a lesser extent by CYP2D6. In addition to being
a hepatic microsomal substrate, ritonavir exhibits potent
inhibitory activity against CYP3A4 and CYP2D6. It may
also induce CYP3A, CYP1A2, CYP2C9, CYP2C19, and
CYP2B6 and glucuronosyl transferase. Consequently, sig-
nificant drug interactions are to be expected, and in the case
of its interaction with other PIs, this can be exploited to
boost their drug levels.

Adverse Effects
The most common adverse effects observed in clinical trials
include gastrointestinal symptoms and paresthesias. Labo-
ratory abnormalities typically observed with ritonavir at
dosages of 400 mg twice daily or higher include hypercho-
lesterolemia, hypertriglyceridemia, and elevated liver en-
zyme levels (339, 340). Ritonavir used in combination with
other PIs is also associated with abnormalities in glucose
metabolism and body fat distribution (278, 341–343).

Drug Interactions
See Pharmacology section above

Resistance
At the low dose employed for boosting of other PIs, ritonavir
is thought to exert very limited to no anti-HIV-1 activity
in vivo and therefore contributes to the emergence of PI-
associated resistance mutations indirectly through the se-
lective pressure exerted by the paired PI which is boosted.

Clinical Applications
Ritonavir is never used alone but is used as a pharma-
coenhancer for other PIs. The commonly used PIs darunavir
and lopinavir must be taken with ritonavir or cobicistat (for
darunavir only as lopinavir is coformulated with ritonavir).
Atazanavir can be used without ritonavir or cobicistat
in treatment-naïve patients only. Ritonavir pharma-
coenhancement of other PIs leads to improved antiretroviral
regimens by (i) enhancing antiviral activity by elevating the
trough levels of the coadministered PI well above the IC50 or
IC90 associated with certain drug-resistant isolates and (ii)
improving the ease of administration by diminished fre-
quency of dosing and elimination of food effects. Intolerance
to, or side effects from, ritonavir, even when used at a low
dose, may be limiting.

Cobicistat
Cobicistat {1,3-thiazol-5-ylmethyl N-[(2R,5R)-5-[[(2S)-2-
[[methyl-[(2-propan-2-yl-1,3-thiazol-4-yl)methyl]carbamoyl]-
amino]-4-morpholin-4-yl)butanamido]-1,6-diphenylhexan-
2-yl]carbamate; GS-9350, Tybost}(Fig. 1 and 7; Table 1) is
an inhibitor of CYP3A metabolism that increases the con-
centrations of CYP3A substrates. Cobicistat has no antiviral
activity of its own and is better tolerated than ritonavir. It is
currently approved to be used in fixed-dose combinations
with atazanavir and darunavir once daily as an alternative
to ritonavir in both treatment-naïve and treatment-
experienced patients. As such, it is available as 150-mg
tablets, but it is also available in fixed-dose combinations
with atazanavir (Evotaz), with darunavir (Prezcobix, Re-
zolsta), with emtricitabine, TDF, elvitegravir (Stribild), and
emtricitabine, TAF, elvitegravir (Genvoya).

Pharmacology
Cobicistat reaches its Cmax of 0.99 mg/ml within 3.5 h post-
dose. There are no specific data for cobicistat with regard to
food, and recommendations are based on the concomitantFIGURE 7. Chemical structures of pharmacoenhancers.
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antiretrovirals. When administered with atazanavir and
darunavir, doses should be administered with food. Cobici-
stat is > 97% protein bound. It is metabolized by CYP3A
and CYP2D6 (minor pathway) and eliminated via the liver
with a t1/2 of33 to 4 hours. No significant pharmacokinetic
changes are noted in patients with mild to moderate hepatic
impairment or in those with severe renal impairment. When
combined with atazanavir in HIV-infected subjects, it shows
comparable pharmacodynamics to ritonavir-boosted ataza-
navir and is noninferior in rates of virologic suppression
(326, 344). Similarly, cobicistat-boosted darunavir results in
similar plasma concentrations and adverse events as
ritonavir-boosted darunavir in HIV uninfected healthy
volunteers.

Adverse Effects
The most significant adverse effects reported in clinical trials
combined with atazanavir were jaundice (6%) and rash
(5%). Cobicistat also inhibits tubular secretion of creatinine
without affecting glomerular filtration function. Thus a rise
in serum creatinine may be seen that is not reflective of true
renal toxicity. The mean decrease in estimated (but not
actual) glomerular filtration rate in clinical trials has been 15
ml/min. No appreciable impact on lipid profiles has been
noted.

Drug Interactions
Cobicistat has potent CYP3A inhibitory activity with 95%
inhibition at a dose of 200 mg, similar to 96% with a rito-
navir dose of 100 mg (255). Compared to ritonavir, cobi-
cistat is a weaker inhibitor of CYP2D6 and demonstrates no
inhibitory activity against other CYP450 isoenzymes. Co-
bicistat also inhibits P-glycoprotein, which further enhances
concomitant antiretroviral absorption. Coadministration of
cobicistat with the following combinations is not currently
recommended due to concerns for low concentrations and
virologic failure: 1) darunavir with efavirenz, nevirapine, or
etravirine, 2) atazanavir with etravirine, 3) atazanavir with
efavirenz in treatment-experienced patients, 4) darunavir
twice daily, and 5) fosamprenavir, or saquinavir, or tipra-
navir. Cobicistat should also not be used with other
ritonavir-boosted regimens. Cases of acute renal failure and
Fanconi syndrome have been reported with concomitant use
of cobicistat and TDF.

Resistance
Resistance to other antiretrovirals can develop during
treatment with cobicistat-boosted regimens.

Clinical applications
Cobicistat has no direct antiretroviral activity but is used as a
pharmacokinetic enhancer for protease inhibitors and the
integrase inhibitor, elvitegravir. It is currently available in
coformulations to boost elvitegravir, darunavir, and ataza-
navir. Rates of virologic suppression and adverse events
during treatment with darunavir-cobicistat in HIV-infected
individuals are similar to historical data from treatment with
darunavir-ritonavir (345).

MATURATION INHIBITORS
Agents targeting later stages of the life cycle of the virus,
such as BMS-955176, represent a new class of antiretroviral
drugs, the maturation inhibitors (Table 2). This second-
generation agent disrupts a late step in the processing of
HIV-1 Gag that inhibits the last protease cleavage event

between capsid protein p24 and spacer peptide 1 in Gag
resulting in production of noninfectious virions with ab-
normal capsid morphology. As a second-generation agent,
BMS-955176 binds reversibly but with greater affinity to
HIV-1 Gag than its predecessor (bevirimat) and retains ac-
tivity in the presence of Gag polymorphisms associated with
reduced bevirimat susceptibility (346). Mutations for resis-
tance to the drug have been found at the p25-to-p24
cleavage site. The drug is administered once daily and has
generally been well tolerated in clinical studies in combi-
nation with boosted and unboosted atazanavir.
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ANTIHERPESVIRUS AGENTS
The first effective agents against herpesviruses were nucleo-
side analogs, such as idoxuridine, vidarabine, and trifluridine.
Their use was eventually supplanted by the highly successful
drug, acyclovir, which had significantly less toxicity. In early
studies, intravenous acyclovir was shown to be superior to
vidarabine for treating herpes simplex virus (HSV) en-
cephalitis in healthy hosts and varicella zoster virus (VZV)
infections in immunosuppressed subjects and to be equiva-
lent to vidarabine in treating neonatal HSV infections.

Acyclovir
Acyclovir, 9-(2-hydroxyethoxy)methyl]guanine (Zovirax),
(Fig. 1; Tables 1 and 2) represents a landmark in the history
of antiviral drug development. The anti-HSV activity of
acyclovir demonstrated that analogs of guanosine were ac-
tive and that acyclic side chains could substitute for the
ribose moiety, conferring specificity by the selective uptake
and activation of acyclovir in HSV-infected cells.

Spectrum of Activity
Acyclovir’s greatest, and clinically most important, activity
is against HSV type 1 (HSV-1), HSV-2, and VZV. The in-
hibitory concentrations for susceptible isolates of HSV-1
average 0.04 mg/ml. HSV-2 is approximately 2-fold less
susceptible, and VZV is approximately 8-fold less suscepti-
ble, than HSV-1. Acyclovir also has lower activity against
Epstein-Barr virus (EBV) (1). Cytomegalovirus (CMV)
susceptibilities are quite variable, and the range of suscep-
tibilities is beyond achievable acyclovir levels for treatment
(1). In addition, acyclovir has low efficacy at preventing
CMV infection (2). Human herpesvirus (HHV)-6 is only
modestly susceptible to acyclovir (3). HHV-8 is not sus-
ceptible to acyclovir (4, 5).

Mechanism of Action
Acyclovir is a poor substrate for cellular enzymes. Intra-
cellular phosphorylation of acyclovir monophosphate is
mediated by HSVor VZV thymidine kinase. In HHV-8- and
EBV-infected cells, acyclovir is monophosphorylated by the
viral protein kinases (6, 7). The di- and triphosphorylation
of acyclovir occurs by cellular kinases to generate the active
form of the drug, acyclovir triphosphate. Selectivity for
HSV is conferred by the high affinity for acyclovir by HSV

thymidine kinase and DNA polymerase, in contrast to the
low affinity exhibited by host cell enzymes (8). Acyclovir
triphosphate is both a competitive inhibitor of the viral
DNA polymerase and a chain terminator. Because acyclovir
lacks the 3¢-hydroxy group necessary to form 3¢-5¢ phos-
phodiester bonds, incorporation of acyclovir triphosphate
into the growing viral DNA chain leads to chain termina-
tion. Cellular DNA polymerases are much less susceptible to
inhibition by acyclovir triphosphate (10- to 30-fold), which
is another component of the selectivity of acyclovir.

Adverse Effects
The widespread use of acyclovir in both healthy and immu-
nocompromised hosts for more than 30 years demonstrates
that acyclovir is remarkably well tolerated. Following intra-
venous administration, local reactions at the injection site
have been reported, and headache and nausea may occur.
Neurotoxicity, albeit relatively rare, may manifest as tremors,
myoclonus, confusion, lethargy, agitation, and hallucina-
tions, as well as dysarthria, ataxia, hemiparesthesias, and
seizures. Symptoms of neurotoxicity usually appear within the
first 24 to 72 hours of administration and are more likely to
occur when levels in plasma are elevated, as with intravenous
administration or in the setting of renal insufficiency (9).
Acyclovir is relatively insoluble in urine, with a maximum
solubility of 2.5 mg/ml at physiological pH. As a result of the
low urine solubility, acyclovir crystallization may occur in
kidney tubules, especially in the setting of elevated plasma
acyclovir levels, rapid intravenous bolus administration, and
dehydration (10). Because of acyclovir’s low isoelectric point
(pI), the drug is less soluble at acid pH; therefore lowering
the pH of the urine reduces the risk of crystallization. Pre-
vention of acyclovir crystal deposition can be accomplished
by volume repletion prior to drug administration and
avoidance of rapid infusions. Acute tubular toxicity leading
to renal failure has also been reported with acyclovir, espe-
cially for patients with underlying renal disease or receiving
concomitant nephrotoxic drugs (11). Topical acyclovir is
usually well tolerated, but there have been reports of local
burning, stinging, and erythema (10).

In vitro, acyclovir is neither immunosuppressive nor toxic
to bone marrow precursor cells. Although mutagenic in
some preclinical assays, acyclovir at therapeutic doses lacks
carcinogenicity and teratogenicity in animal studies. A large
Danish cohort study and pregnancy registries found no

doi:10.1128/9781555819439.ch12
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association between acyclovir exposure and major birth
defects (12, 13). In healthy subjects receiving chronic pro-
phylaxis for genital HSV infection for over a decade, no
chronic toxicities, including abnormalities of spermatogen-
esis, have been reported. HSV-specific immune responses
can be diminished by acyclovir treatment of primary infec-
tion, which may be related to diminution of antigen
expression (14).

Pharmacokinetics
Oral, intravenous, and topical preparations of acyclovir are
available. Ophthalmic formulations are available outside the
United States. The maximum plasma concentrations (Cmax)
average approximately 10 mg/ml after an intravenous infu-
sion of 5 mg/kg of body weight and 0.6 mg/ml following a
200-mg oral dose; the levels in plasma proportionately in-
crease with increasing doses (15). Concentrations achieved
in the cerebrospinal fluid are approximately 50% of plasma
values (15). Oral bioavailability is 15 to 30% and may be
lower, on average, in immunocompromised hosts (15).

Minimal, if any, drug is absorbed after topical administration.
Acyclovir-elimination half-life (t1/2) in plasma averages 3
hours in subjects with normal renal function. The initial
intracellular t1/2 of acyclovir triphosphate is 1.2 hours and
reaches a plateau after 6 hours (16). The primary mode
of excretion is renal and occurs through both glomerular
filtration and tubular secretion. Approximately 85% of ad-
ministered drug is excreted unchanged in the urine; the re-
mainder is metabolized to 9-carboxymethoxymethylguanine
before excretion. Dose adjustments for renal insufficiency,
dialysis, and continuous renal replacement therapy are
necessary. Where available, therapeutic drug monitoring
may be helpful in guiding optimal therapy for patients in
whom achieving therapeutic drug levels is especially critical
(e.g., neonatal herpesvirus infection).

Drug Interactions
Few potentially important drug interactions have been
noted. Caution should be exercised when other potentially
nephrotoxic or neurotoxic agents are being used concur-

FIGURE 1 Chemical structures of antiherpesvirus agents. (Reprinted with permission from reference [230]).
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TABLE 1 Antiherpesvirus agents: approved and potential indications and dosing regimens

Agent Formulation Indication Standard adult dosinga

Antiherpesvirus
agents
Acyclovir Oral

Intravenous
Topical

Immunocompetent host
Genital HSV infection
Primary

400 mg p.o. t.i.d. for 7–10 days or 200 mg p.o. 5 · /day
for 7–10 days or apply topically 6 · /day for 7 days.
For more severe cases (e.g., accompanied by aseptic
meningitis, etc.), 5–10 mg/kg i.v. q8h initially, followed
by p.o. to complete at least 10 days of total therapy

Recurrent 400 mg p.o. t.i.d. for 5 days or 800 mg p.o. b.i.d. for 5 days
or 800 mg p.o. t.i.d. for 2 days initiated at earliest sign
or symptom of recurrence

Suppression 400 mg p.o. b.i.d.
Herpes labialis Apply 5 · /day for 4 days

400 mg p.o. 5 · /day for 5 days
Herpes simplex encephalitis
or other invasive
syndromes

10 mg/kg i.v. q8h for 14–21 days for encephalitis
and 7–10 days for meningitis

Varicella, chickenpox 800 mg p.o. 5 · /day for 5 days or 10–15 mg/kg i.v.
q8h for 10–14 days if invasive (e.g., encephalomyelitis)

Herpes zoster, shingles 800 mg p.o. 5 · /day for 7–10 days
Immunosuppressed host
Mucocutaneous HSV
Herpes labialis
Suppression
HSV encephalitis

400 mg p.o. 5 · /day for 7–10 days or 5 mg/kg i.v. q8h
in more severe cases for 7 days

Apply 6 · /day for 7 days
400–800 mg p.o. b.i.d. or t.i.d.
10 mg/kg i.v. q8h for 14–21 days and 7–10 days for meningitis

Herpes zoster, shingles 10 mg/kg i.v. q8h for 7 days
Varicella, chickenpox 800 mg p.o. 5 · /day for 7 days or 10–15 mg/kg i.v. q8h

for 10–14 days if invasive (e.g., encephalomyelitis)
Valacyclovir Oral Immunocompetent host

Genital HSV infection
Primary
Recurrent
Suppression

Herpes labialis
Herpes zoster, shingles

1 g p.o. b.i.d. for 7–10 days
500 mg p.o. b.i.d. for 3 days or 1 g p.o. daily for 5 days
1 g p.o. daily or 500 mg p.o. daily
2 g p.o. b.i.d. for 1 day
1 g p.o. t.i.d. for 7 days

HIV-infected host
Genital HSV
Recurrent
Suppression

1 g p.o. b.i.d. for 5–10 days
500 mg p.o. b.i.d.

Famciclovir Oral Immunocompetent host
Genital HSV infection
Primary
Recurrent
Suppression

Herpes labialis
Herpes zoster, shingles

250 mg p.o. t.i.d. for 7–10 days
1 g p.o. b.i.d. for 1 day or 125mg p.o. b.i.d. for 5 days
or 500mg once, followed by 250mg p.o. b.i.d. for 2 days

250 mg p.o. b.i.d.
1,500 mg p.o. in one dose, initiated at earliest sign
500 mg p.o. t.i.d. for 7 days

Penciclovir Topical Herpes labialis Apply q2h for 4 days
Brivudine Oral

Ophthalmic
Herpes zoster, shingles
Herpes simplex keratitis

125 mg p.o. daily for 7 days in immunocompetent host
Apply to conjunctiva 5 · /day

Trifluridine Ophthalmic Herpes simplex keratitis 1 drop of 1% solution q2h (maximum, 9 drops/day) for 10 days
Ganciclovir Oral

Intravenous
HIV-infected host

CMV retinitis
5 mg/kg i.v. q12h for 14–21 days for induction treatment,
followed by maintenance therapy (5 mg/kg i.v. daily
for 7 days/wk or 6 mg/kg i.v. daily for 5 days/wk
or 1 g p.o. t.i.d. or 500 mg 6 · /day)

(Continued)
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rently, but whether there is additive toxicity with specific
agents is unclear. In vitro, mycophenolate mofetil potentiates
the anti-HSV activity of acyclovir through depletion of
dGTP pools, but the clinical significance of this observation
is unclear (17).

Resistance
The descriptions of persistent or progressive clinical disease
with acyclovir-resistant HSV or VZV isolates in immuno-
compromised hosts, particularly patients with human im-
munodeficiency virus (HIV) infection, helped to establish
the clear-cut clinical significance of antiviral resistance
(18, 19). In the era of potent antiretroviral therapy, the
incidence of this complication in HIV-infected persons has
dramatically declined. The prevalence of acyclovir-resistant
HSV infections in immunocompromised patients has in-
creased in recent years and ranges from 3.5 to 11% (20–22).
Hematopoietic stem cell transplant (HSCT) recipients are
at greatest risk of acyclovir-resistant HSV infections with
prevalences up to 47% in allogeneic HSCT recipients (20).
HSV resistance in immunocompetent individuals generally
occurs at a very low prevalence of 0.3–0.7% (23–25). Im-
munocompetent individuals receiving long-term acyclovir
as prophylaxis for recurrent herpetic keratitis are at increased
risk for resistance due to the immune-privileged nature of

the cornea allowing for rapid selection of resistant strains in
the absence of immune surveillance (26–29).

The vast majority of HSV resistance is based on mutations
in the viral thymidine kinase gene, UL23, with the re-
mainder of resistance based in the DNA polymerase gene,
UL30 (30). Thymidine kinase-based resistance may be the
result of absent or low-level enzyme production or the
elaboration of a thymidine kinase with altered substrate
specificity. Thymidine kinase deficiency is more often due to
production of a truncated protein than to production of a
functional, but altered, enzyme. Acyclovir-resistant subpop-
ulations exist among clinical isolates of HSV in the absence
of drug exposure, but the clinical expression of resistance
only occurs in the face of drug treatment (31, 32). Such
isolates may be the result of the selection of a preexisting
drug-resistant subpopulation or a new mutational event.

Although acyclovir-resistant HSV strains are less path-
ogenic in animal models 33–37, they can cause serious
clinical disease in immunocompromised hosts. In such hosts,
HSV resistance is usually manifested by chronic mucocuta-
neous ulceration, but invasive visceral and central nervous
system (CNS) disease, which may be fatal, occurs with either
HSV-1 or HSV-2 (38). Following resolution of mucocuta-
neous lesions due to resistant HSV, subsequent recurrences
are usually acyclovir susceptible (in the absence of acyclovir

TABLE 1 Antiherpesvirus agents: approved and potential indications and dosing regimens (Continued)

Agent Formulation Indication Standard adult dosinga

CMV, gastrointestinal 5 mg/kg i.v. q12h for 21–28 days (need for maintenance
not proven, but advisable)

Other immunosuppressed host
CMV infection

5 mg/kg i.v. q12h for 14–21 days (maintenance therapy
not generally necessary)

Prophylaxis or preemptive
therapy of CMV in
transplant recipients

5 mg/kg i.v. q12h for 7–14 days and then 5 mg/kg i.v. daily
7 days/wk or 6 mg/kg i.v. daily 5 days/wk during ‘‘risk’’
period for transplant patients or 1 g p.o. t.i.d.
in solid-organ transplant patients

CMV pneumonia in bone
marrow transplant recipients

5 mg/kg i.v. q12h for 10–14 days combined with i.v.
immune (or CMV hyperimmune) globulin

Valganciclovir Oral HIV-infected host
CMV retinitis
CMV prophylaxis in high-risk
kidney, heart, and kidney-
pancreas transplant patients

900 mg p.o. b.i.d. for 21 days for induction therapy,
followed by 900 mg p.o. daily for maintenance

900 mg p.o. daily

Foscarnet Intravenous HIV-infected host
CMV retinitis

60 mg/kg i.v. q8h or 90 mg/kg i.v. q12h for 14–21 days
for induction treatment, followed by maintenance
therapy (90–120 mg/kg i.v. daily)

CMV, gastrointestinal
or CNS disease

60 mg/kg i.v. q8h or 90 mg/kg i.v. q12h for 14–21 days
(need for maintenance therapy not proven, but advisable)

Other immunosuppressed host
CMV disease

60 mg/kg i.v. q8h or 90 mg/kg i.v. q12h for 14–21 days

HIV- or non-HIV-infected
immunosuppressed host

Acyclovir-resistant HSV
or VZV infection

40 mg/kg i.v. q8h or 60 mg/kg i.v. q12h for 14 days

Invasive HHV-6 disease 60 mg/kg i.v. q8h or 90 mg/kg i.v. q12h for 14–21 days
Cidofovir Intravenous CMV retinitis 5 mg/kg i.v. every wk for 2 wks and then 5 mg/kg i.v.

every other wk (combined with probenecid
and hydration for nephroprotection)

Docosanol Topical Recurrent herpes labialis Apply topically 5 · /day
aAbbreviations: p.o., per as; i.v., intravenously; 5 · , five times; q.a.m., every morning; q.p.m., every evening.
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TABLE 2 Antiherpesvirus agents: pharmacokinetics, major toxicities, and drug interaction characteristics

Agent

Oral
bioavailability

(%)
Effect of food
on AUC

t1/2 (h)
in adults

Major route
of elimination

Adjustment
for renal

insufficiency Major toxicities Major drug interactions

Acyclovir 15–30 No 3 85% renally excreted
unchanged, catabolite
also renally excreted

Yes Headache, nausea,
nephrotoxicity,
neurotoxicity

Possible additive effects with other
nephrotoxic or neurotoxic agents

Valacyclovir 55 (of acyclovir) No 3 Renal Yes Same as acyclovir; possible
association with
HUS/TTPb when used in
immunocompromised
persons at high dosages

Same as acyclovir; cimetidine and
probenecid decrease the rate but
not the degree of valacyclovir-
to-acyclovir conversion

Famciclovir 77 No 2 Penciclovir catabolite
is renally excreted

Yes Headache, nausea Probenecid, theophylline: increased
plasma famciclovir levels

Digoxin levels increased
Brivudine 30 No 16 Metabolized by liver to

inactive metabolite
No Nausea, headaches Potentiates toxicity of 5-FU or other

fluoropyrimidines
Trifluridine NAa NA NA Negligible systemic

absorption
and metabolism

No Local eye irritation; mutagenic,
carcinogenic, and
teratogenic potential

None reported

Ganciclovir 5 Increases by 8–9% 3–4 Mainly renally excreted
unchanged

Yes Neutropenia,
thrombocytopenia

Bone marrow-suppressive agents:
increased risk of myelosuppression

Valganciclovir 61 Increases by 14–30% 3–4 Mainly renally excreted
unchanged

Yes Neutropenia,
thrombocytopenia

Bone marrow-suppressive agents:
increased risk of myelosuppression

Foscarnet NA NA 4.5–8.2 Renal Yes Nephrotoxicity, electrolyte
disturbances, neurotoxicity,
anemia, neutropenia

Nephrotoxic agents: increased risk
of foscarnet nephrotoxic
adverse effects

Pentamidine: increased risk
of hypocalcemia

Cidofovir NA NA 2.6 Renal Yes Nephrotoxicity, neutropenia,
uveitis, rash, iritis (with
intravitreal administration)

Probenecid: nephroprotective
at cidofovir doses of > 3 mg/kg

Docosanol NA NA NA NA No Rash, pruritus, dry skin,
burning and stinging
at application site

None reported

aNA, not applicable.
bHUS/TTP, hemolytic-uremic syndrome/thrombotic thrombocytopenic purpura.
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exposure), demonstrating that HSV-1 strains sensitive and
resistant to acyclovir can coexist in latently infected ganglia
(39). Recurrent disease due to thymidine kinase-altered vi-
rus in an immunocompetent host has been reported. Mu-
tants retaining low-level production of thymidine kinase are
able to reactivate more readily than thymidine-kinase defi-
cient mutants (40, 41). HSV acyclovir resistance testing,
where available by select commercial laboratories, can assist
in identifying drug-resistant strains in refractory HSV in-
fection. Identified genotypic mutations need to be con-
firmed as conferring resistance using established databases or
phenotypic methods (30).

Clinical isolates of VZV, resistant to acyclovir from im-
munocompromised patients, present as chronic skin lesions
unresponsive to therapy and are associated with signifi-
cant morbidity and mortality due to visceral dissemina-
tion (42–44). The prevalence of acyclovir-resistant cases in
different immunocompromised populations has not been
determined, although a recent report suggested that ap-
proximately 27% of hemato-oncological patients with per-
sistent VZV infections have acyclovir resistance (45). Similar
to HSV, the majority of acyclovir resistance in VZV is due to
mutations in the viral thymidine kinase and, less frequently,
to mutations in the viral DNA polymerase gene (46).

Thymidine kinase-deficient or -altered isolates of HSV
or VZV resistant to acyclovir remain susceptible in vitro
to foscarnet, cidofovir, and brivudine but are fully cross-
resistant to ganciclovir and famciclovir. When resistance is
due to a DNA polymerase mutation, cross-resistance to
foscarnet may exist, but susceptibility to cidofovir and bri-
vudine is usually maintained (47).

Clinical Applications
Acyclovir has been extensively studied for the prophylaxis
and treatment of herpesvirus infections in both immuno-
competent and immunocompromised hosts. For serious
mucocutaneous, visceral, or CNS disease due to HSV or
VZV, parenteral acyclovir is the agent of choice unless
acyclovir resistance is suspected. For patients with normal
renal function, a dosage of 5 mg/kg every 8 hours (q8h) is
appropriate for mucocutaneous disease. A dosage of 10 mg/kg
q8h should be used for VZV infections and for invasive
HSV disease. For neonatal HSV disease, a dosage as high as
20 mg/kg q8h has been recommended. Acyclovir at 10 mg/kg
q8h is indicated for VZV disease because of the generally
lower susceptibility of VZV isolates.

Acyclovir does not appear to be beneficial for patients
with acute infectious mononucleosis, despite the demon-
stration of a decrease in EBV shedding, or for patients with
chronic fatigue syndrome. There are limited data suggesting
that acyclovir in conjunction with corticosteroids may be
effective in severe primary EBV infection in immunocom-
petent patients (48). Oral hairy leukoplakia regresses with
acyclovir treatment. Acyclovir has been reported anecdot-
ally to induce regression in some patients with polyclonal
B-cell posttransplantation lymphoproliferative disorders
(PTLD). Antiviral therapy is often used in conjunction with
reduced immunosuppression and other therapies in PTLD in
the absence of clear evidence of acyclovir efficacy. Most
EBV-infected cells within PTLD lesions are transformed B
cells that are not undergoing viral lytic replication or ex-
pressing viral thymidine kinase and therefore will not be
inhibited by acyclovir or ganciclovir. Prophylactic use of
acyclovir or ganciclovir after transplantation may reduce the
risk of PTLD, especially during the first posttransplantation
year (49).

In healthy hosts, the intravenous and oral forms of acy-
clovir decrease the period of viral shedding and speed
healing in patients with primary genital HSV infection (50).
Of note, therapy for primary infections with intravenous
acyclovir does not prevent the establishment of latency.
Topical acyclovir ointment demonstrates some efficacy for
primary genital HSV infection (51), but it is inferior to
systemic therapy. For recurrent genital HSV infection, oral
acyclovir for 5 days reduces the duration of pain and viral
shedding. Topical acyclovir is clinically ineffective for re-
current genital HSV infection. Short-course acyclovir ther-
apy, consisting of 2 days of 800 mg three times daily (t.i.d.),
started within 12 hours of symptom onset, decreases time to
healing and episode duration by 2 days compared to placebo
(52). For recurrent orolabial HSV, a 5% acyclovir cream
preparation has been approved by FDA (53), and oral acy-
clovir at 400 mg five times per day has been demonstrated to
be effective.

Oral acyclovir is also beneficial for the treatment of
herpes zoster in adults and varicella in children. The acute
pain of herpes zoster is consistently diminished by acyclovir.
A recent meta-analysis found that acyclovir was ineffective
in preventing postherpetic neuralgia (PHN) (54). There is
currently insufficient data to determine if valacyclovir and
famciclovir are effective in preventing PHN (54). Oral
acyclovir alone, or in combination with prednisolone, does
not improve the likelihood of complete recovery from Bell’s
palsy beyond the benefit of prednisolone alone (55).

Acyclovir is also effective for prophylaxis of HSV infec-
tions in immunosuppressed patients undergoing solid-organor
bonemarrow transplantation and in patients receiving cancer
chemotherapy (56). Although therapeutically ineffective for
established CMV infections, acyclovir does have efficacy for
the prophylaxis of CMV infection in renal, liver, and bone
marrow transplant recipients (57); however, this role has
been largely supplanted by valganciclovir. Antiviral medi-
cations used to prevent CMVreplication during preventative
or treatment strategies (e.g., ganciclovir, valganciclovir,
acyclovir, valacyclovir) also prevent HSV replication.

In healthy hosts, oral acyclovir is very effective for the
suppression of recurrent genital herpes, reducing recurrences
by approximately 90% (58, 59). Safety, efficacy, and lack of
emergence of resistance for periods up to 10 years have been
demonstrated (60). Subclinical shedding of HSV-2 from the
genital tract still occurs during antiviral therapy and may
account for ongoing transmission during suppressive anti-
viral therapy (61). Prevention of herpetic whitlow and re-
current erythema multiforme associated with recurrent HSV
infection is also possible. Short-term prophylaxis of recur-
rent oral HSV infection can be effective when initiated prior
to a known stimulus for reactivation, such as occurs with
exposure to UV light (e.g., in skiers).

The use of intravenous acyclovir for the treatment of CNS
infections and neonatal herpes is discussed in Chapter 20.

Valacyclovir
Valacyclovir (2-[2-amino-1,6-dihydro-6-oxo-9H-purin-9-yl-
methoxy]ethyl-L-valinate hydrochloride, Valtrex) (Fig. 1;
Tables 1 and 2) is the L-valyl ester of acyclovir. It was de-
signed to enhance the oral bioavailability of the parent
compound and is one of a series of such compounds that has
been investigated. Valacyclovir is hydrolyzed to acyclovir by
first-pass metabolism in the liver, prior to anabolic phos-
phorylation in the infected cell, thus avoiding toxicity. The
antiviral spectrum of activity of valacyclovir is identical to
that of acyclovir.

220 - VIRAL SYNDROMES AND GENERAL PRINCIPLES



Mechanism of Action and Pharmacokinetics
The L-valyl esterification of acyclovir increases the bio-
availability of acyclovir and does not alter the mechanism of
action of the drug. Absorption of valacyclovir in the gas-
trointestinal tract is facilitated by a stereospecific transporter
system; first-pass intestinal and hepatic hydrolysis by vala-
cyclovir hydrolase yields complete conversion of valacyclo-
vir to acyclovir, resulting in a 3- to 5-fold increase in
acyclovir bioavailability. Once the drug is converted to
acyclovir, the elimination t1/2, excretion, and metabolism
are the same as those noted for acyclovir. In healthy vol-
unteers, given doses of 500 and 1,000 mg of valacyclovir,
acyclovir Cmax is reached in 1.5 to 1.75 hours and averages
3.3 and 5.7 mg/ml, respectively (62). Pharmacokinetic pa-
rameters in patients with advanced HIV infection are similar
to those in healthy volunteers. Valacyclovir at 1,000 mg t.i.d
achieves concentrations in the vitreous within the inhibi-
tory ranges of HSV-1, HSV-2, and VZV (63). This dose
regimen also provides inhibitory acyclovir levels in the ce-
rebrospinal fluid of patients with HSV encephalitis and may
have utility in resource-poor settings where intravenous
acyclovir is unavailable but use of valacyclovir for this in-
dication is not recommended (64).

Drug Interactions and Adverse Effects
The drug interaction and side effect profiles are similar to
those of acyclovir. In patients with advanced HIV infection,
gastrointestinal complaints and neutropenia were seen in 31
and 19% of subjects, respectively (65). Cases resembling
thrombotic microangiopathy have been reported for subjects
with advanced HIV infection and for recipients of allogeneic
bone marrow transplants treated with high dosages of vala-
cyclovir (8,000 mg/day) for prolonged periods for CMV
prophylaxis (66), but such events have not been reported for
immunocompetent or HIV-infected subjects receiving va-
lacyclovir for suppression of genital herpes. Although a
causal association with valacyclovir has not been elucidated,
the implication is that the occurrence of thrombotic mi-
croangiopathy is restricted to severely immunocompromised
individuals receiving high dosages of valacyclovir or some-
times other drugs. Safety data for acyclovir in pregnancy may
be extrapolated to valacyclovir (12).

Resistance
Acyclovir-resistant HSV or VZV may emerge during vala-
cyclovir therapy, and the mechanisms are similar to those
reported for acyclovir.

Clinical Applications
Valacyclovir has demonstrated efficacy in the treatment of
herpes zoster and genital HSV infections. Valacyclovir, at
1,000 mg twice a day (b.i.d.), was found to be comparable to
acyclovir at 200 mg five times daily in terms of efficacy and
safety for the treatment of initial genital herpes infection
(67). Valacyclovir at 1,000 or 500 mg b.i.d. for 5 days has an
efficacy comparable to that of acyclovir at 200 mg five times
daily for 5 days in immunocompetent individuals with re-
current genital herpes (68). Short-course therapy with va-
lacyclovir at 500 mg b.i.d. for 3 days was equivalent to the
5-day course of valacyclovir (69). For suppressive therapy for
recurrent genital herpes, once-daily dosing with 500 or 1,000
mg valacyclovir appears to be as effective as acyclovir at 400
mg b.i.d. (59, 70). Valacyclovir, 2,000 mg b.i.d. for 1 day, is
approved for the treatment of recurrent herpes labialis. Va-
lacyclovir at 1,000 mg t.i.d. is an effective therapy for herpes
zoster (71) and may be superior to acyclovir in reducing the

risk of acute pain with herpes zoster (72). Valacyclovir alone
does not prevent PHN; however, valacyclovir in combina-
tion with gabapentin, commenced during an episode of
acute herpes zoster, has been shown to reduce rates of PHN
(73). Oral valacyclovir at a dosage of 2,000 mg four times
daily is effective in the prophylaxis of CMV (and HSV)
infections in renal- and stem-cell-transplant recipients (74).
In HIV-infected persons, valacyclovir appeared to be supe-
rior to acyclovir in preventing CMV disease in one report,
but the study was terminated early because of a higher
mortality rate in the valacyclovir arm, a finding that is un-
explained (75). Valganciclovir has largely replaced valacy-
clovir for prophylaxis of CMV disease.

Valacyclovir at a dosage of 1,000 mg t.i.d. is an option for
systemic oral antiviral treatment of acute retinal necrosis due
to herpesviruses (76) and is preferred over oral acyclovir, as a
step-down therapy after intravenous acyclovir, due to its
superior penetration into the vitreous fluid (63).

Famciclovir and Penciclovir
Famciclovir, 9-(4-hydroxy-3-hydroxymethylbut-1-yl)guanine
(Famvir) (Fig. 1; Tables 1 and 2), is the diacetyl 6-deoxy
prodrug ester of penciclovir, 9-(4-hydroxy-3-hydroxy-3-
hydroxymethylbut-1-yl)guanine, an acyclic nucleoside an-
alog of guanosine.

Spectrum of Activity
Famciclovir is a prodrug lacking intrinsic antiviral activity
and must be converted to penciclovir triphosphate, which is
its active form. HSV-1, HSV-2, and VZV are susceptible to
penciclovir; the average inhibitory concentrations are 0.4,
1.5, and 5.0 mg/ml in MRC-5 cells, respectively (77). EBV
and hepatitis B virus (HBV) are also susceptible in vitro, but
HHV-6 and HHV-8 are not susceptible to penciclovir (4).
Famciclovir also shows antiviral activity in animal models of
hepadnavirus infection but is not a clinically useful anti-
HBV agent.

Mechanism of Action
Penciclovir is selectively monophosphorylated by the HSV
or VZV thymidine kinase; formation of penciclovir di- and
triphosphate is catalyzed by cellular kinases. Penciclovir
triphosphate competitively inhibits the viral DNA poly-
merase and can also be incorporated into the growing viral
DNA chain. Because of the presence of the hydroxyl group
on the acyclic side chain, viral DNA chain extension may
occur to a limited extent after incorporation (77). This as-
pect of its mechanism of action contrasts with that of acy-
clovir triphosphate, which is an obligate chain terminator.
Penciclovir triphosphate is a less potent inhibitor of HSV
DNA polymerase than acyclovir triphosphate, but this lower
inhibition is balanced by much higher intracellular levels of
penciclovir triphosphate and by its much longer intracellular
t1/2. The intracellular t1/2 of penciclovir is 10 to 20 hours in
HSV-infected cells and 9 hours in VZV-infected cells (77).

Pharmacokinetics
Famciclovir is rapidly converted to penciclovir by deacety-
lation and oxidation in the liver. Famciclovir undergoes
extensive first-pass metabolism, with aldehyde oxidase
probably responsible for the oxidation at the 6 position.
Following an oral dose of 500 mg of famciclovir, a penci-
clovir Cmax of 3.3 mg/ml is achieved within 1 hour (78).
Sixty to 70% of the drug is excreted as penciclovir in the
urine by both glomerular filtration and tubular secretion.
The remainder is excreted in the feces or is eliminated as
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6-deoxy-penciclovir and other minor metabolites in the urine
or feces (78). In subjects with hepatic disease, the time-to-
peak plasma drug level and the concentration achieved are
decreased relative to those in healthy volunteers, but overall
exposure is not reduced. Dosage adjustment is required in
patients with renal insufficiency and in those receiving he-
modialysis. There are currently no data to guide dosing in
peritoneal dialysis and continuous renal replacement therapy.
Oral famciclovir achieves intravitreous concentrations of
penciclovir within the inhibitory ranges for HSV and VZV
(79). Topical penciclovir preparations are available.

Adverse Effects
Famciclovir is generally very well tolerated. Headache and
nausea are the most common side effects. Famciclovir and
penciclovir have shown positive results in some preclinical
carcinogenesis models, including rodent tumor induction
and mutagenesis assays, although not in tests of teratoge-
nicity. Famciclovir use in pregnancy has not been associated
with major birth defects, although the data are more limited
than for acyclovir (12).

Drug Interactions
Probenecid, or other drugs significantly eliminated by active
renal tubular secretion, would predictably increase plasma
penciclovir concentrations because of the inhibition of renal
tubular secretion of the drug, but formal interaction studies
have not been performed. Theophylline can increase pen-
ciclovir levels moderately, but dose adjustments are not
necessary. Allopurinol has no effect on penciclovir phar-
macokinetics. Penciclovir, on the other hand, can increase
digoxin levels modestly (mean increase, 19%) but does
not alter the digoxin area under the concentration-time
curve (AUC). Drugs which are also metabolized by hepatic
aldehyde oxidase (80) have the potential to interact with
famciclovir, although no reports documenting clinical in-
teractions have been identified (81).

Resistance
The prevalence of penciclovir-resistant HSV isolates among
subjects participating in clinical trials involving penciclovir
(topical and intravenous) or famciclovir were 0.2 to 0.3%
and 2.1% in immunocompetent and immunocompro-
mised subjects, respectively (82, 83). Most HSV and VZV
isolates, resistant to acyclovir on the basis of thymidine
kinase deficiency, are cross-resistant to famciclovir and
penciclovir. Interestingly, mutations associated with penci-
clovir resistance in the thymidine kinase gene are distributed
throughout the gene, in contrast to those associated with
acyclovir, which are preferentially localized to the homo-
polymeric hot spots (82). Some acyclovir-resistant isolates
with altered thymidine-kinase substrate specificity may still
retain their ability to phosphorylate penciclovir and remain
susceptible.

Clinical Applications
Famciclovir is approved in the United States for the treat-
ment of genital herpes, herpes labialis, and herpes zoster. For
recurrent genital herpes, famciclovir at 125 mg was similar to
acyclovir at 200 mg in 5-day treatment courses (84). Short
courses of famciclovir are approved for treatment of recur-
rent genital herpes (1,000 mg b.i.d. for 1 day) and herpes
labialis (1,500-mg single dose) (85, 86). Topical 1% penci-
clovir cream has moderate efficacy in treatment of orolabial
herpes, decreasing the time to healing, in comparison to
placebo, by a median of 1 day (87). In the treatment of

herpes zoster, famciclovir at 500 mg t.i.d. decreases the time
to lesion healing and reduces pain (88). In a controlled trial
comparing famciclovir dosages of 250, 500, and 750 mg t.i.d.
to acyclovir at 800 mg five times per day in immunocom-
petent adults, acute measures of healing and pain were
equivalent (89). Famciclovir at 500 mg t.i.d. has efficacy and
tolerability similar to that of acyclovir at 800 mg five times
daily in immunocompetent persons with ophthalmic zoster
(90) and similar to that of valacyclovir at 1,000 mg t.i.d. in
immunocompetent persons over 50 years of age with herpes
zoster (91). Similar to acyclovir, famciclovir does not pre-
vent PHN (54). Famciclovir at a dosage of 500 mg t.i.d. is an
option for systemic oral antiviral treatment of acute retinal
necrosis due to herpesviruses (76) as a step-down therapy
from intravenous acyclovir (63).

Brivudine
Brivudine, (E)-5-(2-bromovinyl)-2¢-deoxyuridine (Zostex,
Zerpex, Brivirac, Helpin), is a selective nucleoside analog
(Fig. 1; Tables 1 and 2) utilized for treatment of herpes ker-
atitis and herpes zoster in immunocompetent patients in
Europe.

Spectrum of Activity
Brivudine is a potent and selective inhibitor of HSV-1 and
VZV replication. EBV is also sensitive to brivudine, but
CMV and HSV-2 are relatively resistant to its antiviral ac-
tion (92). In vitro, the 50% effective concentration (EC50) of
brivudine is 0.0024 mg/ml for VZV, compared to 4.64 mg/ml
for acyclovir (93).

Mechanism of Action and Pharmacokinetics
Brivudine activation depends upon a specific phosphoryla-
tion by the HSV-1 or VZV thymidine kinase that converts
brivudine to its 5¢-monophosphate and 5¢-diphosphate.
HSV-2-encoded thymidine kinase is unable to phosphory-
late brivudine 5¢-monophosphate to 5¢-diphosphate (94).
After further phosphorylation by cellular kinases, brivudine
5¢-triphosphate interacts with viral DNA polymerase either
as a competitive inhibitor or as an alternative substrate al-
lowing incorporation into the growing DNA chain. In-
corporation may affect both the stability and function of
viral DNA during the replication and transcription processes
(95).

Brivudine has low bioavailability (30%) and is highly
protein bound ( > 95%) to plasma protein. The Cmax at
steady state (1.7 mg/ml) is achieved 1 hour after ad-
ministration of once-daily oral brivudine at 125 mg and is
1,700-fold greater than the in vitro 50%-inhibitory concen-
tration (IC50) for VZV. Brivudine is rapidly metabolized into
inactive compounds, BVU [(E)-5(2-bromovinyl)uracil] and
2-deoxyribose-1-phosphate, by thymidine phosphorylase in
the liver. However, BVU can be reconverted in vitro and
in vivo to brivudine through a pentosyl transfer reaction,
which restores the antiviral potential of the compound (96).
Renal elimination predominates with 65% of the dose
eliminated in the urine as metabolites; the plasma-terminal
elimination t1/2 is approximately 16 hours. No dose adjust-
ments are necessary in patients with kidney or liver disease.

Adverse Effects
Oral brivudine is generally well tolerated, and the incidences
of potentially treatment-related adverse events are similar for
brivudine (8%) and acyclovir (10%), with nausea being the
most commonly reported adverse event (97).

222 - VIRAL SYNDROMES AND GENERAL PRINCIPLES



Drug Interactions
The main metabolite of brivudine, BVU, irreversibly in-
hibits dihydropyrimidine dehydrogenase, the enzyme that
regulates the metabolism of natural nucleosides like thymi-
dine and other pyrimidine derivatives, including the fluo-
ropyrimidine, 5-fluorouracil (5-FU). Coadministration of
brivudine and 5-FU increases the systemic exposure to 5-FU
and increases its toxicity. When a congener analog, bro-
movinyl arabinosyl uracil (BVaraU), was administered in
Japan to patients receiving 5-FU, several deaths occurred. In
healthy adults who received brivudine at 125 mg once daily
for 7 days, dihydropyrimidine dehydrogenase activity was
fully restored by 18 days after the final dose of brivudine.
Therefore, coadministration of brivudine and fluoropyr-
imidine derivatives, or administration of these agents within
4 weeks of each other, is contraindicated (98).

Resistance
Brivudine resistance occurs with viral strains that are thy-
midine-kinase deficient. There are no reports of clinical iso-
lates with brivudine resistance that developed during therapy.
A broad variety of HSV-1 clones can be selected under a
single round of high-dose brivudine, including acyclovir-
susceptible, but brivudine-resistant, phenotypes. Mutations
associated with brivudine resistance occur in the homopoly-
mer stretches of Gs andCs of the thymidine kinase gene (99).
Serial passage of VZV strains under the pressure of acyclovir,
brivudine, or BVaraU yields variants cross-resistant to all
drugs that depend on the viral thymidine kinase for activa-
tion (100). In contrast, virus strains selected under pressure
of penciclovir are resistant to acyclovir but not to brivudine.

Clinical Applications
Brivudine is available in Europe for topical treatment of
herpetic keratitis as 0.1% eye drops and orally for treatment
of VZV and HSV-1. The efficacy of brivudine at 125 mg
orally once daily for 1 week for treatment of herpes zoster in
immunocompetent subjects > 50 years of age is generally
comparable to that of acyclovir (97) or famciclovir (101).
Incidence of postherpetic neuralgia was lower with brivu-
dine than with acyclovir (33%, versus 44%, respectively)
(97), but similar to that with famciclovir (21% vs. 20%,
respectively) (101). Brivudine appears to be effective for
treatment of herpes zoster in immunocompromised patients
but at higher doses than for acyclovir, 7.5 mg/kg/day in di-
vided doses (102) or 125 mg every 6 hours (103). Topical
brivudine has also been utilized to treat herpetic keratitis
that is clinically resistant to other antiviral agents (104).

Trifluridine
Trifluridine, 5-trifluoromethyl-2¢-deoxyuridine (Viroptic), is
a fluorinated thymidine analog (Fig. 1; Tables 1 and 2) that
is approved in the United States for the treatment of her-
petic keratitis.

Spectrum of Activity
Trifluridine has activity against the DNAviruses HSV-1 and
-2, CMV, and vaccinia virus; there is inconsistent activity
against adenovirus. Inhibitory concentrations for strains of
HSV average 10 mg/ml, and, importantly, acyclovir-resistant
strains of HSV remain susceptible to trifluridine (105).

Mechanism of Action and Pharmacokinetics
Trifluridine is anabolically phosphorylated by cellular
kinases to the triphosphate form, which is a competitive

inhibitor of the HSV DNA polymerase. Trifluridine is
available only as a 1% ophthalmic solution in the United
States. There is no significant systemic absorption.

Adverse Effects
The most frequent adverse reactions reported during clinical
trials were mild, transient burning or stinging upon instil-
lation (5%) and palpebral edema (3%). Other, less common
adverse reactions were superficial punctate keratopathy,
epithelial keratopathy, hypersensitivity reaction, stromal
edema, keratitis sicca, hyperemia, and increased intraocular
pressure. The potential for corneal epithelial keratopathy is
lower with trifluridine than with topical idoxuridine. Tri-
fluridine has shown carcinogenic, mutagenic, and, poten-
tially, teratogenic activities in preclinical assays.

Drug Interactions
No adverse drug interactions have been reported with the
simultaneous treatment of the eye with topical antibacterial,
steroid, or atropine preparations.

Resistance
No reports of clinical isolates of HSV resistant to trifluridine
have appeared, although there is one report of laboratory
selection of trifluridine resistance (106).

Clinical Applications
The primary and approved indication for topical trifluridine
is for primary keratojunctivitis and recurrent epithelial ker-
atitis due to HSV types 1 and 2. Topical trifluridine and
acyclovir are comparable in therapeutic effectiveness, and
both appear more effective than idoxuridine or vidarabine
(107). Topical trifluridine has also demonstrated clinical
utility in the treatment of persistent cutaneous ulcers, due to
acyclovir-resistant HSV infections in patients with AIDS,
and can be considered when faced with HSV ulcers that are
due to acyclovir- and foscarnet-resistant strains.

Ganciclovir
Ganciclovir, 9-(1,3-dihydroxy-propoxymethyl)guanine (Cy-
tovene) (Fig. 1; Tables 1 and 2), is an acyclic nucleoside
analog of guanosine that is structurally similar to acyclovir,
differing only by the presence of a hydroxymethyl group at
the 3¢ position of the acyclic side chain. This difference
confers markedly improved activity against CMV but also a
different toxicity profile.

Spectrum of Activity
The clinical usefulness of ganciclovir derives from its im-
proved anti-CMVactivity; inhibitory concentrations are 0.1
to 1.6 mg/ml for susceptible clinical isolates in contrast to 2.2
to 25 mg/ml with acyclovir (108). Ganciclovir also has ac-
tivity against HSV-1 and -2, VZV, and EBV, with in vitro
inhibitory concentrations in the range of 1- to 3-, 1- to 2-,
and 1- to 5 mg/ml, respectively (108). It is inhibitory for
HHV-6 and HHV-8 (7). Activity against HBV has also been
demonstrated but is not clinically useful.

Mechanism of Action
As with other nucleoside analog antiherpes viral agents,
ganciclovir requires intracellular phosphorylation to trans-
form to its active form. Monophosphorylation in HSV- and
VZV-infected cells is mediated by the virus-encoded thy-
midine kinase that phosphorylates acyclovir (108). In
CMV-infected cells, ganciclovir is monophosphorylated by a
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phosphotransferase, which is the product of the viral UL97
gene. In HHV-6-infected cells, ganciclovir in mono-
phosphorylated by the viral U69 kinase (109). In HHV-8 and
EBV-infected cells, ganciclovir is monophosphorylated by
viral protein kinases (6, 7). Ganciclovir monophosphate is
converted to the di- and triphosphorylated derivatives by
cellular kinases. Ganciclovir triphosphate is a competitive
inhibitor of herpesviral DNA polymerases and is incorpo-
rated into the growing viral DNA chain, where it slows chain
elongation (108). The intracellular t1/2 of ganciclovir tri-
phosphate in CMV-infected cells is > 18 hours; the pro-
longed intracellular t1/2 of ganciclovir triphosphate compared
with that of acyclovir triphosphate may be partially respon-
sible for the improved anti-CMV activity of ganciclovir.

Pharmacokinetics
Ganciclovir is available in intravenous and ophthalmic
formulations and can be administered by direct intravitreal
injection and through an implantable intraocular device
(no longer available in the United States). Following an
intravenous dose of 5 mg/kg, the Cmax is 8 mg/ml; dose-
independent kinetics have been observed at intravenous
doses of £ 5 mg/kg (110). Intravitreal levels averaging 1.2
mg/ml have been reported for patients on induction doses of
intravenous ganciclovir (111). Despite poor oral absorption,
peak levels in plasma of 1 mg/ml can be achieved with a
single oral dose of 1,000 mg taken with food. However, the
bioavailability of oral valganciclovir, which results in plasma
ganciclovir levels comparable to that seen with parenteral
administration, has supplanted the use of oral ganciclovir,
which is no longer available. CNS penetration occurs, with
ratios of drug concentrations in cerebrospinal fluid (CSF) to
those in plasma ranging from 0.24 to 0.70. Ganciclovir is
mainly renally excreted in an almost unchanged form with
an average elimination t1/2 of 2 to 4 hours in subjects with
normal renal function. Dosage adjustments are necessary in
patients with renal impairment, receiving dialysis, or on
continuous renal replacement therapy.

Adverse Effects
Hematologic toxicity is the most important adverse reaction
noted following intravenous ganciclovir administration
(112). Absolute neutrophil counts below 1,000/mm3 have
been noted in approximately 40% of patients with HIV in-
fection and in 7% and 40% of heart and bone marrow
transplant recipients, respectively. Thrombocytopenia
(platelet counts of < 50,000/mm3) occurs with a reported
frequency of 13% in HIV-infected subjects and in 8 to 57%
of transplant recipients. Granulocyte and granulocyte-mac-
rophage colony-stimulating factors are effective in reversing
the neutropenia associated with ganciclovir and permit its
continued use at efficacious doses (113).

Other adverse effects noted in patients receiving ganci-
clovir include headache, neurotoxic reactions, fever, rash,
gastrointestinal complaints (including diarrhea) in subjects
taking the oral capsule formulation, anemia, and abnormal
liver enzymes (112).

Retinal detachment may occur during the course of
treatment of CMV retinitis (114). Detachment results from
scarring and retraction as the infection is controlled or as
the disease progresses. Detachments are probably not due
to a direct toxic effect of the drug and are also seen in
untreated patients, especially newborns with congenital
CMV infection. In patients treated locally with ganciclovir
via an implanted device, local inflammatory reactions,
scleral thinning, and retinal detachments have been

described. Ganciclovir is mutagenic, carcinogenic, and ter-
atogenic in preclinical assays and inhibits the growth of bone
marrow progenitor cells in vitro.

Drug Interactions
In HIV-infected subjects, the use of zidovudine in combi-
nation with induction doses of ganciclovir results in a high
incidence of neutropenia that often precludes their simul-
taneous use, unless granulocyte or granulocyte-macrophage
colony-stimulating factor support is employed. Similarly,
caution must be exercised when administering potential
marrow-suppressive agents to any individual receiving gan-
ciclovir.

Resistance
HSV and VZV isolates, that are resistant to acyclovir on the
basis of thymidine kinase deficiency, exhibit cross-resistance
to ganciclovir. HSV isolates, resistant to acyclovir on the
basis of mutations in the viral DNA polymerase, may remain
susceptible to ganciclovir. Given the relative infrequency
compared to DNA polymerase mutants to thymidine kinase-
deficient mutants, ganciclovir should not be used empirically
in cases in which acyclovir resistance is suspected or proven,
unless the resistance mechanism is known to be DNA po-
lymerase. In vitro studies have shown the potential for HHV-
6 to exhibit resistance to antivirals; however, few clinical
cases have been reported (115–117).

Two basic mechanisms cause resistance to ganciclovir in
CMV clinical isolates. The first, and more common, is due
to point mutations in the UL97 phosphotransferase gene,
which encodes a protein kinase responsible for the mono-
phosphorylation of ganciclovir. Almost all mutations of the
UL97 gene have been found within two clusters of codons,
codons 460 to 520 and 590 to 607, spanning the proposed
ATP-binding and substrate-recognition sites, respectively
(118). Eight UL97 mutations (single amino acid substitu-
tions M460V/I, H520Q, C592G, A594V, L595S, L595F/W
or C603W) account for ganciclovir resistance in most cases
(119, 120), conferring a 3- to 15-fold increase in the gan-
ciclovir concentration required to reduce viral growth
in vitro (119). The overall level of drug resistance increases
as mutations accumulate (119). High-level ganciclovir-
resistant isolates are associated with the presence of both
UL97 and DNA polymerase mutations (121). Less frequent
UL97 mutations in the codon range 590 to 607 confer
varying levels of ganciclovir resistance. Isolates, resistant to
ganciclovir on the basis of UL97 gene mutations, remain
susceptible to foscarnet and cidofovir. The second, and less
common, mechanism of ganciclovir resistance in clinical
CMV isolates consists of mutations in the conserved sub-
domains of the UL54 DNA polymerase gene (118). In such
instances, cross-resistance to cidofovir or foscarnet may be
present. Mutations in UL54 are diverse and cluster in par-
ticular functional domains. Mutations in the exonuclease
and thumb domain generally confer ganciclovir and foscar-
net cross-resistance, possibly by overcoming the idling of the
polymerase complex to permit chain extension beyond the
misincorporated base (122). Mutations in both the UL97
and UL54 genes may coexist and lead to high-level ganci-
clovir resistance. Some UL97 or UL54 mutations confer low
levels of ganciclovir resistance and may be amenable to
ganciclovir dose escalation (up to 10 mg/kg b.i.d.) in the
absence of severe disease.

Before the advent of the era of potent antiretroviral
therapy, the degree of immunosuppression in indi-
viduals with AIDS, combined with the need to continue
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maintenance therapy in subjects with retinitis, provided an
appropriate milieu for viral resistance to emerge (123). In
one series of CMV retinitis patients, 7.6% excreted resistant
virus following 3 or more months of ganciclovir therapy
(123). Infection with ganciclovir-resistant CMV has been
associated with increased morbidity and mortality in solid
organ transplant recipients (124–126). In this population,
long durations of oral ganciclovir or valganciclovir prophy-
laxis have not been associated with an increase in ganci-
clovir-resistant CMV disease due to a lack of viral
replication (126). An alternative option to the prevention
of CMV disease after transplant, the preemptive approach,
has a higher frequency of drug-resistance emergence (127–
129). CMV seronegative recipients of CMV-seropositive
donor organs (D+/R-) are at increased risk for CMV drug
resistance, with resistance developing in 5 to 12% (126).
Other groups at risk of ganciclovir resistance include haplo-
identical or allogeneic HSCT recipients (incidence of 15%)
and infants receiving long-term ganciclovir or valganciclovir
therapy for congenital CMV infection (129–131). CMV
ganciclovir resistance should be suspected in transplant re-
cipients who have received several weeks of full-dose gan-
ciclovir therapy and show a persistent or increasing CMV
viral load or disease progression. CMV resistance testing can
assist in identifying drug-resistant strains in refractory CMV
infection. Genotypic assays detect the presence of viral-se-
quence variations known to be associated with antiviral
resistance and are commonly used in clinical practice (119).
Newly identified genotypic mutations need to be confirmed
as conferring resistance using phenotypic methods available
in research laboratories (119). Subtherapeutic ganciclovir
dosing can lead to incomplete inhibition of viral replication
and to selection of drug-resistant strains (132). Therapeutic
drug monitoring may provide dosage guidance but is not
routine and has not been validated in prospective studies
(118, 126).

Clinical Applications
Ganciclovir is useful for the treatment and prophylaxis
of CMV infections in immunocompromised hosts. In HIV-
infected patients with CMV retinitis, rates of initial response
to intravenous ganciclovir are generally 75 to 85% (133).
Induction courses of 5 mg/kg b.i.d. for 14 to 21 days must be
followed by maintenance therapy for at least 3 to 6 months,
until the CD4+ cell count has risen to > 100/mm3 on an-
tiretroviral therapy (ART) and with the concurrence of an
ophthalmologist; otherwise, predictable recurrence and
progression of CMV retinitis will occur in the absence of
immune restoration by potent antiretroviral therapy. Fo-
scarnet is comparable to ganciclovir as primary therapy for
CMV retinitis and was reported to confer a median 4-month
survival advantage before the availability of potent antire-
troviral therapy (134). Ganciclovir, delivered locally by
ocular implants, is effective in controlling CMV retinitis in
patients intolerant of systemic ganciclovir. The combination
of ganciclovir implants and oral ganciclovir has been shown
to provide both systemic and local drug activity with de-
creased progression of existing disease and decreasing inci-
dence of new CMV disease (135). However, the use of
implants has declined dramatically in the era of potent an-
tiretroviral therapy, and they are no longer manufactured.
The immune-response inflammatory syndrome can occur in
patients with CMV retinitis who are treated with ART, so
close monitoring for this complication is indicated.

Ganciclovir is effective for gastrointestinal disease due to
CMV in HIV-infected subjects, although the need for

maintenance therapy is still debated in the absence of anti-
retroviral therapy. CNS disease and CMV polyradiculopathy
have more variable response rates. Combination regimens
with foscarnet suggest that these two agents can be used
safely when administered concurrently or in alternating
regimens (114). In severe or immediately life-threatening
circumstances, such as CMV encephalitis, combined initial
treatment with ganciclovir and foscarnet is a consideration.
In vitro data suggest that a combination of ganciclovir and
foscarnet is synergistic against ganciclovir-susceptible or
weakly resistant CMV isolates; however, there are insuffi-
cient clinical data to determine whether combination anti-
viral therapy is superior to monotherapy.

In other immunocompromised hosts, such as solid-organ
transplant recipients, ganciclovir appears to be effective for
treating invasive CMV disease, but responses in bone mar-
row transplant recipients are variable. Ganciclovir mono-
therapy is ineffective in treating CMV pneumonia in this
population, and ganciclovir was not better than placebo for
CMV gastrointestinal disease (136). Early studies showed
improved outcomes with ganciclovir combined with im-
munoglobulin for the treatment of CMV pneumonia in
HSCT recipients. However, a recent large retrospective
study showed a modest improvement in outcomes over the
past 25 years, largely attributed to antiviral treatment and
changes in transplant practices rather than to immuno-
globulin-based treatments (137).

Ganciclovir has been studied extensively for prevention
of CMV disease in organ transplant recipients. Effective
strategies include prophylaxis, targeted prophylaxis, and
preemptive therapy. Prophylaxis refers to administration of
ganciclovir to all patients prior to detection of CMV viremia
during the highest-risk period, usually for a predetermined
time after transplantation. Targeted prophylaxis refers to
administration of drug during a defined period of increased
immunosuppression, such as OKT3 or antilymphocyte
globulin treatment for rejection, prior to detection of CMV
viremia. Preemptive therapy refers to initiation of treat-
ment following the detection of CMV viremia or a positive
CMV antigen test in the absence of clinically evident CMV
disease.

Ganciclovir and foscarnet are considered first line ther-
apies for established HHV-6 disease in transplant recipients.
Ganciclovir in combination with other therapies may be
efficacious in multicentric Castleman’s disease because of the
presence of active HHV-8 replication in association with
this disease (138). Intravitreal ganciclovir can be used for
acute retinal necrosis due to herpesviruses in combination
with systemic antivirals (76).

Topical ganciclovir is licensed for the treatment of herpes
simplex keratoconjunctivitis.

Valganciclovir
Valganciclovir, L-valine, 2-[(2-amino-1,6-dihydro-6-oxo-9H-
purin-9-yl)methoxy]-3-hydroxypropyl ester, monohydro-
chloride (Valcyte), is the L-valyl ester of ganciclovir and was
designed, in a manner similar to that for valacyclovir, as a
prodrug to enhance the oral bioavailability of the parent
compound (Fig. 1; Tables 1 and 2). It has been approved for
treatment of CMV retinitis in patients with HIV infection
and for prevention of CMV disease in high-risk kidney,
heart, and kidney-pancreas transplant patients.

Spectrum of Activity
Since valganciclovir is completely converted to ganciclovir,
their spectra of activity are identical.
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Pharmacokinetics
Valganciclovir is available in oral formulations. Valganci-
clovir is rapidly absorbed and hydrolyzed by intestinal and
hepatic esterases to ganciclovir and exhibits an approxima-
tely 10-fold increase in oral bioavailability compared to oral
ganciclovir (139). Ganciclovir levels are detected in serum
within 15 minutes of valganciclovir administration. In
healthy volunteers, given 900 mg of valganciclovir, Cmax
averaged 5.6 mg/ml. The Cmax and the time to attain the
peak were greater and shorter, respectively, than those
achieved with oral ganciclovir. A dose of 900 mg of val-
ganciclovir produces the same drug exposure as a 5-mg/kg
intravenous dose of ganciclovir in liver transplant recipients
(140). Dosage adjustments are necessary in patients with
renal impairment. Limited data support the use of valgan-
ciclovir in patients receiving dialysis. For treatment of CMV
infection in hemodialysis patients, a recent guideline rec-
ommends 200 mg of the oral powder formulation three times
weekly for induction and 100 mg three times weekly for
maintenance (141). For CMV prophylaxis, 450 mg two- or
three times weekly has been shown to be safe and effective in
patients receiving hemodialysis (142). For patients receiving
continuous renal replacement therapy, 450 mg every 48
hours for been recommended for CMV prophylaxis based on
data in two patients (143).

Adverse Effects
In the pharmacokinetic studies to date, headache, nausea,
and diarrhea have been most frequently noted, with neu-
tropenia also seen with longer-term dosing.

Drug Interactions
No formal drug interaction studies with valganciclovir have
been reported, but the profile would be expected to be
similar to that for ganciclovir.

Resistance
Ganciclovir-resistant CMV may emerge during valganci-
clovir therapy, and the mechanisms are similar to those re-
ported for ganciclovir. Initial studies in solid-organ transplant
patients receiving valganciclovir prophylaxis suggest that
genotypic resistance is rare (144). However, among 225
CMV donor-seropositive (D+)- recipient-seronegative (R-)
kidney, pancreas, liver, and heart transplant recipients, 9 of
65 (15%) patients who developed CMV disease had clini-
cally suspected drug-resistant virus, and 4 had confirmed
UL97 or UL54 mutations (145). Allograft loss and mortality
occurred in two of four patients with proven drug-resistant
CMV disease and in three of five patients with clinically
suspected drug-resistant CMV disease. Among 607 lung
transplant recipients (D+/R- and R+), receiving valganci-
clovir prophylaxis for ‡ 6 months, CMV infections were
diagnosed in 28% (170/607), and UL97 resistance mutations
were detected in 9.4% (16/170) (124).

Clinical Applications
In HIV-infected subjects, oral valganciclovir (900 mg b.i.d.
for 3 weeks and then 900 mg once daily for 1 week) has been
shown to be comparable to intravenous ganciclovir in the
induction phase of treatment for CMV retinitis (146). At
week 4, 86% of ganciclovir recipients and 88% of valgan-
ciclovir recipients showed no evidence of disease progression
by fundoscopic photography, and the percentage of subjects
with CMV viremia declined comparably in both groups. The
approved dosage of valganciclovir is 900 mg orally b.i.d. for

induction therapy of CMV disease and 900 mg once daily for
maintenance and prophylaxis after transplantation, adjusted
for renal function. Valganciclovir and intravenous ganci-
clovir are both recommended for the treatment of nonsevere
CMV disease (147), when gastrointestinal disease does not
impair adequate bioavailability of valganciclovir. Length of
treatment is determined by the monitoring of weekly CMV
viral loads and continuing treatment until one or two con-
secutive negative samples are obtained with a minimum
treatment course of 2 weeks.

The benefit of valganciclovir therapy to prevent CMV
disease after solid-organ transplantation is well established,
but the best strategy (preemptive or prophylactic), treatment
regimen (full-dose or low-dose valganciclovir), and duration
have not yet been fully delineated (128). Prophylaxis is
preferred for D+/R- heart or lung transplant recipients based
on the data suggesting better graft survival and clinical
outcomes (148). Recommended durations of prophylaxis for
high-risk D+/R- recipients is 6 to 12 months for lung trans-
plant recipients, more than 6 months for intestinal transplant
recipients, 6 months for renal recipients, and 3 to 6 months
for liver, heart, and pancreas transplant recipients (128).
Variation in duration of prophylaxis is dependent on the
degree of immunosuppression, including the use of antithy-
mocyte antibodies. Recommended durations of prophylaxis
for R+ recipients are ‡ 6 months for lung transplant recipi-
ents, 3 to 6 months for those receiving potent immunosup-
pression or intestinal transplant recipients, and 3 months for
kidney, pancreas, liver, and heart transplant recipients (128).
There are insufficient data to support the use of half the
recommended dose of valganciclovir for prophylaxis (i.e., 450
mg daily in patients with normal renal function) although
some centers have reported success (128). Furthermore,
prolonged low ganciclovir levels may result in high rates of
ganciclovir resistance, as reported with prolonged oral gan-
ciclovir use (149). CMV preemptive therapy is more widely
used than prophylaxis in HSCT recipients because of the
bone marrow toxicities of ganciclovir and the equivalence of
clinical outcomes (150).

There are conflicting reports on the benefit of preemptive
anti-CMV therapy in HIV-infected patients with persis-
tently low CD4+ T cells, and any benefit must be balanced
with risk of drug toxicity and the low rate of CMVend-organ
disease in the potent ART era (151–153).

Symptomatic congenital CMV disease involving the
central nervous system is routinely treated with 6 weeks of
intravenous ganciclovir or oral valganciclovir. A recent
randomized controlled trial demonstrated the benefit of 6
months of valganciclovir, as compared to 6 weeks, on long-
term audiologic and neurodevelopmental outcomes. See
Chapter 23 (154).

Foscarnet
Foscarnet, trisodium phosphonoformate (Foscavir) (Fig. 1;
Tables 1 and 2) is a pyrophosphate analog that differs from
the other major antiherpes viral agents in that it is not a
nucleoside or nucleotide analog.

Spectrum of Activity
Foscarnet has in vitro activity against HSV-1 and -2, VZV,
CMV, EBV, HHV-6, HIV, and HBV. Inhibitory concentra-
tions of foscarnet for viral DNA polymerases are 0.4 to 3.5
mM for HSV-1, 0.6 to 22 mM for HSV-2, 0.4 mM for VZV, 0.3
mM for CMV, 0.5 to 3.0 mM for EBV, and 0.1 to 0.5 mM for
HIV. Inhibitory concentrations for viral replication vary
considerably. For example, the IC50 of foscarnet for isolates
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of HSV, CMV, and HIV are 10 to 130, 100 to 300, and 10 to
25 mM, respectively (155). The different concentrations
needed for enzyme inhibition and inhibition of viral repli-
cation are due to inefficient transport of this highly charged
molecule across cell membranes. Isolates of HSV, VZV, and
CMV, resistant to acyclovir and ganciclovir on the basis of
diminished ability to phosphorylate these agents, remain
susceptible to foscarnet.

Mechanism of Action
Foscarnet differs from nucleoside-analog inhibitors in a
number of important respects: foscarnet does not require
intracellular metabolism for activation, is a noncompetitive
inhibitor of viral DNA polymerases, and is not incorporated
into the growing viral DNA chain. It blocks the pyrophos-
phate-binding site on the viral DNA polymerase, thereby
interfering with pyrophosphate exchange from deoxy-
nucleotide triphosphate moieties.

Pharmacokinetics
Foscarnet is available as an intravenous formulation and can
be administered as a continuous or intermittent infusion.
Following intravenous administration of doses of 60 and 90
mg/kg, the Cmax is 509 and 766 mM, respectively (156). The
initial elimination t1/2 in plasma is 4.5 to 8.2 hours in sub-
jects with normal renal function, but there is a more pro-
longed terminal elimination t1/2 that may extend as long as
88 hours. This prolongation relates to the deposition of the
drug in bone, which can account for 20% of an administered
dose (156). Foscarnet is mainly eliminated by the renal
route, by glomerular filtration and tubular secretion. The
CSF-to-plasma ratio of foscarnet averages 0.66, but a wide
interpatient variability exists (157). Dose adjustments for
renal insufficiency are necessary. Foscarnet is not recom-
mended for patients undergoing hemodialysis because dos-
age guidelines have not been established.

Adverse Effects
Foscarnet has a number of important potential side effects.
The most frequent is nephrotoxicity, with elevations of
creatinine noted in the majority of treated subjects.
Nephropathy related to foscarnet is due to reversible tubular
lesions caused by degeneration of tubular epithelial cells
often associated with foscarnet crystals, tubulointerstitial
lesions resulting from toxic tubular injury, and glomerular
lesions with obstructing foscarnet crystals. Systemic foscar-
net crystal precipitation with intravascular obstruction has
been reported and can lead to multiorgan failure (158, 159).
Saline hydration can reduce the risk of nephrotoxicity.

Metabolic abnormalities include hypo- and hypercalce-
mia, hypomagnesemia, hypokalemia, and hypo- and hy-
perphosphatemia. Direct complexing of ionized calcium by
foscarnet in the plasma may be responsible for hypocalce-
mia, and inhibition of the tubular reabsorption of phosphate
may be responsible for the hypophosphatemia. Decreases
in ionized calcium may not be reflected by the total serum
calcium, and thus close observation for manifestations of
hypocalcemia, such as paresthesias and tetany, is important.

Neurologic toxicities include tremor, altered sensorium,
and seizures; the last is potentiated by the tendency for
foscarnet to cause hypocalcemia. Anemia and neutropenia
occur in as many as 33 and 17% of patients, respectively.
Other side effects include headache, nausea, vomiting, and
genital ulcerations, the last probably the result of local
toxicity from the high concentrations of foscarnet excreted
in the urine. In some test systems, foscarnet has demon-

strated mutagenic and teratogenic effects, and its safety in
pregnancy has not been evaluated. Its poor solubility re-
quires administration of large fluid volumes; slow infusion is
needed to minimize the risks of seizures and other manifes-
tations of hypocalcemia.

Drug Interactions
Foscarnet should be used with particular caution in patients
receiving pentamidine, because hypocalcemia can be po-
tentiated by their concomitant use. Zidovudine and foscar-
net exhibit no pharmacokinetic interactions, but together
they may increase the risk for anemia (160). Elimination of
foscarnet may be impaired by medications that inhibit renal
tubular secretion. Any potentially nephrotoxic agent should
be used with caution in patients receiving foscarnet. Gan-
ciclovir exhibits no pharmacokinetic interactions with fos-
carnet, but dose adjustments of both drugs are necessary if a
decrease in creatinine clearance occurs.

Resistance
Since foscarnet does not require intracellular activation,
resistance to this agent occurs exclusively at the level of the
viral DNA polymerase. Clinical isolates of HSV, CMV, and
VZV, resistant to foscarnet, have been described, and the
in vitro susceptibility of HSV strains derived from HIV pa-
tients correlates with foscarnet treatment success or fail-
ure (24, 161–170). For resistant isolates of HSV, CMV, and
VZV, there are 3- to 8-fold increases in inhibitory concen-
trations, and progressive CNS disease has been associated
with foscarnet-resistant HSV strains (171). Foscarnet-
resistant HSV and CMV strains may remain susceptible to
acyclovir and ganciclovir, respectively, although dually re-
sistant clinical isolates have been described (172–174). For
such isolates, cidofovir remains a therapeutic option. Re-
sistance of HIV to foscarnet has been linked to mutations in
reverse transcriptase.

Clinical Applications
Foscarnet is a well-established antiviral option in immuno-
compromised patients, and it is usually administered as a
second-line option to ganciclovir. Foscarnet is an effective
treatment for CMV retinitis, either as primary therapy or
when there is suspicion or proof of ganciclovir resistance.
Foscarnet is also useful for acyclovir-resistant mucocutane-
ous HSV or VZV infection, described mainly in patients
with HIV infection and some hematology-oncology patients
(175–179). One comparative trial of foscarnet and ganci-
clovir found that the two drugs were equivalent with respect
to CMV outcome, but the foscarnet group exhibited an
improved survival rate, with foscarnet extending life by an
average of 4 months (134). When used as maintenance
therapy for established CMV retinitis, the time to recurrence
is inversely proportional to the foscarnet dosage employed.
Therefore, a maintenance dosage of 120 mg/kg/day results in
a delayed time to progression compared to that obtained
with 90 mg/kg/day (180). Switching to foscarnet is recom-
mended for CMV disease in transplant recipients if higher-
level ganciclovir resistance emerges or if CMV disease is
severe and low-level ganciclovir resistance is present or
suspected. Uncontrolled studies suggest a benefit for foscar-
net in visceral CMV disease, except for CMV pneumonitis
in bone marrow transplant and lung transplant recipients
(124). Foscarnet can be used safely in conjunction with
ganciclovir given either concomitantly in full doses for se-
vere syndromes, such as CMV ventriculoencephalitis in
patients with AIDS or in alternating maintenance regimens
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(181). Intravitreal foscarnet has been employed in CMV
retinitis and acute retinal necrosis due to herpesvirus infec-
tion (76).

Foscarnet may have a particular role in the prophylaxis of
CMV infections in hematopoietic stem cell transplant
(HSCT) recipients. In allogeneic HSCT patients with CMV
antigenemia or viremia, preemptive foscarnet therapy dem-
onstrated an efficacy similar to that of ganciclovir but was
associated with a lower rate of neutropenia and treatment-
limiting hematologic toxicity (182). Although foscarnet
exhibits in vitro and in vivo anti-HIV activities, its toxicity
profile and requirement for parenteral administration pre-
clude its use. It has been ineffective for HBV.

A topical cream containing 1% foscarnet was effective in
the treatment of mucocutaneous HSV infections unre-
sponsive to acyclovir (183) and avoids the adverse effects
associate with intravenous administration. However, topical
foscarnet creams are not commercially available.

Cidofovir
Cidofovir, (S)-1-[3-hydroxy-2-(phosphonylmethoxy)propyl]
cytosine (Vistide) (Fig. 1; Tables 1 and 2), is an acyclic
phosphonate nucleotide analog, which belongs to a fami-
ly of phosphonylmethoxyalkyl derivatives of purines and
pyrimidines.

Spectrum of Activity
Cidofovir has been primarily developed as an anti-CMV
agent, but it has broad spectrum antiherpesvirus activity in
addition to in vitro activity against human papillomaviruses,
adenoviruses, poxviruses, and polyomaviruses. The in vitro
IC50 for clinical CMV isolates is in the range of 0.1 mg/ml
(184). In general, ganciclovir- and foscarnet-resistant strains
of CMV and HSV remain susceptible to cidofovir.

Mechanism of Action
Cidofovir is taken up by both virally infected and uninfected
cells and does not require the action of a virus-induced
kinase to be converted to its active moiety (185). The
structure of cidofovir represents a monophosphorylated nu-
cleotide. This highly charged phosphonate poorly penetrates
cell membranes, limiting its activity and contributing to
renal toxicity. Cellular enzymes convert cidofovir to its di-
phosphate form, which, as an analog of a nucleotide tri-
phosphate, is a competitive inhibitor of the viral DNA
polymerase and causes premature chain termination. Cido-
fovir diphosphate has an intracellular t1/2 of > 48 h, an
important factor that permits intermittent dosing schemes
not previously possible for other anti-CMVagents. There is a
25- to 50-fold selectivity of cidofovir diphosphate for the
viral, compared to the cellular, DNA polymerase (185).

Pharmacokinetics
Cidofovir can be administered intravenously, topically, and
by ocular implant (no longer available). Direct intraocular
injection of cidofovir is contraindicated. Plasma Cmax av-
erages 3.1 to 23.6 mg/ml with intravenous doses of 1.0 to 10.0
mg/kg, respectively. Cidofovir has poor CSF penetration,
and ocular penetration has not been well characterized. The
elimination t1/2 in plasma is 2.6 hours, and 90% of the drug is
excreted in the urine, with renal tubular secretion contrib-
uting substantially to clearance (186). Dose reduction is
necessary, in the setting of renal insufficiency, if the benefit
of the drug is thought to outweigh the risk of worsening renal
function.

Adverse Effects
The major adverse effect of cidofovir is nephrotoxicity,
which appears to result from renal tubular damage (187). At
a dosage of 5 mg/kg twice weekly without concomitant
probenecid, renal toxicity is common and is manifested
by proteinuria and glycosuria (187). Concomitant use of
high-dose probenecid appears to permit 5 mg/kg weekly
or biweekly dosages of cidofovir to be tolerated. Cardiomy-
opathy occurred in one HIV-infected subject treated simul-
taneously with stavudine, and erythematous cutaneous
eruptions have been described in subjects treated with ci-
dofovir and probenecid (187). Iritis and hypotony (de-
creased intraocular pressure) are notable complications of
both systemically and intravitreally administered cidofovir
(188). Topical corticosteroids are effective in controlling the
iritis associated with cidofovir if it is deemed in the patient’s
best interest to continue the drug. Neutropenia occurs in
approximately 20% and requires monitoring. When cido-
fovir is administered with probenecid, hypersensitivity re-
actions, nausea, vomiting, and diarrhea occur commonly.
Preclinical studies indicate that cidofovir has mutagenic,
gonadotoxic, embryotoxic, and teratogenic effects. Cidofo-
vir is associated with tumors in rats.

Drug Interactions
Probenecid has a nephroprotective effect in animal models
and likely in humans. At cidofovir doses of 3 mg/kg, pro-
benecid does not affect the clearance of cidofovir. However,
at higher doses of cidofovir, probenecid given pre- and post-
infusion reduces renal clearance (189). This differential ef-
fect of probenecid, dependent on the cidofovir dose, is not
fully explained but has been hypothesized to reflect the
presence of multiple tubular secretion pathways (189). The
first may be high-affinity, probenecid-insensitive, and satu-
rable. Once saturated, a probenecid-sensitive secretory
mechanism may then be operative. Coadministration of ci-
dofovir with probenecid is recommended to reduce neph-
rotoxicity. Coadministration with other nephrotoxic drugs,
such as foscarnet or aminoglycosides, should be avoided.

Resistance
CMV resistance to cidofovir may emerge during chronic use.
After 3 months of cidofovir therapy for CMV retinitis, 29%
of subjects had CMV isolates with reduced susceptibility to
cidofovir (190). However, reduced susceptibility to cidofovir
in vitro may not predict clinical progression (191). Most of
the known mutations that confer cross-resistance between
ganciclovir and cidofovir map to the exonuclease domains
located between amino acids 300 and 545 of UL54 (192).
HSVand HHV-6 resistance to cidofovir emerges under drug-
selection pressure in vitro but has not been reported in
clinical isolates (30).

Clinical Applications
Cidofovir is effective in some HIV-infected patients with
CMV retinitis and failure to respond or intolerance to gan-
ciclovir and foscarnet. An induction course of cidofovir of 5
mg/kg weekly for 2 weeks is followed by dose-frequency re-
duction to every other week. In patients with relapsed CMV
retinitis, the 5-mg/kg-every-other-week maintenance regi-
men was more effective in delaying recurrence but was as-
sociated with a higher incidence of nephrotoxicity than the
lower-dose regimen (3 mg/kg) (193). Cidofovir may be
considered in transplant recipients with CMV infections
resistant to ganciclovir and foscarnet, although there is little
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information on the efficacy of cidofovir in this setting, and
dose-limiting nephrotoxicity is frequent (128).

Cidofovir can also be considered for the treatment of
acyclovir-resistant and foscarnet-resistant mucocutaneous
HSV infections, either by the intravenous route or topically,
as a gel, which is not available as a commercial formulation
(194–198). Clinical experience with the use of cidofovir for
the treatment of drug-resistant VZV disease is very limited
(199). Cidofovir, in addition to antiretroviral therapy, is not
effective for the treatment of HIV-associated progressive
multifocal leukoencephalopathy (200). Cidofovir is com-
monly used for the treatment of adenoviral infection in bone
marrow and solid organ transplant recipients, although no
randomized trials have been performed (201, 202). Cidofo-
vir 1% ointment (not commercially available) has also been
studied as an investigational drug for the topical treatment of
human papillomavirus infections in immunosuppressed pa-
tients and for intralesional treatment of respiratory papil-
lomatosis (203, 204).

Cidofovir interferes with poxviral DNA replication at
concentrations well below those that are toxic for human
cells and has a remarkably long intracellular t1/2, making it
an attractive agent for prophylaxis against smallpox were it
to be utilized in a bioterrorism attack. Aerosolized doses of
cidofovir prevented lethal intranasal or aerosol cowpox virus
infection in murine models (205). Cidofovir may be clini-
cally useful against other poxvirus diseases, including recal-
citrant molluscum contagiosum and in immunosuppressed
populations (206).

Other Antiherpesvirus Agents

Docosanol
Docosanol, C22H46OC (Abreva), is a 22-carbon saturated
alcohol that inhibits replication of HSV-1 and -2. A highly
lipophilic compound, docosanol inhibits entry of lipid-
enveloped viruses into target cells by fusion with the cell
plasma membrane. As a result, the virus remains on the cell
surface and is blocked from entering the nucleus for vi-
ral replication. Docosanol lacks direct virucidal activity
(207), and cellular metabolism may be required for its anti-
viral activity. Topical docosanol was approved by the FDA in
July 2000 for the treatment of recurrent herpes labialis in
adults and children aged 12 years and older. It is the only
nonprescription drug available for this indication. However,
topical acyclovir is more effective than docosanol for treating
HSV infections. Mild side effects, including headache and
application site reactions, have been reported with docosanol.

Imiquimod
Imiquimod, 1-(2-methylpropyl)-1H-imidazo[4,5-c]quinolin-
4-amine (Aldara), is an agonist for Toll-like receptor 7

(TLR-7). Binding promotes maturation of dendritic cells as
well as production of IFN-a, IFN-g (indirectly), interleukin
12 (IL-12), IL-6, IL-8, and/or tumor necrosis factor from
dendritic and other innate immune cells. There is no direct
antiviral effect.

Imiquimod is available as a 5% topical cream. Following
application to affected skin, some systemic absorption is
seen, with levels in serum ranging from 0.1 to 3.5 ng/ml,
depending on the dose and location of application. Urinary
recoveries of as much as 0.15% are seen following thrice-
weekly treatment with 75 mg for 16 weeks. Use of imiqui-
mod is often limited by local toxicity, which, although
usually mild or moderate, can be severe (skin weeping,
erosion). Common adverse events include erythema, burn-
ing, pain, erosion, induration, and edema.

Imiquimod is approved for the treatment of actinic ker-
atosis, superficial basal cell carcinoma, and external genital
or perianal warts. Because of its immunomodulatory and
consequent antiviral effects, it has been studied for treatment
of both oral and genital HSV infection. Several case reports
have noted more rapid healing of primary HSV-2 lesions and
decreased viral shedding in patients with acyclovir-resistant
HSV lesions. In an open-label, controlled study for treat-
ment of herpes labialis, subjects receiving imiquimod had a
longer time to recurrence, but the trial was stopped early due
to severe local toxicity in the imiquimod group (208). A
controlled dose-ranging study for herpes genitalis found no
effect of imiquimod on time to recurrence (209).

Investigational Antiherpesvirus Agents
There are several novel and potentially effective compounds
under preclinical and early clinical investigation, some of
which are listed in Table 3. New antiherpesvirus drugs in-
clude inhibitors of immediate early-gene expression, non-
nucleoside DNA polymerase inhibitors, helicase-primase
inhibitors, inhibitors of protein-protein interactions among
DNA replication proteins, and inhibitors of assembly, en-
capsidation, and nuclear egress (192, 210).

Brincidofovir
The lipophilic derivative of cidofovir, brincidofovir,
hexadecyloxypropyl-cidofovir ([HDP-CDV] (CMX001)
(Fig. 2), shows much improved oral bioavailability, increased
cellular uptake, and lack of nephrotoxicity. Brincidofovir is
absorbed in the small intestine and transported throughout
the body as a phospholipid; it penetrates cell membranes
more readily than cidofovir and is converted intracellularly
to cidofovir diphosphate after cleavage of its lipid moiety
and phosphorylation by cellular kinases (211). Brincidofovir
achieves higher levels of intracellular cidofovir diphosphate
than cidofovir and is highly active against many human

TABLE 3 Selected investigational antiherpesvirus drugs

Agent Chemical backbone Spectrum Mechanism(s) of action
Stage of

development

ODE-CDVa Alkoxyalkyl ester of cidofovir CMV, smallpox virus Inhibition of DNA synthesis Preclinical
Pritelivir (BAY 57-1293;
AIC316)

Thiazole urea derivative HSV-1, HSV-2 Helicase-primase inhibitor Phase II

Amenamevir (ASP2151) Oxadiazdiazolephenyl derivative HSV-1, HSV-2, VZV Helicase-primase inhibitor Phase III
BILS 179 BS Thioazolylphenyl compound HSV-1, HSV-2 Helicase-primase inhibitor Preclinical
Valomaciclovir
(EPB 348, H2G)

Prodrug of acyclic
guanosine analog

HSV-1, HSV-2,
EBV, VZV

Nucleoside analog Phase II

aODE-CDV, octadecyloxyethyl-cidofovir.
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DNA viruses (212, 213). Brincidofovir was shown to sup-
press CMV disease in hematopoietic cell transplant in a
phase 2 clinical trial (214). Myelosuppression or nephrotox-
icity was not increased in the brincidofovir group. Diarrhea
was a dose-limiting adverse effect; however, a dose of 100 mg
twice weekly was effective at preventing CMV infection and
resulted in milder diarrhea. A pivotal phase 3 clinical trial in
hematopoietic stem-cell transplant recipients was recently
terminated for the lack of efficacy. Preliminary results from a
phase 3 study evaluating brincidofovir for the treatment of
adenovirus infection showed a reduction or clearance of
adenovirus during therapy (215). Brincidofovir has shown a
survival benefit in an animal model of smallpox infection
(216). In vitro studies have demonstrated activity against
Ebola virus, an RNA virus, which is probably attributable to
cellular toxicity. A subsequent clinical trial was halted by
the manufacturer, citing an insufficient number of patients
(217, 218). In contrast to DNAviruses, activity against Ebola
virus requires the lipid moiety, and phosphorylation of ci-
dofovir to the diphosphate form appears unnecessary (218).
Brincidofovir is available for compassionate use.

Maribavir
Maribavir, 5,6-dichloro-2-(isopropylamino)-1-ß-L-ribofur-
anosyl-1H-benzimidazole (GW1263W94) (Fig. 2), belongs
to a new class of drugs, the benzimidazole ribosides, and has a
novel mechanism of action that differs from those of avail-
able CMV drugs. Maribavir does not require intracellular
activation, and its phosphorylated forms do not directly in-
hibit the viral DNA polymerase. Instead, maribavir’s main
mechanism is related to blocking the nuclear egress of newly
formed CMV virions by inhibiting UL97’s phosphorylation
of Lamin A/C (219, 220). Maribavir has activity against only
two of the human herpesviruses, CMVand EBV. It is an oral
agent with a plasma elimination t1/2 of 3 to 5 hours and is
extensively metabolized to an inactive metabolite by the
hepatic cytochrome P450 3A4 isozyme (221).

A phase II dose-ranging study for CMV prophylaxis in
allogeneic stem-cell transplant recipients compared mar-
ibavir 100 mg twice daily, 400 mg once daily, and 400 mg
twice daily, with placebo. Within the first 100 days after

transplantation, the incidence of CMV infection was lower
in each maribavir dosing group (222). Two subsequent Phase
3 prophylaxis studies, one in allogeneic stem-cell transplant
recipients (223) and one in liver transplant recipients (224),
were conducted utilizing the 100 mg twice-daily dose. In
stem-cell transplant recipients, maribavir failed to prevent
CMV disease compared to placebo. The study in liver
transplant recipients, which was stopped early, found that
maribavir was inferior to oral ganciclovir. Failure in these
studies has largely been attributed to the use of the lower 100
mg twice-daily dose (225). Maribavir has in vitro activity
against ganciclovir- or cidofovir-resistant CMV, and small
case series suggest a possible clinical benefit at higher doses
in patients who failed to respond to other therapies and/or
had known ganciclovir-resistant CMV (226). In all of these
studies maribavir was well tolerated, with taste disturbance
being the most significant adverse effect noted (223). An
additional Phase II study for treatment of resistant or re-
fractory CMV infections in transplant recipients, with doses
as high as 1200 mg twice daily, has recently been completed
(clinicaltrials.gov NCT00002373). Maribavir may be
available for compassionate use if specific criteria are met.

Letermovir
The CMV terminase complex is comprised of two pro-
teins, pUL89 and pUL56, whose main function is to cleave
CMV DNA concatemers into functional CMV monomers
(227, 228). Letermovir (AIC246, MK-8228) (Fig. 2) is a
3,4-dihydro-quinazoline-4-yl-acetic acid derivative and the
most advanced viral-terminase complex inhibitor. Le-
termovir has activity only against CMV and, because of its
novel mechanism, has no cross-resistance with other ap-
proved anti-CMV agents. A Phase II study in allogeneic
hematopoietic-cell transplant recipients found oral le-
termovir effective in reducing the incidence of CMV in-
fection compared to placebo and without any significant
adverse effects (229). In this study, the highest dose of 240
mg/day had the greatest anti-CMV activity. A phase 3 study
for prevention of CMV in allogeneic hematopoietic stem-
cell transplant recipients examining intravenous or oral le-
termovir 240 mg or 480 mg once daily (dose dependent on
concomitant administration of cyclosporin) is ongoing
(clinicaltrials.gov NCT02137772). Letermovir is not avail-
able for compassionate use.
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Antiviral therapy for hepatitis viruses, in particular hepatitis
C virus (HCV), has evolved dramatically over the past 5 to
10 years. This chapter reviews agents that have been, or are
being, developed to treat hepatitis B virus (HBV) (Chapter
32) and HCV (Chapter 54) infections. Detailed information
is provided for approved agents and those in advanced stages
of clinical development. Agents in earlier stages of devel-
opment are described more briefly. Agents approved but
rarely if ever used for a specific pathogen have been removed
from this edition (e.g., interferon-a and HBV). The reader is
referred to the respective disease-specific chapters for full
discussions of the viral agents and the diseases they cause.

ANTIVIRAL AGENTS FOR HEPATITIS B
INFECTION
Lamivudine

Clinical Use
Lamivudine’s (4-Amino-1-[(2R,5S)-2-(hydroxymethyl)-1,3-
oxathiolan-5-yl]-2(1H)-pyrimidinone; Epivir, Epivir-HB)
mechanism of action against HBV parallels its mechanism
against HIV. Lamivudine inhibits HBV DNA polymerase-
reverse transcriptase (Table 1). For a full discussion of the
pharmacology of lamivudine, refer to Chapter 11 on anti-
retroviral agents. Treatment with 100 mg of lamivudine
daily for 12 months normalizes the serum alanine amino-
transferase (ALT) level and improves histologic inflamma-
tory scores in 50% to 70% of chronic hepatitis B patients
(1). A loss of HBeAg is seen in up to 30% of patients treated
with lamivudine, and HBeAg seroconversion, defined as the
loss of HBeAg, undetectable levels of serum HBV DNA, and
the appearance of antibodies against HBeAg, is seen in up to
20% of patients (2). HBeAg seroconversion is associated
with durable antiviral responses. For several years, lam-
ivudine was recommended for the initial treatment of indi-
viduals with chronic HBV infection who had active virus
replication and active liver disease, defined as a positive
serum HBV DNA and elevated serum ALT level with evi-
dence of moderate to severe hepatitis on liver biopsy. With
growing concern about lamuvidine resistance (see below)
and the development of alternative agents with higher

barriers to resistance, monotherapy with lamivudine is now
discouraged. Lamivudine is effective in the treatment of
IFN-a2b nonresponders and in the prophylaxis of HBV
recurrence in liver transplant patients (3, 4). The combi-
nation of lamivudine with IFN-a for the treatment of
chronic HBV infection has been disappointing, with most
trials showing no long-term clinical benefit (5, 6). Lam-
ivudine has also been studied in combination with other
antiviral agents such as adefovir and telbivudine but has
not shown significant clinical benefit when compared to
currently recommended monotherapy options (7, 8). In
HIV-negative patients, lamivudine has been used at 100
mg daily; however, it is recommended that HIV-infected
patients receive the standard 150-mg-b.i.d. or 300-mg-
twice daily dosage utilized for the treatment of HIV in
combination with other antiretroviral agents. Such regi-
mens should also include two agents active against HBV to
try to prevent the emergence of HBV resistance.

Resistance
Resistance of HBV to lamivudine develops with prolonged
therapy and is a major impediment to successful treatment.
The frequency of genotypic resistance mutations increases
from 24% of isolates after the first year to 67% after 4 years
of therapy (9). Even higher rates of mutation have been seen
in HIV- and HBV-coinfected patients given HIV treatment
doses of lamivudine for long periods. The predominant
lamivudine resistance mutations in HBV-infected patients
are found in the catalytic domain of HBV polymerase in the
tyrosine (Y), methionine (M), aspartate (D), aspartate (D)
motif, principally M204I or M204V. These mutations appear
to decrease viral replication competence, but a frequently
associated mutation, L180M, may restore viral fitness (10).
Although withdrawal of therapy results in repopulation with
wild-type virus, retreatment with lamivudine results in rapid
emergence of resistant strains (11). Failure to achieve a > 1-
log10 drop in HBV viral load after 3 months of therapy is
associated with the emergence of lamivudine resistance.

Emtricitabine
Emtricitabine (4-Amino-5-fluoro-1-[(2S,5S)-2-(hydrox-
ymethyl)-1,3-oxathiolan-5-yl]-2(1H)-pyrimidinone; Emtriva)
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(Figure 1; Table 1) is a 5¢-fluorinated analogue of lamivudine
with the same mechanism of action and potency (see Chapter
11 on antiretroviral agents). Although not United States
Food and Drug Administration (FDA) approved for the
treatment of HBV, several studies have demonstrated the
clinical efficacy of emtricitabine in chronic HBV infection. As
with lamivudine, resistance develops rapidly when the drug is
used as monotherapy.

Clinical Use
Nucleoside/tide analogue naïve chronically infected HBV
patients treated with 48 weeks of emtricitabine 200 mg daily
have superior histologic improvement and loss of detectable
HBV DNA compared to placebo. Resistance to em-
tricitabine was observed in 13% of patients (12). No studies
have compared emtricitabine to lamivudine but neither
agent appears to offer a clinically relevant benefit compared
to the other. Emtricitabine has a minimal role as mono-
therapy in the treatment of chronic HBV but may be used
when coformulated with tenofovir.

Adefovir Dipivoxil
Adefovir dipivoxil (bis-pivaloyloxymethyl-9-(2-phospho-
nylmethoxyethyl) adenine; Hepsera) is the orally bio-
available prodrug of adefovir, an adenine nucleotide
analog.

Spectrum of Activity
Adefovir dipivoxil has activity against several DNA and
RNA viruses, including retroviruses, herpesviruses, and
hepadnaviruses. It was initially developed for use against
HIV, but this use was abandoned because of safety concerns
at the dosing levels needed to inhibit HIV. It retains activity
against HBV, however, at doses that are not associated with
excessive toxicity. The EC50 of adefovir for HBV is ap-
proximately 0.003 mg/ml, making it 10-fold more potent
than tenofovir but half as potent as lamivudine in vitro (13).
Because of its low oral bioavailability, however, adefovir is
inferior to both lamivudine and tenofovir at doses used
clinically.

TABLE 1 Key information on anti-HBV medications

Medication Usual dosing
Mode of

elimination
Considerations for
renal impairment

Considerations
for hepatic
impairment Major toxicities

Lamivudine 100 mg once daily
HIV coinfection: 150

mg twice daily
OR 300 mg once daily

Renal Safe in mild, moderate,
or severe renal
impairment and in
hemodialysis (HD)
with appropriate dose
reduction

None Abdominal pain,
nausea, vomiting

Emtricitabine 200 mg once daily Renal Safe in mild, moderate,
or severe renal
impairment and in
HD with appropriate
dose reduction

None Dizziness, headache,
diarrhea, rash,
weakness, cough,
rhinitis, anemia,
neutropenia

Adefovir 10 mg once daily Renal Dose reduction
recommended for
CrCL 30–50 ml/min
and hemodialysis. Not
recommended for
CrCl < 30 ml/min

None Rash, pruritus,
abdominal pain,
nausea, diarrhea,
renal impairment

Entecavir Nucleoside naïve: 0.5
mg once daily

Lamivudine
experienced: 1 mg
once daily

Renal Safe in mild, moderate,
or severe renal
impairment and in
HD with appropriate
dose reduction

None Hepatitis, headache,
dizziness, hematuria

Telbivudine 600 mg once daily Renal Safe in mild, moderate,
or severe renal
impairment and in
HD with appropriate
dose reduction

None Abdominal pain,
elevated creatinine
kinase, headache,
nasopharyngitis,
upper respiratory
infection, malaise/
fatigue, lactic acidosis,
hepatitis

Tenofovir
disoproxil (TDF)

300 mg once daily Renal Dose reduction
recommended for
CrCL < 50 mL/min.
If TDF is potentially
the cause of renal
impairment
alternative therapy
should be considered

None Diarrhea, nausea, renal
impairment, weakness
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Mechanism of Action
Once absorbed, adefovir dipivoxil is converted to adefovir,
which then undergoes two intracellular phosphorylation
steps. The active intracellular metabolite of adefovir, 9-[2-
(phosphonomethoxy)ethyl]adenine (PMEA) diphosphate,
inhibits viral DNA polymerases by competing with dATP
and terminating the DNA chain (14).

Pharmacology
Absorption of adefovir does not appear to be affected by food
or stomach pH. About 10% of the absorbed dose is converted
intracellularly to the active form, the long elimination half
life (t1/2) (18 h) of which allows for once-daily dosing.
Adefovir is not metabolized by cytochrome P450 enzymes.
The activity of adefovir appears to be unaffected or enhanced
when the drug is combined with other anti-HBV agents.

Adverse Effects
The toxicities of adefovir at the doses used for treating HBV
have been primarily gastrointestinal and hepatic, including
nausea and transient increases in transaminase levels. At the
higher doses used to treat HIV, gastrointestinal disturbances,

elevated liver enzyme levels, and delayed renal effects, in-
cluding renal tubular dysfunction mimicking the Fanconi
syndrome, occurred (15).

Resistance
Resistance to adefovir develops more slowly than resistance
to lamivudine, with approximately 29% of patients dem-
onstrating resistance after 5 years of adefovir monotherapy.
Of note, only 20% of the patients had evidence of viral
rebound and 11% had elevations in ALT (i.e., clinical re-
sistance) (16). Several mutations are associated with ade-
fovir resistance, including N236T and A181V (16).
Although these mutations decrease susceptibility by only 3%
to 15% in vitro, hepatitis flares and decompensation are seen
(17). Primary adefovir resistance has been associated with
the I233V mutation, but viruses with this mutation do retain
susceptibility to tenofovir and entecavir (18). Adefovir is a
potential option for treating lamivudine-resistant HBV.

Clinical Applications
Adefovir is effective for the treatment of chronic HBV
infection in both HBeAg-positive and HBeAg-negative
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subjects. After 48 weeks of treatment with adefovir at 10 mg
daily, the mean decrease in HBV DNA in HBeAg-positive
subjects was 3.52 log10 copies/ml (19). Results were similar
in the trial of HBeAg-negative subjects (20). Adefovir
therapy also resulted in greater improvements in liver his-
tology, decreases in ALT, and, in subjects who were HbeAg
positive at the start of the study, higher rates of HBeAg
seroconversion. Because of the substantial rates of resistance
seen with prolonged adefovir therapy, however, the use of
adefovir monotherapy is generally discouraged. The addition
of lamivudine to adefovir therapy appears to reduce the
emergence of adefovir resistance both in those with lam-
ivudine resistance and in those who have never received
treatment (8, 21). Tenofovir is preferred to adefovir due to
its more potent antiviral activity and superior safety.

Entecavir
Entecavir (2-amino-1,9-dihydro-9-[(1S, 3R, 4S)-4-hydroxy-
3-(hydroxymethyl)-2-methylenecyclopentyl]-6H-purin-6-one,
monohydrate; Baraclude) is a guanine nucleoside analog
(Figure 1; Table 1).

Spectrum of Activity
Entecavir possesses potent and selective activity against
hepadnaviruses. In cell culture, it is between 30- and 1,000-
fold more active than lamivudine (22). Preclinical studies
originally suggested that entecavir possessed no anti-HIV-1
activity, but in vivo activity resulting in an approximately 1-
log10 reduction in plasma HIV-1 RNA level in humans has
been described (see “Resistance” below) (23).

Mechanism of Action
After it is phosphorylated, entecavir interferes with multiple
functions of HBV polymerase, including priming, reverse
transcription, and DNA-dependent DNA synthesis (24).

Pharmacology
With once-daily dosing, steady state is achieved after 6 to 10
days. In healthy volunteers receiving 0.5 mg daily for 14
days, the plasma Cmax averaged 4.2 ng/ml and the elimina-
tion t1/2 was 130 h (25). The intracellular t1/2 for entecavir
triphosphate is approximately 15 h. Oral administration of
entecavir with a high-fat meal or a light meal results in
significant delays in absorption, decreases in Cmax, and de-
creases in area under the curve (AUC). Consequently, en-
tecavir should be administered on an empty stomach.
Entecavir is primarily eliminated unchanged by the kidneys,
and the dosage should be adjusted in subjects with a creat-
inine clearance of less than 50 ml/min. Coadministration of
entecavir with adefovir, lamivudine, or tenofovir results in
no significant pharmacokinetic interactions (26). No in-
teractions with other medications have been reported.

Adverse Effects
The adverse effects most frequently associated with en-
tecavir in clinical trials were headache and upper respiratory
infection, and these were generally mild. Elevations in liver
enzymes occur less frequently than with lamivudine mono-
therapy (27, 28).

Resistance
Entecavir resistance rarely emerges in subjects with no prior
nucleoside exposure, even after 2 years of monotherapy.
Interestingly, although the M204V/I mutation associated
with lamivudine resistance does not confer resistance to
entecavir, it appears to be a prerequisite for such resistance to

emerge. When combined with one of the lamivudine resis-
tance mutations (M204V/I and L180M), three known mu-
tations confer entecavir resistance (T184A/I/S, S202C/G,
and M250I/L), although alone they are insufficient to cause
such resistance (29). In a study of lamivudine-refractory
subjects treated with entecavir for 2 years, viral rebound
occurred in 1% of subjects after 1 year and 9% after 2 years
(29).

In preclinical testing, entecavir had no reported anti-
HIV activity and was therefore used to treat HIV- and HBV-
coinfected patients who did not yet need treatment for their
HIV. However, HIV coinfected individuals have developed
an M184V mutation in HIV reverse transcriptase while on
entecavir monotherapy (23). Entecavir should not be pre-
scribed to HIV coinfected individuals who are not on a
completely suppressive antiretroviral regimen.

Clinical Applications
Entecavir monotherapy has been compared to lamivudine in
two large trials of HBeAg-positive and HBeAg-negative
subjects with elevated ALT, detectable HBV DNA, and
evidence of inflammation on liver biopsy. After 52 weeks,
entecavir was superior to lamivudine for the frequency of
histologic improvement (72% versus 62% in HBeAg-
positive subjects (27) and 70% versus 61% in HBeAg-
negative subjects (27). Entecavir was also superior to
lamivudine in frequency of undetectable HBV DNA (67%
versus 36% in HBeAg-positive subjects and 90% versus 72%
in HBeAg-negative subjects). Compared to adefovir, en-
tecavir was associated with a greater reduction of HBV DNA
after treatment for 52 weeks. The mean change in HBV
DNA was significantly greater with entecavir (-6.23 versus
-4.42 log10 copies/ml) (30). Despite the resistance issues
noted above, entecavir has been shown to be effective in
HBeAg-positive subjects who are refractory to lamivudine
(31), although a dose increase to 1 mg daily is recommended
for patients with known resistance to lamivudine. However,
entecavir is generally not recommended in those with lam-
ivudine resistance unless they are unable to tolerate teno-
fovir. It may be used in those with resistance to adefovir
unless they have previously been treated with lamivudine
(32). Long-term entecavir therapy for 5 years has been as-
sociated with normalized aminotransferase levels and a de-
crease in inflammation and fibrosis scores (33).

Telbivudine
Telbivudine (1-(2-Deoxy-b-L-erythro-pentofuranosyl)-5-
methyl-2,4(1H,3H)-pyrimidinedione; Tyzeka) is a nucleo-
side analog approved for the treatment of chronic HBV
infection.

Spectrum of Activity
Telbivudine is a competitive inhibitor of the HBV DNA
polymerase. Telbivudine has no activity against any human
viruses other than HBV and does not inhibit human cellular
polymerases. Inhibition of human mitochondrial DNA po-
lymerase g is felt to be the cause of much of the toxicity seen
with other nucleoside analogs (e.g., neuropathy, myopathy,
and lactic acidosis) (34).

Mechanism of Action
Telbivudine requires biotransformation to the triphosphate
form, but unlike lamivudine, it preferentially inhibits anti-
complementary (second-strand) DNA (35). Because it lacks
a 3¢OH group, it acts as a chain terminator once incorpo-
rated into the growing DNA strand.
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Pharmacology
In pharmacokinetic studies, Cmax following an oral dose of
telbivudine occurs in 0.8 to 2.8 h (36) and ranges from 0.20
to 5.46 mg/ml, with an AUC of approximately 26 mg/ml�h.
Telbivudine is cleared primarily via the kidneys and elimi-
nation is biphasic, with an intracellular t1/2 of approximately
14 h and an elimination t1/2 of approximately 40 h. Dose
adjustments should be made in patients with a creatinine
clearance of < 50 ml/min.

Adverse Effects
Telbivudine is generally well tolerated. Elevations in serum
creatinine kinase have been more common in those re-
ceiving telbivudine than in those receiving lamivudine, al-
though these were not associated with muscle-related
adverse events (37). The package insert for all nucleoside
analogs carries a boxed warning for lactic acidosis, though
this has not yet been reported with telbivudine specifically.

Resistance
Resistance to telbivudine has developed at less than half
the rate of resistance to lamivudine (5% versus 11% for
HBeAg-positive subjects and 2.3% versus 10.7% for HBeAg-
negative subjects) (37). The signature mutation associated
with telbivudine resistance has been an M204I substitu-
tion in the HBV DNA polymerase (38). Telbivudine is ac-
tive against strains with an isolated M204V mutation
but inactive against strains with M204V plus L180M.
In vitro, telbivudine remains active against strains resistant to
adefovir.

Clinical Applications
One large study comparing telbivudine to lamivudine
monotherapy showed that telbivudine is not inferior to
lamivudine after 52 weeks (38). In the subgroup of HbeAg-
positive subjects, telbivudine was superior to lamivudine for
the primary endpoint (viral load of < 5 log10 copies/ml
coupled with normalization of ALT or loss of HBeAg),
and both HBeAg-positive and HBeAg-negative subjects
achieved greater and faster reductions in HBV DNA if they
were receiving telbivudine. A 2-year follow-up study found
that telbivudine was superior to lamivudine for the same
primary endpoint in both HBeAg-positive and -negative
subjects (39). Rates of resistance were also lower in the
telbivudine group (25% versus 40%). When compared di-
rectly with adefovir in HBeAg-positive subjects, telbivudine
treatment for 52 weeks resulted in a greater mean reduction
in HBV DNA than adefovir treatment for 52 weeks or 24
weeks of adefovir followed by 28 weeks of telbivudine (40).
Subjects in the telbivudine-only arm were also significantly
less likely to experience primary treatment failure (2% versus
29% in the adefovir-only arm).

Tenofovir Disoproxil Fumarate
Tenofovir disoproxil fumarate (Bis{[(isopropoxycarbonyl)
oxy]methyl} ({[(2R)-1-(6-amino-9H-purin-9-yl)-2-propanyl]
oxy}methyl)phosphonate (2E)-2-butenedioate; TDF, Vi-
read) is an oral prodrug of tenofovir, a nucleotide analog.
TDF is approved for the treatment of both HIV and chronic
HBV infections, and is the preferred agent for treating HBV
in the context of HIV/HBV coinfection (41). For further
details on TDF pharmacology, drug interactions, and adverse
effects, see Chapter 11. It is a nucleoside inhibitor of the
HBV polymerase and also acts to block protein priming. In
HBV mono-infection, changing to TDF often results in

excellent viral suppression in subjects resistant to lam-
ivudine who have viral breakthrough on adefovir (42). A
large study examining nucleoside-naïve HBeAg-positive
subjects found that TDF 300 mg daily for 48 weeks resulted
in more frequent reduction of HBV DNA levels of < 400
copies/ml when compared to adefovir (43). The efficacy of
TDF was comparable to adefovir in HBeAg-negative sub-
jects. TDF is also the preferred agent for those with prior
exposure to lamivudine, with a retrospective study showing
100% treatment response at an average follow-up of 23
months (44).

Studies comparing TDF alone to combination therapy of
TDF with emtricitabine have generally found little benefit
to the addition of emtricitabine. In one randomized study of
patients with HBV mutations associated with lamivudine
resistance, rates of virologic suppression at 96 weeks were
comparable between the monotherapy and combination
therapy groups, suggesting that emtricitabine does not en-
hance the antiviral activity of TDF in this context (45).
Another study comparing TDF monotherapy and TDF in
combination with emtricitabine in patients who did not
achieve adequate virologic suppression on adefovir resulted
in similar rates of viral suppression (84% versus 82%) in the
combination therapy and monotherapy arms (46). Further,
viral kinetic curves were reported as identical between the
two groups. In a separate trial of treatment-naïve patients
with high initial viral loads and normal ALT levels, HBV
DNA levels were undetectable in 55% of patients who re-
ceived TDF monotherapy and 76% of those who received
TDF in combination with emtricitabine (47). However,
viral kinetic curves were similar between the two groups,
HBeAg seroconversion and hepatitis surface antigen loss
were rare in either group, and no participant in either group
developed tenofovir-resistant virus. Although it has been
speculated that monotherapy may predispose to the devel-
opment of minor variant quasispecies, this was not seen in a
small study that compared the development of quasispecies
in subjects receiving TDF monotherapy to those receiving
combination therapy with emtricitabine (48). Further, re-
sistance of HBV to TDF has not yet been shown to develop,
even with long-term use (49). Therefore, TDF monotherapy
remains the preferred strategy for management of chronic
HBV in the absence of HIV at the present time. This may
well change as more data emerge.

Tenofovir Alafenamide Fumarate
Tenofovir alafenamide fumarate (Isopropyl N-[(S)-({[(2R)-1-
(6-amino-9H-purin-9-yl)-2-propanyl]oxy}methyl)(phenoxy)
phosphoryl]-L-alaninate (2E)-2-butenedioate (2:1); TAF)
(Figure 1), a novel prodrug of tenofovir, is currently FDA
approved for the treatment of HIV infection in multiple
fixed-dose combinations (and is in phase 3 trials for the
treatment of chronic HBV infection). Please refer to Chapter
11 for a detailed review of pharmacology, drug interactions,
and adverse events. It results in much lower plasma levels of
tenofovir and provides higher intracellular levels of active
drug allowing lower daily doses and decreased renal toxicity
compared to TDF. In a study of patients coinfected with HIV
and chronic HBV who had been virologically suppressed on
antiretrovirals with activity against HBV, subjects were
switched to a single tablet formulation of elvitegravir 150
mg, cobicistat 150 mg, emtricitabine 200 mg, and TAF 10
mg. Through week 48 of treatment, HIV and HBV viral
suppression was maintained in the same proportion of par-
ticipants, confirming acceptable activity of TAF against
HBV (50).
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ANTIVIRAL AGENTS FOR HEPATITIS C
VIRUS INFECTION
Unlike HIV and HBV, which have persistent DNA reser-
voirs in infected cells even with effective antiviral suppres-
sion, complete cure of HCV infection is possible with
medical therapy. In clinical studies of anti-HCV medica-
tions, an undetectable HCV viral load 12 or 24 weeks after
the end of treatment (termed sustained virologic response
[SVR] 12 or 24) has been considered a proxy for cure. Before
2011, the standard of care for treatment of HCV was pegy-
lated interferon plus ribavirin, a regimen that led to SVR24
only slightly more than 50% of the time and was often as-
sociated with moderate or worse toxicity (51, 52). Devel-
opment of anti-HCV direct-acting agents (DAAs),
medications with direct anti-HCV activity, began in earnest
in the early 2000s following the development of the HCV
replicon, in which key components of the HCV genome
could be made to replicate in vitro, allowing for the study of
inhibitory compounds (53). At around the same time, de-
tailed crystal structures of the key viral proteins became
available, allowing for rational modeling and development
of antiviral compounds. The first approved DAAs, boce-
previr, and telaprevir, received regulatory approval in 2011
in combination with pegylated interferon and ribavirin. The
number of anti-HCV agents in clinical development and
with regulatory approval has increased dramatically in recent
years. As of 2016, interferon-free regimens are the standard
of care for treatment of all genotypes of HCV. Figure 2
presents a timeline outlining key events in the development
of modern HCV therapies.

Table 2 gives an overview of the key characteristics of
DAA-based regimens approved for treatment of HCV in-
fection by the U FDA or with regulatory approval expected
within the 2016 calendar year. Medications in earlier stages
of clinical development are listed in Table 3. As new agents
are being approved at a rapid pace, the reader is referred to
hcvguidelines.org for the most up to date information on
drug and regimen approvals.

Interferons
Interferons (IFNs) are part of the repertoire of human cyto-
kines that have important multifunctional capabilities, in-
cluding antiviral, immunomodulatory, and antiproliferative
effects. There are currently nine approved IFN preparations
for clinical use, of which five are approved for the treatment of
chronic HCV. The nomenclature for this group of cytokines
has evolved over the past four decades, although the term
interferon stems from the original discovery of these com-
pounds, which interfered with viral replication. There are two
major types of human IFNs that have been studied clinically:
IFN-a/ß (leukocyte/fibroblast) and IFN-g. There are over 12
subtypes of IFN-a but only 1 IFN-ß subtype and 1 IFN-g
subtype. It is not clear why an array of closely related IFN-a
subtypes exist, but one postulate is that the redundancy en-
sures that this natural defense system remains operative.

Spectrum of Activity
IFNs possess inhibitory activity against a broad array of DNA
andRNAviruses. IFN-a and -ß typically have greater antiviral
activity than does IFN-g, and the subspecies of IFN-a may
express differential activities against a particular viral agent.

FIGURE 2 Timeline of key historical events in the development of anti-HCV direct-acting agents.
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TABLE 2 Key information on anti-HCV DAA regimens

Regimen Class Standard Dose

FDA
Approved
Genotype Duration

Mode of
Elimination

Considerations in
Renal Impairment

Considerations
in Hepatic
Impairment Major Toxicities

Ombitasvir/
paritaprevir/
ritonavir FDC
+ dasabuvir

Ombitasvir: NS5A
inhibitor

Paritaprevir: NS3/
4A inhibitor

Dasabuvir: NS5B
inhibitor (non-
nucleoside)

ritonavir:
CYP3A4
inhibitor

ombitasvir 12.5 mg/
paritaprevir 75 mg/
ritonavir 50 mg
FDC

two tablets once daily
plus
dasabuvir 250 mg
twice daily

1 Genotype 1a without
cirrhosis: 12 weeks +
RBV

Genotype 1a with
cirrhosis: 24 weeks +
RBV

Genotype 1b without
cirrhosis: 12 weeks

Genotype 1b with
cirrhosis: 12 weeks +
RBV

Hepatic Safe in mild,
moderate, or
severe renal
impairment

No data in HD
Care must be taken if
ribavirin
coadministered

CTP A: Safe
CTP B: Not
recommended

CTP C:
Contraindicated

Fatigue, nausea, rash,
pruritus, insomnia,
LFT elevations

Ombitasvir/
paritaprevir/
ritonavir FDC

see above ombitasvir 12.5 mg/
paritaprevir 75 mg/
ritonavir 50 mg
FDC

two tablets once daily

4 12 weeks + RBV Hepatic see above see above see above

Sofosbuvir NS5B inhibitor
(nucleoside)

400 mg daily 1–4 Genotype 1: In
combination with
ledipasvir, simeprevir,
or daclatasvir as below

Genotype 2: In
combination with RBV
x12 weeks. May
consider expanding to
16 weeks or more in
patients with cirrhosis.
May consider in
combination with
daclatasvir in patients
with contraindication
to RBV but data is
limited.

Genotype 3: In
combination with
daclatasvir as below,
OR for 12 weeks with
RBV and peg-IFN OR
for 24 weeks with RBV
alone (IFN ineligible)

Genotype 4: See FDC
with ledipasvir below

Renal Mild/moderate: no
dose adjustment

Severe (CrCl < 30
ml/min or HD):
No safe dose
established

None Fatigue, headache

(Continued)
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TABLE 2 Key information on anti-HCV DAA regimens (Continued)

Regimen Class Standard Dose

FDA
Approved
Genotype Duration

Mode of
Elimination

Considerations in
Renal Impairment

Considerations
in Hepatic
Impairment Major Toxicities

Sofosbuvir/
ledipasvir
FDC

Sofosbuvir: NS5B
inhibitor
(nucleoside)

Ledipasvir: NS5A
inhibitor

sofosbuvir 400 mg/
ledipasvir 90 mg
FDC once daily

1 Treatment-naïve: 12
weeks (may give 8
weeks if baseline VL
< 6 million)

Treatment-experienced,
noncirrhotic: 12 weeks

Treatment-experienced
with cirrhosis: 24
weeks, +/-RBV

Renal See sofosbuvir None Fatigue, headache,
insomnia, and
nausea

Simeprevir NS3/4A inhibitor 150 mg daily 1 Used in combination with
sofosbuvir

No cirrhosis: 12 weeks
Cirrhosis: 24 weeks (+/-

RBV)

Hepatic None CTP A: Safe
CTP B: Not
recommended

CTP C: Not
recommended

Hyperbilirubinemia
Photosensitivity
Rash

Daclatasvir NS5A inhibitor 30–90 mg daily
(depending on drug
interactions)

3 Used in combination with
sofosbuvir

No cirrhosis: 12 weeks
Cirrhosis: 24 weeks (+/-

RBV)

Hepatic None None Fatigue, headache

Grazoprevir/
Elbasvir FDC

Grazoprevir =
NS3/4A
inhibitor

Elbasvir= NS5A
inhibitor

grazoprevir 100 mg/
elbasvir 50 mg

FDC once daily

1 and 4 12–16 weeks +/- RBV
based on genotype,
baseline NS5A
polymorphisms,
treatment history

Hepatic Safe in ESRD,
including HD

CTP A/B: Safe
CTP C: No data

Headache, fatigue,
nausea, LFT
elevations

Velpatasvir/
sofosbuvir
FDC

Ledipasvir: NS5A
inhibitor

sofosbuvir 400 mg/
velpatasvir 100 mg

FDC once daily

Pending,
see text

12–24 weeks +/- RBV
based on genotype,
cirrhosis status, and
treatment history

Hepatic None None Headache, fatigue,
nasopharyngitis,
and nausea

CrCl, creatinine clearance; CTP, Child-Turcotte-Pugh; ESRD, end-stage renal disease; FDC, fixed-dose combination; HD, hemodialysis; IFN, interferon; LFT, liver function tests; RBV, ribavirin.
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Mechanisms of Action
IFNs are synthesized in response to a wide variety of infec-
tions and stimuli of the innate immune system and are an
integral component of the complex cytokine network.
Nearly all cell types can produce IFN-a and -ß, while IFN-g
is produced largely by T and natural killer (NK) cells. Once
produced, IFNs possess no inherent antiviral activity, but act
by inducing an antiviral state within target cells. IFNs bind
to specific receptors on the cell surface: IFN-a and -ß have
the same receptor. These receptors are composed of at least
two subunits that must be present to ensure that full IFN
action is induced (54). Following receptor binding, receptor-
associated tyrosine kinases (Tyk2 and JAK1 for IFN-a and -ß

and JAK1 and JAK2 for IFN-g) are activated and, in turn,
phosphorylate specific cytoplasmic proteins (termed STAT
proteins). These proteins move to the nucleus, where they
bind to specific cis-acting elements in the promoter regions
of IFN-inducible genes (55). Transcription of these genes
occurs within minutes of IFNs’ binding to the cell receptors.

Depending upon the viral agent and cell type, IFNs can
inhibit viral replication at nearly all steps from penetration
to particle release. Several mechanisms of IFN-induced an-
tiviral activity have been described: (i) 2¢-5¢ oligoadenylate
synthetases are activated by double-stranded (viral) RNA
and are responsible for the conversion of ATP into a series of
oligonucleotides designated 2¢,5¢-oligo(A)s. The 2¢,5¢-oligo

TABLE 3 Other anti-HCV drugs in phase 1 and 2 not in text

Mechanism Drug
Stage of

Development Comments

NS5A Inhibitors
Odalasvir Phase 2 Being studied with ACH-3422 for genotype 1

Has activity in viruses with resistance to first-gen. NS5A inhibitors
Samatasvir Phase 2 Pan-genotypic

Low SVR4 rates when combined with simeprevir and ribavirin
MK-8408 Phase 1 Pan-genotypic

Being studied as potential FDC with grazoprevir and MK-3682 in genotype 1 and
3 HCV

TD-6450 Phase 1 Heterodimeric structure designed to increase potency against virus with key NS5A
RAVs

NS5B Inhibitors
Mercitabine Phase 2
MK-3682 Phase 2 Uridine-based nucleoside prodrug

Being studied as potential FDC with grazoprevir and MK-8408 in genotype 1 and
3 HCV

TMC647055 Phase 2 Nonnucleoside, macrocyclic compound that binds to “thumb pocket 1” binding
site

VX-135 Phase 2 Uridine-based nucleoside prodrug
ACH-3422 Phase 1 Uridine-based nucleoside prodrug

High barrier to resistance, pan-genotypic
Being studied with odalasvir for genotype 1

AL-335 Phase 1 Nucleoside NS5B inhibitor
Being studied in combination with odalasvir and simeprevir for genotype 1

GSK2878175 Phase 1 Nonnucleoside inhibitor
To be studied in combination with RG-101

NS3/4A Inhibitors
Danoprevir Phase 2 Highly effective with pegIFN/RBV for genotype 1b. Unclear role for future all

DAA combinations
Sovaprevir Phase 2 High SVR12 rates seen in genotype 1b patients when combined with odalasvir

and ribavirin; GT1a patients developed NS3 RAVs
Other

Miravirsen Phase 2 Antisense oligonucleotide that targets miR122, a hepatic microRNA necessary for
HCV replication.

RG-101 Phase 2 Anti-miR122 antisense oligonucleotide conjugated to GalNac to allow for
possible single-visit therapy (injectable)

Being studied in combination with numerous DAAs
BIT225 Phase 2 Novel mechanism of action; Inhibitor of p7 protein, small membrane protein

required for HCV replication
SB 9200 Phase 1 Immune modulatory medication that activates RIG-1 and NOD2, regulators of

interferon signaling in response to HCV
May move forward in combination with DAAs

13. Anti–Hepatitis Virus Agents - 247



(A)s then activate an RNase, RNase L, which can cleave
single-stranded mRNAs (56). (ii) A double-stranded RNA-
dependent protein kinase termed PKR (P68 kinase, P1,
DAI, dsl, and eukaryotic initiation factor 2 [eIF2] kinase) is
activated by double-stranded (viral) RNA and autophos-
phorylated, which in turn, phosphorylates the alpha subunit
of eIF2. This prevents the recycling of eIF2 with inhibition
of protein synthesis (57). (iii) The induction of a phos-
phodiesterase inhibits peptide chain elongation. (iv) MxA
protein, which binds to cytoskeletal proteins and inhibits
viral transcriptases, is synthesized (58). (v) Nitric oxide
synthetase is induced by IFN-g in macrophages (59).

Although some of the IFN-inducible functions have been
linked to the inhibition of replication of individual viruses,
for the most part there is uncertainty in trying to dissect out
single activities of IFNs in this process, since more than one
mechanism may be operative simultaneously. In addition,
some antiviral effects of IFNs result indirectly from stimu-
lation of antiviral immune functions. For example, the im-
munomodulatory activities of IFNs, such as induction of
cytotoxic T-cell and NK cell activity and the induction of
major histocompatibility complex proteins, may also help
control viral infections (see Chapter 16).

Pharmacology
For treatment of chronic HCV, IFNs must be administered
intravenously, intramuscularly, or subcutaneously. The elim-
ination t1/2 of IFN-a in plasma following intravenous ad-
ministration is 2 to 3 h, which is extended to 4 to 6 h
following intramuscular or subcutaneous administration,
with 80% of an administered dose absorbed following in-
jection by the latter routes. The levels achieved in plasma are
dose proportional. The relevance of classic pharmacokinetic
parameters of IFNs in relation to their antiviral activity is
questionable, since systemic effects are measurable in the
absence of detectable IFN levels in plasma. Two long-acting,
slow-release formulations of IFN combined with polyethyl-
ene glycol (pegylated) are currently available (PegIntron and
Pegasys). These products can be administered subcutane-
ously once per week and achieve sustained levels in blood
equivalent to those of standard IFN given three times a week.
Penetration into CSF and respiratory secretions is minimal.

Adverse Effects
IFNs cause a broad range of side effects, most commonly
systemic and hematologic. Dose-related influenza-like
symptoms are common with initiation of treatment and
generally include fever, chills, headache, nausea, myalgias,
and arthralgias. Gradual dose escalation may be helpful;
tolerance to these side effects can develop with time, but this
is not uniform. The most common hematologic side effects
are leukopenia and thrombocytopenia, and thus treatment of
immunocompromised hosts or patients taking other myelo-
toxic agents can be difficult. Other important side effects
include neurotoxicity (including somnolence, confusion,
electroencephalographic changes, behavioral changes, and
seizures), psychiatric disturbances (especially depression),
hepatotoxicity, nephrotoxicity, thyroiditis, and alopecia.

Drug Interactions
Few formal drug interaction studies with the approved
preparations of IFNs have been performed. Care must be
exercised when coadministering other potentially myelo-
suppressive or neurotoxic drugs. Pegylated IFN-a2a and -a2b
(collectively referred to hereafter as “peg-IFN” unless spec-
ified otherwise) inhibit cytochrome P450 (CYP) 1A2 en-

zymes, but do not affect the pharmacokinetics of drugs
metabolized by CYP2C9, CYP2C19, CYP2D6, or CYP3A4
hepatic microsomal enzymes. No studies of drug interactions
have been published with IFN-ß.

Resistance
Many viruses have developed strategies to evade or inhibit
IFN-mediated antiviral effects. However, acquired resistance
to the actions of IFNs through specific mutations during
therapeutic administration has not been well documented.
Variability in the response of chronic HCV infection to IFN
therapy has been associated with amino acid substitutions in
the NS5A protein, although the significance of this associ-
ation remains unclear. Specifically, heterogeneity between
codons 2,209 and 2,248 may affect the ability of IFN to bind
to double-stranded-RNA-dependent protein kinase, thereby
reducing the host antiviral response (60). In HCV replicon
cell culture models, IFN-resistant HCV strains have de-
creased expression and activity of Tyk2 and JAK1, two
proteins in the JAK-STAT pathway that are intermediates in
IFN-mediated intracellular signaling (61).

Clinical Applications
IFN-a preparations are beneficial in the treatment of chronic
HBV and HCV infections, although responses are not uni-
form and relapse rates after discontinuation of treatment are
substantial. The response to IFN therapy in patients with
chronic hepatitis C is higher than in patients with hepatitis B
and depends on numerous host factors, most importantly
IL28B genotype (62, 63), but also age, stage of liver disease,
ethnicity, and hepatocyte HLA antigen expression. Virologic
factors, including viral load and HCV genotype, also affect
IFN responsiveness, with genotypes 2 and 3 having better
rates of response to IFN than genotypes 1 and 4 (51, 64).
Peg-IFN in combination with ribavirin achieves rates of viral
response superior to those of standard IFN-ribavirin therapy
and peg-IFN alone (51, 52) including in patients coinfected
with HIV and HCV (64). Response rates were even higher
when peg-IFN and ribavirin were given in conjunction with
a third DAA, such as a protease inhibitor (telaprevir or bo-
ceprevir) or the NS5B inhibitor sofosbuvir (see below).
However, given the newer DAA combinations available
with shorter treatment duration, improved side effect pro-
files, and vastly superior response rates, IFN-based regimens
are no longer the standard of care in almost all cases of HCV
infection.

Ribavirin
Ribavirin (1-ß-d-ribofuranosyl-1,2,4-triazole-3-carboxamide;
Rebetol, Copegys, Ribapak, Ribasphere, Virazole) is a syn-
thetic nucleoside analog of guanosine approved in the
United States for the treatment of RSV infection and in
combination with IFN-a for the treatment of HCV infection.

Spectrum of Activity
Ribavirin has in vitro activity against a broad range of both
RNA and DNA viruses, including flaviviruses, paramyxo-
viruses, bunyaviruses, arenaviruses, retroviruses, herpesvi-
ruses, adenoviruses, and poxviruses. In structure-activity
studies, both the ribose moiety and the base are essential for
maintenance of antiviral activity.

Mechanism of Action
The mechanism of action of ribavirin is incompletely un-
derstood and possibly multifactorial. Ribavirin is phosphor-
ylated by host cell enzymes to ribavirin triphosphate. In the
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case of influenza virus, ribavirin triphosphate interferes with
capping and elongation of mRNA and may directly inhibit
viral RNA polymerase activity. Some studies have suggested
a direct antiviral effect of ribavirin on HCV, although the
data are not consistent and this effect, if present, is probably
small. Ribavirin inhibits HCV RNA polymerase, but only at
concentrations exceeding those achieved clinically. In-
hibition of inosine-5¢-monophosphate dehydrogenase by ri-
bavirin monophosphate depletes the intracellular pools of
guanosine triphosphate required for RNA synthesis. Rib-
avirin may also act indirectly by immunomodulatory effects,
causing a change in the host T-cell response from a T-helper
2 (Th2) to a Th1 response. For hepatitis C, the shift to a Th1
profile with production of Th1 cytokines, especially IFN-g, is
believed to halt virion production, increase lysis of infected
hepatocytes, stop transformation to neoplastic cells, and
limit fibrogenesis (65). Finally, ribavirin may act as a muta-
gen, increasing the error rate in replicating RNA strands and
pushing the virus over the threshold of replicative incom-
petence. There is evidence to support this theory from HCV
replicon studies, but human data remain inconclusive.

Pharmacology
Aerosol, oral, and intravenous formulations of ribavirin
exist, but the aerosol and oral preparations are the only ones
approved in the United States and only oral preparations are
used to treat HCV infection. Concentration of ribavirin in
plasma after a single oral dose has three phases: rapid ab-
sorption, rapid distribution, and a long elimination phase.
Following a 600-mg dose, the Cmax was 782 ng/ml, the
elimination t1/2 was 79 h, and the AUC was 13,394 ng|�|h/
ml. Administration with food enhances absorption and re-
sults in a 70% increase in the concentration in plasma. The
plasma to CSF ratio is approximately 0.7.

Adverse Effects
Oral and intravenous administration is associated with
anemia, which is related to intravascular hemolysis and bone
marrow–suppressive effects. Depression, pruritus, rash, nau-
sea, and cough have been reported. When the drug is given
as an aerosol preparation, bronchospastic reactions can
occur, and ocular irritation has been reported. Ribavirin
also has immunosuppressive effects. In vitro, antigen- and
mitogen-driven lymphocyte proliferative responses are sup-
pressed by ribavirin, and release of mast cell mediators may
be inhibited. Ribavirin has teratogenic, carcinogenic, and
mutagenic properties in preclinical assays, and therefore its
use in pregnant women is contraindicated.

Drug Interactions
In vitro studies suggest that ribavirin can antagonize the ac-
tivity of zidovudine by inhibiting its phosphorylation, al-
though such an effect has not been observed in vivo (66).
Conversely, ribavirin can potentiate the anti-HIV activity of
didanosine by facilitating its phosphorylation, but there
have been reports of severe mitochondrial toxicity resulting
in fatal and nonfatal lactic acidosis in patients receiving
didanosine and ribavirin concurrently (67). In patients co-
infected with HIV and HCV, these drugs should not be used
together but with improvements in the agents available to
treat both infections, this question has become moot.

Resistance
Replicon studies with HCVHuh7 strains have demonstrated
the appearance of the B415F-to-Y mutation in the NS5B

RNA polymerase when exposed to ribavirin. Strains with
the 415Y mutation have a replicative advantage over the
415F strains in the presence of ribavirin, but when ribavirin
is removed, all strains revert to the 415F variant and dem-
onstrate improved replicative capacity over the 415Y mu-
tant. In another study, the G404S and E442G mutations in
the NS5A protein were both associated with low-level ri-
bavirin resistance (68). There have been no reports of RSV,
influenza virus, or HIV isolates resistant to ribavirin.

Clinical Applications
Ribavirin is approved for the treatment of HCV in combi-
nation with a number of IFN-containing as well as IFN-free
DAA regimens. Despite marked advances in response rates
with DAA combinations, ribavirin is still recommended to
be given with these agents in several of the most difficult to
treat patient populations, such as treatment-experienced
patients with cirrhosis.

Direct-Acting Agents: NS5B Inhibitors
NS5B is the HCV RNA-dependent RNA polymerase nec-
essary for viral replication. There are two classes of NS5B
inhibitors available or in development. The first class includes
the nucleoside/nucleotide inhibitors, which bind at the active
site of the polymerase and prevent chain elongation of the
viral RNA. Because there is little variation in the enzymatic
active site across the different HCV genotypes, and because
any mutations in the active site tend to render the virus unfit
to replicate efficiently, nucleoside/nucleotide NS5B inhibi-
tors tend to have activity across a range of genotypes and tend
to have a high barrier to resistance (69, 70). The second class
is the nonnucleoside NS5B inhibitors, which bind outside of
the active site and cause allosteric changes that hinder po-
lymerase activity. Because there is less conservation of non-
active site amino acids across genotypes, these inhibitors are
generally not pan-genotypic and have a lower barrier to re-
sistance. Figure 3a shows the chemical structures of com-
monly prescribed NS5B inhibitors.

Sofosbuvir

Spectrum of Activity
Sofosbuvir ((S)-Isopropyl 2-((S)-(((2R,3R,4R,5R)-5-(2,4-
dioxo-3,4-dihydropyrimidin-1(2H)-yl)-4-fluoro-3-hydroxy-
4-methyltetrahydrofuran-2-yl)methoxy)-(phenoxy)phos-
phorylamino)propanoate; Sovaldi) is active against HCV
genotypes 1 through 6 with varying EC50 values. The EC50
values of sofosbuvir for genotypes 1a, 1b, 2a, 2b, 3a, 4a, 5a,
and 6a range from 0.014 to 0.11 mM (71).

Mechanism of Action
Sofosbuvir, also known as GS-7977, is a monophosphate
prodrug converted to its pharmacologically active triphos-
phate form (GS-461203) within hepatocytes. Its design was
based upon experiments with older DAAs that suggested it
would be possible to develop a monophosphate prodrug that
could be delivered to hepatocytes where it would then be
metabolized into highly active triphosphate. This design
strategy amplifies the intracellular concentrations of the
active metabolite to allow for lower oral doses, more favor-
able pharmacokinetics, increased potency, and the ability to
coformulate the drug in fixed-dose combinations with other
DAAs. After phosphorylation, the nucleotide analog is in-
corporated into HCV RNA via the NS5B polymerase re-
sulting in premature chain termination and disruption of
transcription of the viral polyprotein (70–73).
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Pharmacology
Sofosbuvir is absorbed rapidly, reaching peak plasma con-
centration in 0.5 to 2 hours. AUC0–24 is 969 ng�hr/ml
for the parent compound sofosbuvir and 6,790 ng�hr/ml
for the predominant inactive metabolite GS-331007,
which accounts for > 90% of drug-related systemic expo-
sure. There is no difference in drug absorption when ad-
ministered with a high fat meal or fasting conditions, so
sofosbuvir can be taken without regard to meals. Sofosbuvir
is metabolized in the liver through sequential hydrolysis,
phosphoramidate cleavage, and subsequent phosphorlyation
to its pharmacologically active nucleoside analog triphos-
phate form (71).

The major pathway of elimination is renal; 78% of drug is
recovered in the urine as GS-331007. The half-lives of so-
fosbuvir and GS-331007 are 0.4 hours and 27 hours, re-
spectively. Overall exposure of sofosbuvir andGS-331007 are
increased in patients with mild renal impairment compared
to patients with normal renal function. Dose adjustments are
not needed in mild or moderate renal impairment, but so-
fosbuvir is not recommended to be given when CrCl is < 30
ml/min as safety and efficacy have not been established in
this setting. Overall exposure is also increased in moderate
and severe hepatic impairment; however, this is not thought
to be clinically significant (71).

Adverse Effects
The most common side effects associated with sofosbuvir are
fatigue and headache, which occur in > 20% of patients,
and tend to occur more frequently in patients who receive
longer courses of sofosbuvir and/or coadministered ribavirin.
Other side effects include nausea, insomnia, pruritus,
and anemia. However, these may be attributable to co-
administered ribavirin. Discontinuation of sofosbuvir due to

adverse events attributable to the drug has been rare in
clinical trials (74–76).

Drug Interactions
Sofosbuvir is a substrate of the P-gp efflux pump and is not
recommended to be used with P-gp inducers due to the risk
of decreased sofosbuvir exposure. P-gp inducers include
medications such as rifamycins and anticonvulsants like
carbamazepine, phenytoin, phenobarbital, and oxcarbaze-
pine. However, sofosbuvir can be used concomitantly with
P-gp inhibitors, and it does not have interactions with drugs
metabolized by the CYP 3A4 enzyme system (71).

Postmarketing analysis revealed cases of symptomatic
bradycardia, including fatal cardiac arrest, when sofosbuvir,
in combination with another DAA, was used concomitantly
with the antiarrhythmic amiodarone. Onset of symptoms is
usually hours to days after medication administration but
may be delayed up to 2 weeks in some cases. Therefore, the
combination of sofosbuvir and amiodarone is not recom-
mended unless there are no available treatment alternatives
(71, 77).

Resistance
Amino acid substitutions leading to reduced susceptibility to
sofosbuvir have been identified in cell culture and clinical
trials but their clinical significance is unknown. The so-
fosbuvir associated resistance substitution NS5B S282T
confers 2- to 18-fold reduced susceptibility to sofosbuvir
in vitro. However, this variant was absent at baseline and in
all failure isolates in phase 3 clinical trials. Treatment
emergent substitutions L159F, V321A, C316N, S282R, and
L320F detected in phase 3 trials were inconsistently associ-
ated with treatment failure. Resistance-associated variants

FIGURE 3a Chemical structures of HCV NS5B inhibitors.
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(RAVs) associated with other DAAs appear to have a lim-
ited effect on susceptibility to sofosbuvir (71).

Clinical Applications
Sofosbuvir has been extensively studied in multiple combi-
nation regimens against HCV genotypes 1 through 6 and has
revolutionized anti-HCV treatment. Early clinical studies of
sofosbuvir in combination with peg-IFN and ribavirin in
patients with genotype 1 led to SVR12 rates of 90% to 93%
(78, 79). However, regimens containing peg-IFN and riba-
virin are no longer recommended when alternatives are
available. Sofosbuvir has been studied in IFN-free combi-
nations with daclatasvir, ledipasvir, simeprevir, and velpa-
tasvir. For detailed descriptions of the clinical trial results
related to these regimens, please refer to the sections below
pertaining to these agents.

Sofosbuvir with ribavirin, even in the absence of a second
DAA or IFN, has been studied in patients with genotypes 2
and 3. A landmark trial showed identical SVR12 rates of
67% with sofosbuvir and ribavirin compared to peg-IFN and
ribavirin (79). In patients for whom IFN is not an option,
sofosbuvir and ribavirin for 12 weeks achieved overall
SVR12 rates of 78% in patients with genotype 2 or 3 HCV
infections; however, genotype 3 and cirrhosis were both
negative predictors of response, with SVR12 rates of 93%
versus 61% for patients with genotype 2 compared to ge-
notype 3 and SVR12 rates of 81% versus 48% in patients
without cirrhosis compared to patients with cirrhosis. Longer
durations of therapy are needed for patients with genotype 3,

especially in those with cirrhosis (80). With the advent of
multiple ribavirin-free all-DAA regimens with activity
against genotypes 2 and 3, it is likely that the regimen of
sofosbuvir plus ribavirin will fall out of favor.

Dasabuvir

Spectrum of Activity
Dasabuvir (N-{6-[5-(2,4-Dioxo-3,4-dihydro-1(2H)-pyr-
imidinyl)-2-methoxy-3-(2-methyl-2-propanyl)phenyl]-2-
naphthyl}methanesulfonamide) inhibited the activity of
genotype 1 polymerases in vitro at IC50 ranging from 2.2 to
10.7 nM. It does not have inhibitory activity against poly-
merases from HCV genotypes 2 to 4 (81).

Mechanism of Action
Dasabuvir is a nonnucleoside inhibitor of the viral NS5B
polymerase. Although the exact mechanism is unknown,
based upon resistance data, it is believed to act mechanis-
tically like the benzothidiazine NS5B inhibitors, binding to
the palm I site of the enzyme and inhibiting RNA chain
initiation allosterically (82–84).

Pharmacokinetics
Dasabuvir is available in 250 mg tablets and dosed twice
daily. Absorption is increased by 30% when taken with food.
Dasabuvir achieves peak levels approximately 4 hours after
administration. The average plasma elimination t1/2 in
healthy volunteers is 9.2 hours (85). It is greater than 99.5%
protein-bound. Dasabuvir is primarily excreted through the

FIGURE 3b Chemical structures of HCV NS3/4A inhibitors.
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biliary system into the feces, both as unchanged dasabuvir
and as dasabuvir M1 metabolite (86). Urinary excretion is
minimal. Dasabuvir and dasabuvir M1 AUC in subjects with
Child-Pugh A or B cirrhosis is similar to that of subjects with
normal hepatic function. However, in subjects with Child-
Pugh class C cirrhosis, dasabuvir AUC is increased by over
300%, and dasabuvir M1 AUC is increased by 70% (85). It
is therefore contraindicated in individuals with Child-Pugh
class C cirrhosis.

Adverse Effects
There are minimal data on the adverse effects associated
specifically with dasabuvir because in clinical studies, dasa-
buvir has always been coadministered with paritaprevir, ri-
tonavir, and ombitasvir. For a detailed review of the adverse
effects associated with this regimen, please refer to the om-

bitasvir section. In a clinical trial of ombitasvir, paritaprevir,
and ritonavir, with or without ribavirin for genotype 4 HCV,
rates of fatigue were lower than rates seen in most studies of
the same regimen plus dasabuvir for genotype 1 HCV (87).
Rates of other adverse events were comparable. Therefore, it
is possible that the fatigue might have been attributed to the
dasabuvir.

Drug Interactions
Dasabuvir is primarily metabolized by CYP2C8, which forms
the basis for most of the clinically significant drug-drug
interactions. There also may be some metabolism by
CYP3A. Dasabuvir is an in vitro inhibitor and substrate of P-
gp and breast cancer resistance protein (BCRP), although
the clinical significance of this is uncertain (88). Co-
administration with CYP2C8 inhibitors, such as gemfibrozil,

FIGURE 3c Chemical structures of HCV NS5A inhibitors.
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is associated with a significant increase in dasabuvir levels,
and is contraindicated. For additional discussion of drug-
drug interactions associated with coadministered ombitasvir,
paritaprevir, ritonavir, and ribavirin, please refer to the
sections pertaining to these medications.

Resistance
In a replicon model of HCV genotype 1a, the major RAVs
selected by dasabuvir were S556G and C316Y, which con-
ferred 30-fold and 1,472-fold resistance, respectively. In a
similar model using genotype 1b virus, the primary variants
selected were C316Y and M414T, which were associated
with 1,569-fold and 470-fold resistance, respectively. In vitro,
dasabuvir demonstrated wild-type levels of activity against
variants with the S282T polymorphism, the main variant
associated with resistance to nucleoside/nucleotide analogs
(81). In clinical studies of patients with HCV genotype 1a,
the S556G/S variant was the most common baseline variant
associated with treatment failure and also the most common
treatment-emergent RAV (89). The emergence of resistance
was much rarer in individuals with genotype 1b.

Clinical Applications
Dasabuvir has only been studied in combination with co-
formulated ombitasvir/paritaprevir/ritonavir, with or without
ribavirin for genotype 1 HCV. For a description of relevant
clinical trials, please refer to the section on ombitasvir.

Beclabuvir

Spectrum of Activity
In phase 1 studies beclabuvir ([(1aR,12bS)-8-Cyclohexyl-
N-(dimethylsulfamoyl)-11-methoxy-1a-{[(1R,5S)-3-methyl-
3,8-diazabicyclo[3.2.1]oct-8-yl]carbonyl}-1,1a,2,12b-tetrahy
drocyclopropa[d]indolo[2,1-a][2]benzazepine-5-carboxamide]),
a nonnucleoside NS5B inhibitor, resulted in an approxi-
mately 2.5 log10 decline of HCV RNA in genotype 1a and
1b infected subjects within 24 hours after a single dose of 300
mg (90). In cell culture 50% EC50 values for beclabuvir were
3 nM and 6 nM for genotypes 1a and 1b, respectively (91).
Similar values were observed for genotypes 3a, 4a, and 5a;
however, activity versus genotypes 2 and 6a were variable.

Pharmacokinetics
The pharmacokinetics of beclabuvir were evaluated in
combination with daclatasvir and asunaprevir (92). Using a
dose of 75 mg twice daily, peak plasma concentrations were
1,375 ng/ml for beclabuvir and 318 ng/ml for its active
metabolite BMS-794712; levels were comparable in cir-
rhotic patients. Peak concentrations were achieved in 2.5 to
3.0 hours. The AUC12 values observed at steady-state were
6,755 ng�h/ml and 1,174 ng�h/ml. Beclabuvir is metabolized
to its equipotent metabolite, BMS-794712 via CYP3A4
(93). In vitro it has been shown to be a weak inducer of
CYP3A4. In a phase 1 study, coadministration with becla-
buvir resulted in mildly decreased exposure to midazolam
(94). Beclabuvir in combination with asunaprevir and da-
clatasvir resulted in 32% and 38% decreases in Cmax levels of
escitalopram and sertraline, respectively (95).

Adverse Effects
Beclabuvir is being developed exclusively in fixed-dose
combination with asunaprevir and daclatasvir. In clinical
trials, this coformulation has been generally well tolerated.
The most commonly reported adverse events have included
headache, fatigue, asthenia, diarrhea, nausea, pruritus, and
abdominal pain. In clinical trials, all adverse effects con-

sidered treatment-related were mild to moderate in intensity
and did not lead to drug discontinuation (96, 97).

Resistance
In preclinical studies, the main NS5B RAVs associated with
beclabuvir exposure were primarily at a single site (P495A/S/
L/T) (91). The most common treatment emergent NS5B
RAVs in patients with virologic failure in clinical trials of
beclabuvir, in combination with daclatasvir and asunaprevir,
were at NS5B amino acid 495, most notably P495L (96, 97).

Clinical Applications
In a phase 3 trial of noncirrhotic patients with genotypes 1a
and 1b treated with the fixed-dose combination of becla-
buvir, daclatasvir, and asunaprevir, SVR12 rates were 91.3%
and 89.3% for treatment-naïve and treatment-experienced
patients, respectively (97). In a separate trial, SVR12 rates
were also high in patients with cirrhosis, regardless of prior
treatment experience, and regardless of whether ribavirin
was administered concomitantly (98). A small study also
showed an SVR12 rate of 91.5% for this regimen in persons
with genotype 4 HCV infection (99).

GS-9669
GS 5-(3,3-dimethylbut-1-ynyl)-3-[[4-hydroxy-4-[[(3S)-tet-
rahydrofuran-3-yl]oxymethyl]cyclohexyl]-[(1R)-4-methyl-
cyclohex-3-ene-1-carbonyl]amino]thiophene-2-carboxylic
acid) is a nonnucleoside inhibitor of the NS5B polymerase
that binds at the allosteric thumb site II location. GS-9669 is
active against HCV genotype 1 and is currently being studied
as part of various combination regimens with other DAAs
including sofosbuvir and ledipasvir (100). In a phase 2A trial,
treatment-naïve patients treated with 6 weeks of ledipasvir,
sofosbuvir, and GS-9669 achieved 95% SVR12 (101).

Direct-Acting Agents: NS3/4A Inhibitors
The NS3/4A serine protease is responsible for posttransla-
tional processing of HCV and also functions in the evasion
of the host innate immune response (102). NS3/4A inter-
feres with signaling of RIG-1, a cellular helicase that binds
HCV RNA, and activates factors that result in IFN-ß pro-
duction. NS3 also cleaves Cardiff, an additional factor
downstream of RIG-1, to further decrease IFN-ß production
(103), and blocks Toll-IL-1 receptor domain-containing
adaptor (TRIF), which normally serves as another activator
for interferon regulatory factor 3 and NF-kB (104).

The first-generation NS3/4A inhibitors, boceprevir and
telaprevir, were the first DAAs to gain regulatory approval in
the United States, in 2011. Highlighting the rapid pace of
HCV DAA development, manufacturing and distribution of
both boceprevir and telaprevir have been discontinued in the
United States as these agents have quickly been eclipsed by
drugs with greater efficacy and fewer side effects. HCV pro-
tease inhibitors that either have regulatory approval or are
expected to have approval soon are described in detail below,
as are several agents in late phase 2 clinical development.
Medications in earlier clinical development are summarized
in Table 3. Figure 3b shows the chemical structures of NS3/
4A inhibitors commonly used in clinical practice.

Simeprevir

Spectrum of Activity
Simeprevir (2R, 3aR, 10Z, 11aS, 12aR,14aR)-N-(cyclo-
propylsulfonyl)-2-[[2-(4-isopropyl-1,3-thiazol-2-yl)-7-me-
thoxy-8-methyl-4-quinolinyl]oxy]-5-methyl-4,14-dioxo-2,3,
3a,4,5,6,7,8,9,11a,12,13,14,14a-tetradecahydrocyclopenta
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[c]cyclopropa[g][1,6]diazacyclotetradecine -12a(1H)-carbox-
amide; Olysio) has antiviral activity against HCV genotypes
1a, 1b, and 4. EC50 values for genotype 1a range from 23 to
28 nM and for genotype 1b range from 3.7 to 25 nM (105).

Pharmacology
Simeprevir is absorbed to its maximum concentration be-
tween 4 and 6 hours after oral administration. The bio-
availability of simeprevir is increasedwhen administeredwith
food, resulting in a 60% to70% increase in AUC and a 1 to
1.5 hour delay in absorption. It is therefore recommended to
be administered with food. Accumulation of simeprevir oc-
curs after repeated dosing and steady-state concentrations are
achieved after 7 days of therapy (106). Elimination of si-
meprevir is via the biliary system with > 91% of drug
recovered in the feces. Terminal elimination half-life is
41 hours in HCV infected patients. Renal elimination is
negligible and there are no recommended dose adjustments
at any level of renal insufficiency (107).

Simeprevir relies heavily on the CYP 3A4 enzyme for
metabolism. Therefore, use of moderate to strong CYP3A4
inhibitors and inducers in combination with simeprevir is
not recommended due to clinically significant variations in
simeprevir exposure. Additionally, simeprevir mildly inhibits
intestinal CYP3A4 (no effect on hepatic CYP3A4),
CYP1A2, OATP1B1/3, and P-gp activity and may result in
increased exposure of drugs that are metabolized or trans-
ported by these enzymes (107).

Adverse Effects
Adverse effects of simeprevir that have been reported in
> 10% of study participants when used in combination with
sofosbuvir include fatigue, headache, nausea, insomnia,
pruritus, dizziness, and diarrhea. Elevations in direct and
indirect bilirubin have been seen early after initiation with
simeprevir therapy with peak bilirubin levels seen after 2
weeks of treatment, although these are usually < 2.5 · the
upper limit of normal (ULN) and resolve rapidly after
treatment discontinuation. Close monitoring of hepatic
function is warranted as cases of hepatic decompensation,
hepatic failure, and death have been reported in post-
marketing analyses with the majority of these cases in pa-
tients with advanced or decompensated cirrhosis. Due to
these risks, simeprevir is not recommended in Child-Pugh B
or C, histologic classification of hepatitis C and treatment
discontinuation should be considered when elevated bili-
rubin is accompanied by elevations in liver transaminase or
other signs of hepatic decompensation (107).

Rash and photosensitivity reactions have been reported
to occur in 28% of patients treated with simeprevir with
56% of these reactions occurring in the first 4 weeks of
treatment. Most of these reactions were mild to moderate in
severity. Although simeprevir has a sulfonamide moiety,
patients with a history of a sulfa allergy have not experienced
an increased incidence of rash or photosensitivity in clinical
trials of simeprevir. To decrease the incidence of photosen-
sitivity reactions, all patients taking simeprevir should be
instructed to use sun protection measures (107).

Resistance
Variants harboring Q80K/R, S122R, R155K, and D168A/V/
E substitutions were all found to decrease susceptibility to
simeprevir in vitro. The most common simeprevir-associated
RAVs to emerge in patients who failed to achieve SVR in
clinical trials were Q80R, R155K, and D168E/V/X. Efficacy
of simeprevir is significantly reduced in patients with HCV

genotype 1a with a baseline Q80K polymorphism; screening
all genotype 1a patients for this polymorphism before treat-
ment initiation is strongly recommended. Cross-resistance
may occur for other NS3/4A inhibitors; patients who have
failed treatment with protease inhibitors should not receive
simeprevir (107).

Clinical Applications
Simeprevir has been studied in clinical trials among various
combination regimens for the treatment of chronic HCV
genotype 1. In placebo-controlled randomized phase 3 trials
including treatment-naïve, genotype 1 HCV-infected pa-
tients, simeprevir in combination with peg-IFN and ribavirin
achieved higher SVR 12 rates compared to peg-IFN and
ribavirin (80% versus 50%) (P < 0.0001) (108, 109). In
genotype 1 HCV infected patients who relapsed after pre-
vious treatment, simeprevir in combination with peg-IFN
and ribavirin achieved SVR 12 rates of 79.2% compared to
36.1% with peg-IFN and ribavirin (P = 0.001) (110).

Simeprevir has also been studied in combination with
sofosbuvir in genotype 1 HCV infected patients. In previous
nonresponders with fibrosis stage ranging from F0 to F2,
simeprevir in combination with sofosbuvir with or without
ribavirin for 12 to 24 weeks achieved overall SVR12 rates of
90%. In a cohort including treatment-naïve patients as well
as previous nonresponders with fibrosis stage ranging from
F3 to F4, simeprevir in combination with sofosbuvir with or
without ribavirin for 12 to 24 weeks achieved overall SVR
12 rates of 94% (111). In all the subgroups, neither addition
of ribavirin nor extension of the treatment duration to
24 weeks had a clinically significant impact on SVR 12
rates. SVR12 rates with simeprevir and sofosbuvir combi-
nation therapy are high even in patients with the Q80K
polymorphis (111). Simeprevir in combination with so-
fosbuvir is more effective at achieving SVR 12 than peg-
IFN, ribavirin, and sofosbuvir in patients with HCV geno-
type 1a related Child-Pugh A cirrhosis (93% versus 75%,
P = 0.02) (112).

Simeprevir in combination with peg-IFN and ribavirin
has also been studied in patients coinfected with HCV ge-
notype 1 and HIV-1, yielding SVR 12 rates of 57.1%, 70%,
86.7%, and 79.2% in prior null responders, prior partial re-
sponders, prior relapsers, and treatment-naïve patients, re-
spectively (113). Post–liver transplant patients with
histological evidence of HCV genotype 1 recurrence were
treated with simeprevir in combination with sofosbuvir with
or without ribavirin and achieved SVR 12 rates of 90%,
although these rates were slightly lower in patients with
Metavir F3 to F4 fibrosis (114).

Paritaprevir

Spectrum of Activity
Paritaprevir (2R,6S,12Z,13aS,14aR,16aS)-N-(Cycloprop
ylsulfonyl)-6-{[(5-methyl-2-pyrazinyl)carbonyl]amino}-5,16-
dioxo-2-(6-phenanthridinyloxy)-1,2,3,6,7,8,9,10,11,13a,14,
15,16,16a-tetradecahydrocyclopropa[e]pyrrolo [1,2-a][1,4]di-
azacyclopentadecine-14a(5H)-carboxamide) is an NS3/4a
inhibitor with EC50 of 1.0, 0.21, 5.3, and 0.09 nM against
HCV genotypes 1a, 1b, 2a, and 4a, respectively. EC50 against
genotype 3 is diminished (19 nM), likely related to the
presence of the D168Q variant in the NS3 gene (115). It is
currently commercially available only in coformulation with
ritonavir and ombitasvir and should only be used for treat-
ment of HCV genotype 1a or 1b (in combination with da-
sabuvir) or genotype 4.
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Pharmacokinetics
In healthy volunteers, paritaprevir achieves peak concen-
tration at about 4 hours after administration and has a
plasma elimination t1/2 of 5.8 hours (85). Median steady
state AUC0–24 is 2,220 ng · hr/ml. Administration with a
fatty meal leads to a 220% increase in AUC compared to
fasting conditions (116). It is 97% to 99% protein bound.
Approximately 90% is excreted through the biliary tract,
and there is only minimal urinary elimination. In individuals
with Child-Pugh class C cirrhosis, AUC of paritaprevir was
950% higher than normal controls; therefore, its use is
contraindicated in this population. However, paritaprevir
may be administered to individuals with Child-Pugh class A
or B cirrhosis, as the increase in levels was more moderate in
these groups (85).

Paritaprevir is primarily metabolized by CYP3A. It re-
quires coadministration with ritonavir, a potent inhibitor of
CYP3A, which allows for once-daily dosing of paritaprevir at
a lower dose. Paritaprevir is both an inhibitor and substrate
of organic anion transporting polypeptide (OATP) 1B1/B3
and an inhibitor and substrate of P-glycoprotein (P-gp) and
BCRP (88). There are many clinically significant drug in-
teractions associated with paritaprevir and ritonavir, pri-
marily caused by the inhibition of CYP3A by ritonavir.

Coadministration with strong CYP3A inducers, such as
carbamazepine, phenytoin, or rifampin is contraindicated.
Paritaprevir and ritonavir will increase levels of HMG-CoA
reductase inhibitors and increase risk of associated adverse
events; coadministration of lovastatin and simvastatin are
contraindicated. If rosuvastatin is used, it cannot be dosed at
more than 10 mg per day. Ergot derivatives are contraindi-
cated with paritaprevir and ritonavir, as are alpha-1 adren-
ergic antagonists. In clinical trials, coadministration of
coformulated ombitasvir/paritaprevir/ritonavir and dasabu-
vir with products containing ethinyl estradiol was associated
with abnormalities in liver function tests, and is therefore
contraindicated. Sildenafil coadministration is contraindi-
cated as its levels will be significantly increased (117). Ad-
ministration with ketoconazole is associated with nearly
100% increase in paritaprevir AUC; if ketoconazole or
itraconazole are to be coadministered, a reduced dose of
paritaprevir should be given. Voriconazole is also contrain-
dicated with paritaprevir and ritonavir, due to significant
reduction in voriconazole levels (118). Fluticasone coad-
ministration with ritonavir has been associated with Cush-
ing’s syndrome, and alternatives should be considered (119).
Care must also be taken with coadministration of antiar-
rhythmics and immunosuppressants with therapeutic drug
levels monitored whenever possible (120).

With regard to antiretrovirals, paritaprevir has only been
studied with atazanavir, raltegravir, and tenofovir/em-
tricitabine. If coadministered with coformulated ombitasvir/
paritaprevir/ritonavir, atazanavir must be given without the
usual extra dose of 100 mg of ritonavir. Coadministration
with atazanavir is associated with indirect hyper-
bilirubinemia (121). Rilpivirine, efavirenz, and coformu-
lated lopinavir/ritonavir cannot be given with paritaprevir.
For a full account of drug-drug interactions associated with
coformulated ombitasvir and coadministered dasabuvir and
ribavirin, please refer to the sections pertaining to these
medications.

Adverse Effects
There are no data available on the adverse effects of par-
itaprevir alone, as it was coformulated with ritonavir and
ombitasvir early in drug development. For a detailed review

of adverse events associated with this coformulation, please
refer to the section on ombitasvir.

Resistance
The most common RAV seen in the NS3 protein in patients
experiencing virologic failure after receiving paritaprevir is
the D168V, which is associated with a 96-fold change in
EC50 compared to wild-type virus (89, 115). Other common
RAVs associated with high-level resistance include Y56H
and R155K (89).

Clinical Applications
Paritaprevir is only commercially available coformulated
with ombitasvir and ritonavir. For a description of clinical
studies involving paritaprevir, please refer to the section on
ombitasvir.

Grazoprevir

Spectrum of Activity
Grazoprevir (1aR,5S,8S,10R,22aR)-5-tert-butyl-N-{(1R,2S)-
1-[(cyclopropylsulfonyl)carbamoyl]-2-ethenylcyclopropyl}-
14-methoxy-3,6-dioxo-1,1a,3,4,5,6,9,10,18,19,20,21,22,22a-
tetradecahydro-8H-7,10-methanocyclopropa[18,19][1,10,3,6]
dioxadiazacyclononadecino[11,12-b]quinoxaline-8-carbox-
amide) has pan-genotypic activity, and has a sub- to low-nM
EC50 value in vitro against genotypes 1a, 1b, and 2 (122).

Mechanism of Action
Grazoprevir is a macrocyclic NS3A/4 protease inhibitor that
has a novel mechanism of noncovalent binding to the S2
site of the enzyme that prevents it from interacting with the
R155 or D168 residues at the S2 subsite, as do most other
macrocytic compounds. It is this property that is believed to
allow grazoprevir activity against variants with RAVs at
these sites (122–124).

Pharmacology
Grazoprevir peak levels of 165 ng/ml are achieved an aver-
age of 3 hours after administration of medication (125, 126).
Plasma elimination t1/2 is 35 to 39 hours in subjects without
renal or hepatic impairment (125, 126). In individuals with
severe renal impairment, although grazoprevir exposure is
increased somewhat, renal clearance is minimal. Therefore,
it is believed to be safe to administer to patients with end-
stage renal disease (125). In subjects with Child-Pugh B
cirrhosis, AUC and Cmax are both increased approximately
5-fold compared to healthy controls (126).

Grazoprevir is a substrate of CYP3A4, P-gp, and
OATP1B1. It is also a weak CYP3A4 inhibitor and an in-
hibitor of CYP2C8 andUGT1A1.As a substrate of CYP3A4,
levels of grazoprevir are significantly increased when it is
coadministered with ritonavir-boosted HIV protease in-
hibitors; coadministration is, therefore, contraindicated.
Although it has not been studied with cobicistat, coadmin-
istration is not recommended given the same concern. Al-
though efavirenz coadministration is not recommended,
coadministration of fixed-dose combination grazoprevir/
elbasvir with rilpivirine did not result in clinically significant
changes in levels of any of the three medications, so coad-
ministration is allowable (127). Coadministration with ral-
tegravir or dolutegravir is considered safe (128, 129).
Grazoprevir may be safely coadministered with pitavastatin
and pravastatin; however, both atorvastatin and rosuvastatin
should be avoided (130).

13. Anti–Hepatitis Virus Agents - 255



Adverse Effects
There are limited data available on the adverse effects spe-
cifically attributable to grazoprevir, as all phase 2 and 3
studies have included coformulated elbasvir. For details of the
adverse effects associated with the grazoprevir/elbasivr fixed-
dose combination, please refer to the section on elbasvir.

Resistance
Grazoprevir demonstrated a sub-nM potency in vitro against
the virus with R155K and D168V/Y substitutions (122),
which are commonly associated with treatment failure of
first-generation NS3/4A inhibitors. EC50s against strains
with the A156T substitution were notably higher.

In phase 2 and 3 studies, SVR12 rates were similar in
patients with baseline NS3/4A RAVs compared to those
without RAVs. The most common NS3 RAVs seen in pa-
tients not achieving SVR12 were Y56H, Q80K, A156T, and
D168A (131, 132). In a study of grazoprevir/elbasvir in pa-
tients who had previously failed treatment that had included
a first-generation NS3/4A inhibitor, all three patients who
failed developed the emergent R156T substitution, in addi-
tion to the reemergence of other baseline RAVs (133).

Clinical Applications
Grazoprevir is in clinical development exclusively in fixed-
dose combination with elbasvir, an NS5A inhibitor, so all
clinical trial data of grazoprevir pertains to this coformula-
tion. For further detail, please refer to the section on elbasvir.

Asunaprevir

Spectrum of Activity
Asunaprevir (tert-Butyl{(2S)-1-[(2S,4R)-4-({7-chloro-4-
methoxyisoquinolin-1-yl}oxy)-2-({(1R,2S)-1-[(cycloprop-
anesulfonyl)carbamoyl]-2-ethenylcyclopropyl}carbamoyl)
pyrrolindin-1-yl]-3,3-dimethyl-1-oxobutan-2-yl}carbamate;
Sunvepra) is an NS3/4A inhibitor with activity against
HCV genotypes 1a, 1b, and 2 with EC50 values of 4, 1.2, and
230 nM, respectively. Antiviral activity against genotype 1 is
greater than genotype 2 (134).

Pharmacology
Asunaprevir’s Cmax of 123 ng/ml is achieved in 2.5 hours.
Absorption parameters were not significantly affected by
food; therefore, asunaprevir can be taken without regard to
meals. Steady-state concentrations are achieved after 5 days
and total drug exposure is 804.1 ng�h/ml. The primary route
of metabolism is through the CYP3A pathway and the
majority of drug is eliminated via the biliary route. Asu-
naprevir accumulates in hepatic dysfunction and is not to be
used in patients with Child-Pugh B or C cirrhosis or in
patients with decompensated cirrhosis (135–137).

Asunaprevir is a substrate of CYP3A and thus concom-
itant administration of strong inducers or inhibitors of
CYP3A is contraindicated. Asunaprevir is also a substrate of
P-gp and OATP 1B1 and 2B1, which are involved in the
distribution of asunaprevir to the liver. Strong inhibitors of
these enzymes may increase plasma concentrations of asu-
naprevir while decreasing liver distribution and therapeutic
efficacy. Asunaprevir induces CYP3A and inhibits CYP2D6,
OATP 1B1, 1B3, and 2B1 and P-gp and may alter exposure
of drugs metabolized by these pathways (134, 135).

Adverse Reactions
Elevations in aspartate aminotransferase (AST), ALT, and
bilirubin can occur with asunaprevir. It is recommended to
monitor liver function tests every 2 weeks for the first 12

weeks of therapy and every 4 weeks thereafter. Treatment
should be discontinued permanently if ALT values rise
above 10 times the ULN. Other adverse reactions occurring
in more than 5% of patients in clinical trials include head-
ache, pyrexia, eosinophilia, nasopharyngitis, and diarrhea
(138, 139).

Resistance
Asunaprevir resistant substitutions may occur at the D168
active site and result in EC50 values 16- to 280-fold that of
the wild-type strain. Cross-resistance to other NS3/4A in-
hibitors is a concern (140).

Clinical Applications
Although asunaprevir is not approved in the United States,
it is widely used internationally as part of combination reg-
imens to treat chronic HCV genotypes 1 and 4. Although
early clinical trials of asunaprevir with peg-IFN and ribavirin
yielded SVR24 rates ranging from 64% to 89%, these regi-
mens are no longer recommended (141). Recommended
regimens include asunaprevir in combination with dacla-
tasvir as well as in combination with daclatasvir and becla-
buvir. A fixed-dose combination of asunaprevir, daclatasvir,
and beclabuvir is available internationally and clinical ap-
plications of this regimen are described in the beclabuvir
section.

Several clinical trials performed in Japan evaluated asu-
naprevir in combination with daclatasvir for genotype 1b
HCV. In treatment-naïve patients, the combination of asu-
naprevir and daclatasvir for 12 weeks achieved SVR12 rates
of 90% (142). In previous nonresponders, 24 weeks of this
regimen induced SVR12 in 80% to 90% of patients. In IFN-
ineligible or intolerant patients, SVR12 rates ranged from
63% to 87% with 24 weeks of therapy (142–144).

Asunaprevir will continue to be an option for combina-
tion therapy regimens against HCV genotypes 1 and 4 in-
ternationally; however, there are no plans to seek regulatory
approval in the United States for this agent.

Vedroprevir
Vedroprevir (1R, 2R-1-[[(2S, 4R)-1-[(2S)-2-[[1R,5S)-3bicy-
clo[3.1.0]hexanyl]oxycarbonylamino]-3,3-dimethylbutanoyl]-
4-[8-chloro-7-(2-morpholin-4-ylethoxy0-2-[2-9propan-2-yla-
mino)-1,3-thiazol-4-yl]quinolin-4-yl]oxypyrrolidine-2-carbonyl]
amino]-2-ethylcyclopropane-1carboxylic acid) is a selective
NS3 inhibitor currently in clinical trials for the treatment of
genotype 1 HCV. In replicon studies, the EC50 was 13 nM in
genotype 1a cell lines and was 5.4 nM in genotype 1b cell
lines (145). Vedroprevir monotherapy is associated with
substitutions at positions 155 and 168 that conferred a > 152-
fold change in EC50 (146). In a phase 2 study of patients
given vedroprevir for 6 weeks in combination with sofosbuvir
and ledipasvir, 19 (95%) reached SVR12 (101). In a study of
this regimen in patients with F3 fibrosis or cirrhosis, the
SVR12 rate was 76% (147).

GS-9857
GS-9857 is an NS3/4A inhibitor with pan-genotypic ac-
tivity. In preclinical studies, it has shown activity against
many NS3 RAVs selected by other NS3/4A inhibitors,
suggesting a possible role in NS3/4A treatment-experienced
patients (148). In a phase 2 study of 6 weeks of treatment
with GS-9857 in a fixed-dose combination with sofosbuvir
and velpatasvir in genotype 1 patients, SVR12 rates were
93%, 87%, and 67% among treatment-naïve noncirrhotic
patients, treatment-naïve cirrhotic patients, and patients
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with treatment failure on prior DAA-based regimens, re-
spectively (149). Phase 2 studies of the fixed-dose combi-
nation in other genotypes and to evaluate different lengths
of treatment are ongoing.

Glecaprevir (ABT-493)
Glecaprevir (ABT-493, Cyclopropanecarboxamide, N-
((((1R,2R)-2-((4,4-difluoro-4-(3-hydroxy-2-quinoxalinyl)-
2-buten-1-yl)oxy)cyclopentyl)oxy)carbonyl)-3-methyl-L-
valyl-(4R)-4-hydroxy-L-prolyl-1-amino-2-(difluoromethyl)-
N-((1-methylcyclopropyl)sulfonyl)-, cyclic (1-> 2)-ether,
(1R,2R)) is a pan-genotypic NS3/4A inhibitor being de-
veloped in combination with pibrentasvir, a pan-genotypic
NS5A inhibitor. Current studies are evaluating various doses
of these two drugs in combination with or without ribavirin
in patients with genotypes 1, 2, and 3. In noncirrhotic pa-
tients with genotype 1 HCV, the combination of glecaprevir
and pibrentasvir for 8 weeks achieved SVR12 in 97% of
patients, and there were no virologic failures (150). In
noncirrhotic patients with genotypes 2 and 3 and who were
either treatment-naïve or -experienced, glecaprevir in
combination with pibrentasvir for 12 weeks achieved 96% to
100% SVR12 in genotype 2 patients and 83% to 94%
SVR12 in genotype 3 patients (151, 152). Adverse effects
associated with this regimen include fatigue, nausea, diar-
rhea, and headache, and are typically mild; however, two
patients discontinued therapy due to adverse effects in one
trial (150–152). This regimen also has a high barrier for
resistance and is active against common HCV harboring
NS3/4A an NS5A RAVs (153).

Direct-Acting Agents: NS5A Inhibitors
The NS5A protein plays an essential role in HCV replica-
tion, although the specific function of this protein remains
unclear. Regardless, NS5A inhibitors have been shown to
have high potency against HCV and are generally active
against multiple genotypes. The first compounds with ac-
tivity against NS5A were found by high throughput
screening with the genotype 1b replicon. A variety of
strategies to refine early compounds were employed to im-
prove the bioavailability, broaden activity to other geno-
types, and produce more favorable pharmacokinetics. As a
class, these agents tend to have a low barrier to the devel-
opment of resistance, and as such, are only administered in
combination with other HCV DAAs. Characteristics of
specific agents that have regulatory approval or are in late
stages of clinical development are described below. Medi-
cations in earlier clinical development are summarized in
Table 3. Figure 3c shows the chemical structures of NS5A
inhibitors commonly used in clinical practice.

Daclatasvir

Spectrum of Activity
Daclatasvir (carbamic acid,N,N¢-[[1,1¢-biphenyl]-4,4¢-diyl-
bis[1H-imidazole-5,2-diyl-(2S)-2,1-pyrrolidinediyl[(1S)-1-
(1-methylethyl)-2-oxo-2,1-ethanediyl]]]bis-,C,C¢-dimethyl
ester, hydrochloride (1:2); Daklinza) has antiviral activity
against genotypes 1 through 5. Median EC50 values for ge-
notypes 1a, 1b, 2, 3, 4, and 5 are 0.008 nM, 0.002 nM, 16
nM, 0.2 nM, 0.025 nM, and 0.004 nM, respectively (154).
Daclatasvir was the first NS5A inhibitor to be reported to
have antiviral activity in patients with HCV. The devel-
opment of a dimeric molecule was noted to be an important
step in improving the potency of the molecule. On the basis

of resistance data, it is believed to bind to the N terminus of
the NS5A protein, where the protein is anchored to the
endoplasmic reticulum membrane (155).

Pharmacology
Peak plasma concentrations of daclatasvir are observed
within 2 hours of administration. The oral bioavailability is
67% yielding mean AUC0–24h values of 10,973 ng�h/ml
(156). It is metabolized through the CYP3A4 pathway;
however, > 97% of drug-related compound measured in
plasma is the parent compound. Primary route of elimination
is biliary with 88% recovered in feces. The plasma elimi-
nation t1/2 of daclatasvir is approximately 12 to 15 hours.
Pharmacokinetics are not altered in renal or hepatic im-
pairment (157, 158).

Daclatasvir is predominantly metabolized by CYP3A4
and has clinically significant drug interactions with
CYP3A4 inducers and inhibitors. When administering da-
clatasvir with strong CYP3A4 inhibitors, the dose of da-
clatasvir should be decreased from 60 mg to 30 mg.
Administering strong inducers of CYP3A4 (e.g., rifampin,
phenytoin, and carbamazepine) with daclatasvir is contra-
indicated due to risk of lower drug exposure, loss of efficacy,
and development of resistance. However, moderate inducers
of CYP3A4 can be coadministered with daclatasvir if the
dose of daclatasvir is increased to 90 mg (159).

Daclatasvir inhibits P-gp, OATP1B1 and 1B3, and BCRP
and can increase the exposure of medications that rely on
these pathways for metabolism such as digoxin and dabiga-
tran.

Adverse Effects
The most common adverse effects observed in clinical trials
were headache and fatigue, which occurred in greater than
10% of patients. All adverse reactions were mild to moderate
in severity and did not lead to treatment discontinuation
(163–167).

Resistance
HCV variants with reduced susceptibility to daclatasvir have
been identified in cell culture and in clinical studies and occur
frequently in patients who experience virologic failure after
treatment with daclatasvir. In one phase 3 study, every patient
who experienced virologic failure harbored a virus with an
NS5A resistance–associated substitution, including A30K/S,
L31I, and S62A/L/P/T, with the most common substitution
identified at the time of virologic failure being Y93H (160).
Treatment emergent resistance–associated substitutions per-
sist at detectable levels for more than 1 year. While baseline
polymorphisms are not always associated with decreased ef-
ficacy, a baseline Y93H variant is associated with decreased
SVR rates (54% versus 92% in those without). Cross-re-
sistance to other NS5A inhibitors is expected; however, ef-
fect on other direct-acting antiviral classes is unlikely.

Clinical Applications
Daclatasvir has been studied in clinical trials as part of a
variety of regimens against multiple HCV genotypes. In
genotype 1 patients, daclatasvir in combination with so-
fosbuvir given for 12 weeks achieves SVR12 rates of 98%
regardless of genotype subtype (1a 98% versus 1b 100%) and
previous treatment (treatment-naïve 98% versus prior
treatment failure 98%). Neither extending the duration of
therapy to 24 weeks nor the addition of ribavirin made an
impact on rates of SVR 12 in genotype 1 patients (161). The
combination of daclatasvir and sofosbuvir for 24 weeks
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achieved SVR12 rates of 92% in untreated genotype 2 pa-
tients and of 89% in untreated genotype 3 patients. The
addition of ribavirin to the regimen did not improve SVR12
rates in patients with genotype 2 or 3 (162). When the
duration of therapy was decreased to 12 weeks in genotype 3
patients, the SVR 12 rates were 90% in treatment-naïve
patients and 86% in treatment-experienced patients. De-
creasing the length of treatment to 8 weeks is associated with
lower SVR12 rates (76%, genotypes 1 to 4), although this
may be considered in patients with HCV RNA levels less
than 2 million IU/ml (100% SVR12) (163). Subjects with
cirrhosis and HCV genotype 3 who received 12 weeks of
treatment without ribavirin also had considerably lower
SVR12 rates (63%) (160).

SVR12 rates were high (> 97%) in patients coinfected
with HIV, regardless of genotype or prior treatment experi-
ence (160). In post–liver transplant patients with severe
recurrent HCV treated with daclatasvir and sofosbuvir, with
and without ribavirin for 24 weeks, 75% achieved unde-
tectable levels by the end of treatment; however, 25% of
patients died during antiviral therapy. Anti-HCV therapy to
treat HCV recurrence after liver transplantation should be
initiated at early stages before the onset of cholestasis and
liver decompensation to obtain the greatest benefit (164).

Ledipasvir

Spectrum of Activity
Ledipasvir (methyl [(2S)-1-{(1R,3S,4S)-3-[5-(9,9-difluoro-
7-{2-[(6S)-5-{(2S)-2-[(methoxycarbonyl)amino]-3-methyl-
butanoyl}-5-azaspiro[2.4]hept-6-yl]-1H-imidazol-4-yl}-9H-
fluoren-2-yl)-1H-benzimidazol-2-yl]-2-azabi cyclo[2.2.1]hept-
2-yl}-3-methyl-1-oxo-2-butanyl] carbamate) has antiviral
activity against genotypes 1 through 6, but is most active
against genotype 1 with EC50 values of 0.018 nM for geno-
type 1a and 0.006 nM for genotype 1b. Ledipasvir is the least
active against genotypes 2a, 2b, 3a, and 6e with EC50 values
of 21 to 249 nM, 16 to 530 nM, 168 nM, and 264 nM,
respectively (165). Ledipasvir, unlike most other NS5A in-
hibitors, was not developed as a dimeric molecule, but rather
is asymmetric. The compound was designed specifically for
optimization of coformulations with other DAAs, most no-
tably sofosbuvir (166).

Pharmacology
The plasma concentrations of ledipasvir after a single dose of
90 mg peak approximately 4 hours post dose at 116.5 ng/ml
and the AUC 0–24 is 1,320 ng�h/ml. Ledipasvir absorption is
not affected by fat content of meals and can be administered
without regard to food intake. Pharmacokinetics are not
altered by renal or hepatic impairment. Metabolism occurs
via a slow oxidative process. It is eliminated primarily as
unchanged parent compound in the feces. The terminal
plasma t1/2 of ledipasvir is 47 hours (167, 168).

Ledipasvir solubility increases as pH decreases (pH
of < 2.3) and is practically insoluble between pH of 3 to 7.5.
Consequently, it requires an acidic environment to be ab-
sorbed and must be appropriately separated from acid re-
ducing pharmacologic agents. Administering ledipasvir under
basic conditions can result in lack of absorption and thera-
peutic effect. Ledipasvir is a substrate of the P-gp efflux pump
and use with P-gp inducers is not recommended as there is a
risk of a decreased therapeutic effect of ledipasvir. However,
ledipasvir can be used concomitantly with P-gp inhibitors.
Ledipasvir also inhibits P-gp and BCRP and may increase
absorption of coadministered substrates of this transporter.

Adverse Effects
Adverse effects related to ledipasvir are usually mild and
rarely cause patients to discontinue therapy ( £ 1%). The
most common side effects seen in clinical trials include
headache, fatigue, insomnia, and nausea. Adverse events
due to ledipasvir are more common in patients treated with
more prolonged courses of therapy (162, 169, 170).

Resistance
Multiple NS5A variants, including Y93H/N, Q30R, and
L31M, have been associated with ledipasvir resistance both
in vitro and in clinical trials, either at baseline and/or at time
of virologic failure. In phase 3 clinical trials of ledipasvir-
containing regimens, 55% of patients with genotype 1a and
88% of patients with genotype 1b had emergent NS5A
resistance–associated substitutions at the time of ledipasvir
failure. Baseline resistance-associated variants were seen in
16%, 14%, and 18% of study participants in ION-1, ION-2,
and ION-3, respectively. However 89% to 96% of these
patients still achieved SVR12 (165, 171, 172). NS5A
resistance–associated variants observed in clinical trials with
ledipasvir may decrease susceptibility to other NS5A in-
hibitors (165).

Clinical Applications
Ledipasvir is only commercially available as a fixed-dose
combination tablet also containing sofosbuvir. In treatment
naïve, genotype 1 patients, ledipasvir used in combination
with sofosbuvir for 12 weeks achieved SVR12 rates of 99%
(169). Treatment duration may be shortened to 8 weeks in
selected patients who are noncirrhotic and have a pre-
treatment HCV RNA level less than 6 million IU/ml (170).
In treatment-experienced patients with HCV genotype 1,
the ledipasvir and sofosbuvir combination achieved SVR12
rates of 94% when used in a 12-week regimen and 99% in a
24 week regimen. Patients with cirrhosis had significantly
higher SVR12 rates when treated for 24 weeks compared to
12 weeks (95% versus 86%, P = 0.007) (162).

Ledipasvir and sofosbuvir combination therapy has also
been studied in treatment-naïve and treatment-experienced
patients with genotypes 4 and 5 with SVR12 rates ranging
from 93% to 95% in genotype 4 and 95% in genotype 5
(171). Studies including patients with genotype 3 are being
developed.

Combination therapy with ledipasvir and sofosbuvir has
also been studied in patients with HCV and HIV coinfection
yielding SVR12 rates of 96% in genotype 1 patients and
100% in genotype 4 patients. The incidence of SVR12 was
not affected by cirrhosis or history of treatment (172). Post–
liver transplant patients have also been treated with ledipasvir
and sofosbuvir in combination with ribavirin for 12 and 24
weeks for chronic HCV with genotypes 1 and 4. SVR rates
decreased as liver disease became more advanced with SVR
rates ranging from 96% to 98% in fibrosis and Child-Pugh A
cirrhosis to 60% to 67% in Child-Pugh C cirrhosis (173).

Ombitasvir

Spectrum of Activity
Ombitasvir (Dimethyl ({(2S,5S)-1-[4-(2-methyl-2-propanyl)
phenyl]-2,5-pyrrolidinediyl}bis{4,1-phenylenecarbamoyl(2S)-
2,1-pyrrolidinediyl[(2S)-3-methyl-1-oxo-1,2-butanediyl]})
biscarbamate) has activity against HCV genotypes 1 through
5 at an EC50 range of 1.7 to 19.3 pM and 366 pM against
genotype 6a (174). Ombitasvir, which was the first FDA-
approved NS5A inhibitor, was developed as a symmetrical,
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pyrrolidine-based structure on the basis of previous obser-
vations that dimeric forms of the NS5A protein can possess
anti-HCV activity and that inhibitors with dimer-like or
symmetric structures seemed to have increased potency
against HCV (174). Ombitasvir is coformulated with par-
itaprevir and ritonavir and administered with dasabuvir as
part of the Viekira Pak formulation for genotype 1 HCVand
without dasabuvir (Technivie) for genotype 4 HCV. Al-
though ombitasvir and paritaprevir were initially developed
by different pharmaceutical companies, a unique licensing
agreement between the two allowed the medication to move
forward as a coformulation after early clinical trials with
ombitasvir and dasabuvir alone failed to show adequate ef-
ficacy for some patients with genotype 1 HCV (175).

Pharmacokinetics
Ombitasvir, in its coformulation with paritaprevir and rito-
navir, achieves a mean peak concentration of 101 ng/ml at 4
to 5 hours after administration. Mean AUC is 82% higher
when administered with a moderate fat meal compared with
administration while fasting (116). Plasma elimination t1/2 is
25.5 to 32 hours (89). Steady state occurs 12 days after
initiation of therapy (86). Ombitasvir monotherapy causes a
mean reduction of 3.1 log10 IU/ml in HCV viral load in the
first 3 days of treatment (89). Ombitasvir is dosed at 25 mg in
the currently available fixed-dose combination pill, but ef-
ficacy is similar at doses ranging from 5 mg to 200 mg per day
(88). Elimination is primarily through the feces with mini-
mal renal excretion. Concentrations are not affected by re-
nal insufficiency. Ombitasvir, in its coformulation with
paritaprevir and ritonavir, is contraindicated in patients with
severe hepatic impairment (Child-Pugh C) because of ac-
cumulation of paritaprevir (85). P450 enzymes play a min-
imal role in the metabolism of ombitasvir. It is an inhibitor
of UGT1A1 and a substrate of p-glycoprotein and BCRP.
Carbamazepine can cause a significant decrease in serum
levels of ombitasvir, and their coadministration is contra-
indicated (88). For a full account of drug-drug interactions
associated with coformulated ombitasvir/paritaprevir/rito-
navir and coadministered dasabuvir and ribavirin, please
refer to the sections pertaining to those medications.

Adverse Effects
Ombitasvir has only been studied as monotherapy in small
pharmacokinetic studies with few participants, and no ad-
verse effects were reported (89). Ombitasvir has been studied
more widely in phase 3 trials in combination with par-
itaprevir, ritonavir, and dasabuvir, with or without ribavirin,
and it is difficult to know which adverse effects reported in
these trials, if any, can be attributed directly to ombitasvir. In
two placebo-controlled trials of ombitasvir in combination
with paritaprevir, ritonavir, dasabuvir, and ribavirin, subjects
in the treatment arm reported increased rates of nausea,
pruritus, rash, insomnia, and fatigue (176, 177). Fatigue and
nausea were less common in phase 3 studies in which sub-
jects received the direct-acting agents in the absence of ri-
bavirin (178, 179). The incidence of skin reactions reported
in phase 3 trials ranged from 7% to 24% of participants and
occurred less frequently in subjects not treated concomi-
tantly with ribavirin. There were no reports of Stevens
Johnson syndrome or erythema multiforme.

Approximately 1% of patients in phase 3 studies devel-
oped ALT elevations greater than 5 · the upper limit of
normal. The incidence of this elevation was greatly in-
creased among women taking ethinyl estradiol (· ). Serum
total bilirubin elevation of > 2 · ULN was noted in 15% of

subjects on concomitant ribavirin, and rarely required dis-
continuation of therapy. Thirty-five percent of HIV coin-
fected subjects treated concomitantly with ribavirin had
serum bilirubin rises to > 3 · ULN on treatment; however,
the majority of these subjects were also receiving atazanavir
for HIV infection (121). A drop in baseline hemoglobin
level below the lower limit of normal was relatively common
in subjects receiving coadministered ribavirin but across all
phase 3 studies, no subjects receiving the ombitasvir/par-
itaprevir/ritonavir plus dasabuvir without coadministered
ribavirin experienced a hemoglobin drop below 10 g/dl (87,
178, 179).

Resistance
In a genotype 1a replicon system, ombitasvir selects for re-
sistance variants with substitutions M28T/V, Q30R, H58D,
and Y93C/H/N in the NS5A protein. These variants are
associated with resistance of 58-fold or greater. Two addi-
tional substitutions, Q30H and L31M, were associated with
lower-level resistance (2- to 3-fold) (89). In a genotype 1b
replicon, the most commonly selected resistant variant was
Y93H. The addition of other substitutions leads to higher-
level ( > 400-fold) resistance. In the genotype 4a replicon
model, L28V was the only RAV selected, and it was asso-
ciated with 23-fold resistance to ombitasvir. In clinical trials,
the most common NS5A RAV to occur in subjects failing
treatment with ombitasvir was the Y30E/K/R, followed by
the M28A/T/V. Among all subjects who developed NS5A
resistance after receiving ombitasvir in phase 2 trials, 100%
had persistence of the RAVs 48 weeks after treatment (86).

Clinical Applications
Ombitasvir has only been studied clinically in combination
with paritaprevir, ritonavir, and dasabuvir for genotype 1a and
bHCVand in combinationwith paritaprevir and ritonavir for
genotype 4 HCV. In noncirrhotic treatment-naïve subjects
with genotype 1a, the DAA regimen, when coadministered
for 12 weeks with ribavirin, achieved SVR12 rates of 96%.
Similar SVR12 rates were seen in treatment-experienced
patients without cirrhosis (176, 179). In a separate study,
ombitasvir/paritaprevir/ritonavir plus dasabuvir was associ-
ated with a lower SVR12 rate (90%) when administered for
12 weeks without ribavirin (179). Therefore, it is recom-
mended that all noncirrhotic individuals with HCV geno-
type 1a be treated for 12 weeks with coadministration of
weight-based ribavirin, without regard to treatment history.
In two studies of noncirrhotic subjects with genotype 1b
HCV who received 12 weeks of ombitasvir/paritaprevir/
ritonavir plus dasabuvir without ribavirin, SVR12 was
achieved in 100% of both treatment-experienced (178) and
treatment-naïve patients (179), so this group may receive 12
weeks of treatment without ribavirin.

In treatment-naïve cirrhotic patients with genotype 1a
HCV, treatment for 12 or 24 weeks with ombitasvir in
combination with paritaprevir, ritonavir, dasabuvir, and ri-
bavirin leads to an SVR12 rate of 94%. Among genotype 1a
patients with cirrhosis and a prior null response to treatment,
24 weeks of treatment was associated with higher SVR12
rates than 12 weeks of treatment (93% versus 80%) (180).
Among the cirrhotic patients with genotype 1b HCV, re-
sponse rates were high regardless of history of prior treatment
response or whether 12 or 24 weeks were given. Therefore,
for patients with cirrhosis and genotype 1b HCV, 12 weeks of
therapy with coadministered ribavirin may be given re-
gardless of prior treatment history. Patients with HIV coin-
fection treated with ombitasvir in combination with
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paritaprevir, ritonavir, and dasabuvir for 12 weeks also had
an SVR12 rate of 94% (121). The regimen has also been
associated with a high SVR12 rate (97%) when given for 24
weeks to patients following liver transplantation (181).

In patients with genotype 4 HCV, 100% of patients
(treatment-naïve and -experienced) achieved SVR12 with
ombitasvir coformulated with paritaprevir and ritonavir and
coadministered with ribavirin (87). SVR12 rates were lower
without the coadministration of ribavirin.

Elbasvir

Spectrum of Activity
In both preclinical and clinical studies, elbasvir (dimethylN,
N¢-([(6S)-6H-indolo[1,2-c][1,3]benzoxazine-3,10-diyl]bis
{1H-imidazole-5,2-diyl-(2S)-pyrrolidine-2,1-diyl[(2S)-1-oxo-
3-methylbutane-1,2-diyl]})biscarbamate) had activity against
a range of genotype 1a and 1b strains as well as genotype
3 strains (182, 183). In a replicon assay, the EC90 against
genotype 1a virus was under 0.02 nM and for genotype 1b
virus was under 0.03 nM.

Pharmacology
Elbasvir has a median Tmax of 2 to 4 hours, Cmax of 121 mg/
ml, and mean plasma elimination t1/2 of 19 to 27 hours,
making it amenable to once-daily dosing. Steady-state levels
are achieved within 5 days of initiation of therapy (182).
Less than 0.15% of the dose is eliminated renally, although
Cmax is 66% higher in individuals with severe renal im-
pairment compared to matched healthy controls, and AUC
is 86% higher. It is minimally dialyzable (125).

Elbasvir is a substrate of CYP3A4, P-gp, and OATP
in vitro. It may also be an inhibitor of BRCP (130). Co-
administration with efavirenz was associated with a 50%
decrease in elbasvir levels (185). Coadministration with
ritonavir-boosted HIV protease inhibitors was associated
with large increases in elbasvir AUC; atazanavir/ritonavir
was associated with a 4.8-fold rise, lopinavir/ritonavir with a
3.7-fold rise, and darunavir-ritonavir with a 1.7-fold rise
(186). Coadministration with raltegravir or dolutegravir has
no effect on elbasvir levels (128, 185). Elbasvir coadminis-
tration with tenofovir also causes slight increases in the
AUC of tenofovir (185).

Coadministration with rosuvastatin is not recommended
as this combination can result in large increases in rosuva-
statin AUC and Cmax. Pravastatin levels are more modestly
affected, so this should be considered if coadministration of
an HMG-CoA reductase inhibitor is indicated (130).

Adverse Effects
There are limited data on the adverse effects attributed
specifically to elbasvir. In clinical trials of elbasvir in com-
bination with grazoprevir, the most common adverse ef-
fects reported were headache, fatigue, and nausea. Across
all of the studies, only one serious adverse event, an episode
of abdominal pain, was potentially medication related.
There have been infrequent reports of late elevations
of AST or ALT; in only one instance was this > 5 · ULN
(131, 132, 184).

Resistance
Treatment of a genotype 1a replicon with elbasvir in vitro was
associated with the development of the Q30D and Y93N
substitutions in NS5A (183). L31F, Y93H, and V121I were
the main variants seen in a genotype 1b replicon model
treated with elbasvir. Changes at locus 93 were particularly

associated with high-level elbasvir resistance. In an elbasvir
dose-ranging study, the most common variants to develop
were M28T, Q30R, L31V, and Y93H in genotype 1a, and
the L31V and Y93H variants in subjects with genotype 1b.
The majority of these persisted at 2 months posttreatment
(183). In clinical trials of elbasvir/grazoprevir, the presence
of baseline NS5A RAVs, especially at position 93 and in
subjects with higher baseline viral loads, is associated with
lower rates of SVR12, especially in subjects with genotype 1a
HCV. The most common NS5A RAVs discovered after vi-
rologic failure of elbasvir and grazoprevir were M28A/V/T,
Q30H/L/R, L31M, and Y93H/N. These occurred more fre-
quently in patients with genotype 1a (131, 132, 184).

Clinical Applications
Elbasvir is being studied exclusively in fixed-dose combi-
nation with grazoprevir, an NS3/4A protease inhibitor. In a
large, multisite phase 3 study, 92% of patients with genotype
1a achieved SVR12, as did 99% of participants with geno-
type 1b, 100% of participants with genotype 4, and 80%
with genotype 6 (132). A separate study confirmed high
rates of SVR12 among previously untreated genotype 1
participants with cirrhosis treated for 12 weeks without co-
administered ribavirin (184). Subjects with HIV/HCV co-
infection with genotypes 1, 4, and 6, also achieved high rates
of SVR12 with 12 weeks of elbasvir/grazoprevir without ri-
bavirin (131, 187). In individuals who had previously been
treated for HCV, SVR12 rates were slightly higher in indi-
viduals who received at least 16 weeks of elbasvir/grazoprevir
plus ribavirin compared to 12 weeks with no ribavirin, par-
ticularly in cirrhotics (100% versus 89% to 91%) (184, 188).
In patients with genotype 1 who had previously failed
therapy that had included an early generation NS3/4A in-
hibitor, 96% achieved SVR12 when given elbasvir/grazo-
previr plus ribavirin for 12 weeks (133). High rates of SVR12
were also reported in people with Child-Pugh B cirrhosis
(189). Elbasvir/grazoprevir given without dosage adjustment
was found to be safe and effective in a population of patients
with end-stage renal disease, including patients on hemo-
dialysis (190).

Velpatasvir

Spectrum of Activity
Velpatasvir (methyl {(2S)-1-[(2S,5S)-2-(9-{2-[(2S,4S)-1-
{(2R)-2- [(methoxycarbonyl)amino]-2-phenylacetyl}- 4-(me-
thoxymethyl)pyrrolidin-2-yl]-1H-imidazol-4-yl}-1,11-dihydro
[2]benzopyrano[3¢,4¢:6,7]naphtho[1,2-d]imidazol-2-yl)-5-
methylpyrrolidin-1-yl]-3-methyl-1-oxobutan-2-yl}carbamate)
has antiviral activity against genotypes 1 through 6. EC50
values for genotypes 1a, 1b, 2a, 2b, 3a, 4a, 5a, and 6a are 13
pM, 15 pM, 9 pM, 10 pM, 13 pM, 9 pM, 59 pM, and 7 pM,
respectively (191).

Pharmacology
Velpatasvir achieves its Cmax of 414 ng/ml at 2.3 hours after
a 100 mg dose with an overall AUC of 2,745.3 ng�hr/ml.
Velpatasvir undergoes minimal metabolism via hydroxyl-
ation and methylation, and parent drug represents approxi-
mately 99% of systemic exposure (192, 193). Velpatasvir is
predominantly eliminated in the feces with < 1% of the dose
excreted in the urine. Pharmacokinetics were not signifi-
cantly altered in patients with renal insufficiency and there
are no dose adjustments required in mild, moderate, or se-
vere renal impairment. Velpatasvir has a half-life of 15.3
hours (192, 193).

260 - VIRAL SYNDROMES AND GENERAL PRINCIPLES



Velpatasvir is a substrate of CYP3A4, CYP2C8, CYP2B6,
and P-gp and may be affected by medications that inhibit or
induce these enzymes. Velpatasvir is also a substrate of BCRP
and OATP. Velpatasvir also inhibits P-gp, BCRP, and OATP
and can increase exposure to medications that rely on these
pathways for elimination (197).

Adverse Reactions
Velpatasvir is generally well tolerated with the most com-
mon adverse events being headache, fatigue, nasophar-
yngitis, and nausea. Out of greater than 1,000 patients
included in phase 3 studies, < 1% discontinued treatment
due to adverse drug reactions (194–196).

Resistance
Velpatasvir has improved activity against resistant variants
selected by first generation HCV NS5A inhibitors such as
daclatasvir and ledipasvir (198). In one phase 3 trial of
velpatasvir in combination with sofosbuvir, 60% of patients
had baseline NS5A RAVs; however, all of these patients
reached SVR12 (195). However, in a different phase 3 trial,
SVR12 rates were lower (88%) among patients with baseline
RAVs, and the Y93H substitution was most strongly asso-
ciated with virologic failure (195). The addition of ribavirin
or extension of the regimen to 24 weeks may increase
SVR12 rates in patients with baseline NS5A RAVs (196).

Clinical Applications
Velpatasvir is currently being studied as a fixed-dose com-
bination with sofosbuvir in patients with HCV genotypes 1
through 6. In patients with genotypes 1, 2, 4, 5, and 6,
velpatasvir and sofosbuvir for 12 weeks achieved SVR12
rates of 99%. Nineteen percent of subjects in this study had
compensated cirrhosis and 32% were treatment experienced,
although patients who had been previously treated with
NS5B or NS5A inhibitors were excluded. Rates of SVR
were not affected by genotype or the presence of cirrhosis
(194). In a study of patients with genotypes 1, 2, 3, 4, and 6
with decompensated cirrhosis, 83% achieved SVR12 with
12 weeks of velpatasvir and sofosbuvir; 94% with 12 weeks
of velpatasvir, sofosbuvir, and ribavirin; and 86% with 24
weeks of velpatasvir and sofosbuvir. These differences were
not statistically significant (196).

In a separate study, patients with genotype 2 had SVR12
of 99% with velpatasvir and sofosbuvir compared to 94%
with sofosbuvir and ribavirin (P = 0.02). In genotype 3 pa-
tients, the SVR12 rate in the velpatasvir plus sofosbuvir
group was 95% compared to 80% in those treated with so-
fosbuvir and ribavirin (P of < 0.001). SVR12 rates among
patients receiving velpatasvir and sofosbuvir were lower
among subjects with cirrhosis (91% versus 97%) and sub-
jects who had experienced previous treatment failure (90%
versus 97%) (195).

Pibrentasvir (ABT-530)
Pibrentasvir (ABT-530) (Methyl {(2S,3R)-1-[(2S)-2-{5-
[(2R,5R)-1-{3,5-difluoro-4-[4-(4-fluorophenyl)piperidin-1-yl]
phenyl}-5-(6-fluoro-2-{(2S)-1-[N-(methoxycarbonyl)-O-
methyl-L-threonyl]pyrrolidin-2-yl}-1H-benzimidazol-5-yl)
pyrrolidin-2-yl]-6-fluoro-1H-benzimidazol-2-yl}pyrrolidin-
1-yl]-3-methoxy-1-oxobutan-2-yl}carbamate) is a pan-
genotypic NS5A inhibitor being developed in combination
with glecaprevir, a pan-genotypic NS3/4A inhibitor. Phase 2
data suggest that this regimen is highly efficacious with rel-
atively few adverse events and a high barrier to resistance.

For more detail of early clinical trials, please refer to the
section on glecaprevir.

Ravidasvir (PPI-668)
Ravidasvir (PPI-668, Methyl N-[(2S)-1-{(2S)-2-[5-(6-{2-
[(2S)-1-{(2S)-2- [(methoxycarbonyl)amino]-3-methylbuta
noyl}pyrrolidin- 2-yl]-1H-imidazol-4-yl}naphthalen-2-yl)-1H-
benzimidazol- 2-yl]pyrrolidin-1-yl}-3-methyl-1-oxobutan-2-yl]
carbamate) is an NS5A inhibitor with pan-genotypic activity
at a sub- to low-nM EC50 against all genotypes (199). High
rates of SVR12 were noted when given to patients with ge-
notype 1a in combination with faldaprevir and deleobuvir
with or without ribavirin, although it is no longer in devel-
opment with these agents. It is currently being studied in
combination with sofosbuvir in patients with genotype 4 in-
fection.

Direct-Acting Agents: Other Mechanisms

Alisporivir

Spectrum of Activity
Alisporivir (3S,6S,9S,12R,15S,18S,21S,24S,27R,30S,33S)-25,
30-diethyl-33-[(E,1R,2R)-1-hydroxy-2-methylhex-4-enyl]-1,4,
7,10,12,15,19,27,28-nonamethyl-6,9,18-tris(2-methylpropyl)-
3,21,24-tri(propan-2-yl)-1,4,7,10,13,16,19,22,25,28,31-
undecazacyclotritriacontane-2,5,8,11,14,17,20,23,26,29,
32-undecon) has activity against replicons of HCV of all
genotypes tested at a sub-nM EC50 (200, 201).

Mechanism of Action
Alisporivir is a second-generation, nonimmunosuppressive
cyclophilin inhibitor. This class of medications was devel-
oped after the observation that cyclosporine A, a cyclophilin
inhibitor used as an immunosuppressant after liver trans-
plantation, has activity against HCV in vitro and some effi-
cacy in clinical trials when used in combination with IFN
(202–204). The mechanism of action of alisporivir remains
incompletely understood. Alisporivir binds to cyclophilin A,
a host cytosolic protein that interacts with the HCV NS5A
protein and may induce NS5A binding to HCV RNA. It
may also impact the activity of NS5B, and, as a result, di-
rectly impact viral replication. Cyclophilin A also binds IFN
regulatory proteins, making immune modulation another
potential mechanism of action (205).

Pharmacology
Alisporivir reaches peak levels an average of 2 hours after
administration (206). The formulation being studied in
clinical trials is a microemulsion, which is believed to lead to
increased bioavailability of the compound (207).Terminal
t1/2 is 100 hours, which allows for once-daily dosing. Steady
state is reached by day 14. Alisporivir is excreted through
bile. Mean reduction in serum HCV viral load with alis-
porivir monotherapy is greatest with genotype 3 virus (206).
Alisporivir is both a substrate and an inhibitor of CYP3A4
so is expected to have clinically significant interaction with
inhibitors, inducers, and substrates of CYP3A4 (207).

Resistance
Based upon data from a replicon model, alisporivir is be-
lieved to have a high genetic barrier to resistance, requiring
multiple substitutions in the NS5A domain to increase the
EC50 to clinically significant levels (208). In clinical trials,
the most common variant associated with treatment failure
is the D320E in the NS5A domain, which is associated with
a 3- to 5-fold increase in EC50. D316E/N and R347R/G/W
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are also RAVs that have been associated with alisporivir
exposure (209, 210).

Clinical Applications
Alisporivir does not have regulatory approval for use in
clinical practice. In a phase 3 study of response-guided
therapy with coadministered peg-IFN-alpha2a and ribavirin,
69% of participants receiving alisporivir achieved SVR12.
However, a partial clinical hold placed on alisporivir midway
through the study limited exposure to medication. In the
subset of patients who received at least 24 weeks of 400 mg
of alisporivir twice daily along with peg-IFN and ribavirin,
90% achieved SVR12 (209). Five cases of pancreatitis, one
fatal, were noted in the group that received alisporivir,
though similar rates were noted in a control group receiving
peg-IFN and ribavirin alone, so it is unclear if this was a
direct effect of the alisporivir (208). In a phase 2b study in
patients with genotypes 2 and 3, patients were initiated on
varying doses of alisporivir with or without ribavirin with a
planned treatment course of 24 weeks. Those who did not
have rapid virologic response (HCV VL < 25 IU/ml at week
4 of treatment, RVR) were also given IFN for the final 20
weeks of treatment. SVR12 rates ranged from 80% to 85%,
slightly higher in participants with genotype 3, although the
majority of patients did not reach RVR and were adminis-
tered interferon (210). A trial of alisporivir with ribavirin
without IFN in subjects with genotype 2 or 3 is ongoing. It
remains to be seen whether this will be a viable treatment
option or if alisporivir might be administered in combina-
tion with other DAAs.
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This chapter reviews antiviral agents that have been, or are
being, developed to treat or prevent respiratory viral infec-
tions. Detailed information is provided for approved agents
and those in more advanced stages of clinical development.
Agents in Phase I human studies or promising approaches
that are still in preclinical development are described briefly.
The reader is referred to the respective pathogen-specific
chapters for full discussions of the viral agents and the dis-
eases they cause.

INFLUENZA VIRUS
Amantadine
Amantadine (1-adamantane amine hydrochloride; Symme-
trel), a tricyclic amine with a “birdcage-like” structure (Figs. 1
and 2; Tables 1 and 2), was approved initially in the United
States in 1966 for the treatment of influenza A. It is also
indicated for Parkinson’s disease. Amantadine belongs to the
class of drugs known as adamantanes, which also includes ri-
mantadine. Currently the adamantanes should not be used to
treat influenza due to widespread resistance among circulating
strains, but the class remains important given the lessons
learned and the potential susceptibility of future influenza
strains. For example, the seasonal oseltamivir-resistant influ-
enza A (H1N1) virus that circulated globally in 2008–2009
retained susceptibility to adamantanes.

Spectrum of Activity
Amantadine is active against influenza A virus strains only.
The inhibitory concentrations of susceptible isolates are
generally in the range of 0.1 to 0.4 mg/ml. At approximately
100-fold-higher concentrations, in vitro inhibitory activity
against other viral agents, such as influenza B virus and
flaviviruses (1), can be demonstrated, but these concentra-
tions are not achievable in humans at non-toxic doses.

Mechanism of Action
Amantadine predominantly inhibits an early step in influ-
enza A virus replication by interfering with the function of
the viral M2 protein (2). In the replication cycle (Fig. 2), the
homotetrameric M2 protein acts as a transmembrane ion
channel facilitating the acidification of the virion interior;
hydrogen ion-mediated dissociation of the matrix protein
from the nucleoprotein enables release of viral RNA seg-

ments into the cytoplasm (Fig. 3). M2 also modulates the pH
of the trans-Golgi network during transport of viral hemag-
glutinin (HA). Thus, amantadine may also act at a later step
in the influenza A virus replication cycle by altering HA
formation for certain strains (3, 4).

Pharmacokinetics
Amantadine is well absorbed, reaching the maximum serum
concentration (Cmax) in 2 to 4 hours following an oral dose.
Concentrations in the range of 0.5 to 0.8 mg/ml are typically
achieved with the standard dosage of 100 mg twice daily;
levels in nasal secretions approximate those in plasma (5).
The primary route of elimination is renal, and over 90% of
the drug is excreted unchanged in the urine. The plasma
elimination half-life (t1/2) is 12 to 18 hours in healthy young
adults but is substantially prolonged in the setting of renal
insufficiency and in the elderly. Dose adjustments are needed
for these groups. Patients over the age of 65 years should
receive half of the recommended dosage, i.e., 100 mg per
day. Patients with a creatinine clearance (CrCl) less than
50 ml/min should also receive a reduced dose.

Adverse Effects
The major adverse effect of amantadine is neurotoxicity.
Generally, central nervous system (CNS) effects are minor
and include lightheadedness, restlessness, insomnia, and
mild cognitive difficulties. Such side effects may occur in
up to one-third of patients. More serious neurotoxic reac-
tions, including tremor, seizure, and coma, typically occur
in situations in which amantadine accumulates, as in el-
derly subjects or those with renal failure. The availability
of rimantadine in some countries, including the United
States, allows prescribers to avoid the use of amantadine in
patients with a history of seizure disorder or psychosis.
Minor gastrointestinal side effects are also common. Less
common adverse effects, usually seen with prolonged dos-
ing, include livedo reticularis, fluid retention, orthostatic
hypotension, and urinary retention, the latter presum-
ably related to the anticholinergic properties of the drug.
Amantadine has been found to be teratogenic and thus
should be avoided during pregnancy unless the potential
benefit outweighs the risk (Pregnancy Category C) (6). It is
also excreted into human milk, and therefore, should be
avoided in nursing mothers.
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Drug Interactions
The major drug–drug interactions include exposure to agents
that potentiate the neurotoxic side effects. Therefore, drugs
with antihistaminic or anticholinergic activity should be
avoided, particularly in older individuals. Drugs that have
been reported to decrease the excretion of amantadine in-
clude trimethoprim-sulfamethoxazole, triamterene, and hy-
drochlorothiazide (7). Amantadine can prolong the cardiac
QTc interval and should be used with caution when com-
bined with other QTc-prolonging medications, such as some
antipsychotics, fluoroquinolones, and quinidine gluconate.

Resistance
Markedly reduced susceptibility ( > 100-fold changes) to
amantadine and rimantadine is mediated by specific substi-
tutions in the M2 protein of influenza A virus at positions
27, 30, 31, or 34 (8). Resistant isolates have been recovered
readily from persons exposed to these drugs. Adamantane-
resistant strains can be isolated from 30% of treated subjects
within 2 to 5 days, and resistant isolates are transmissible to
household or institutional contacts (9). These variants cause

typical influenza illness and have no apparent loss of fitness.
Although immunocompetent subjects in whom resistant
strains emerge generally resolve their illness in the usual time
frame when receiving amantadine, the transmission of re-
sistant isolates to contacts abrogates the usefulness of
amantadine or rimantadine prophylaxis. Prolonged shedding
of resistant variants occurs in immunocompromised hosts.

Since 2003, the prevalence of resistance to adamantanes
in circulating influenza A isolates has risen dramatically such
that they are not recommended for empiric therapy of acute
influenza infection. Adamantane-resistant influenza A virus
strains typically possess a substitution in the M2 gene that
leads to a serine-to-asparagine substitution at position 31
(S31N) and confers full cross-resistance to rimantadine but
does not affect susceptibility to neuraminidase inhibitors
(10, 11). Essentially all recently circulating A (H3N2) and
A (H1N1) pdm09 viruses are resistant (12, 13). In pre-
clinical models, combinations of amantadine, ribavirin, and
oseltamivir have greater therapeutic activity than single
agents or dual combinations for influenza A viruses, in-
cluding adamantine-resistant strains (14), and this triple
drug regimen is undergoing a controlled clinical study in
outpatients at increased risk for influenza complications.

Clinical Applications
Amantadine is approved for prophylaxis and treatment of
susceptible influenza A virus infections, but its use is cur-
rently not recommended because of widespread resistance
(see Chapter 43 on influenza virus). When this drug is given
at the standard dosage of 200 mg/day in adults, the pro-
phylactic efficacy has been consistently reported to be in the
range of 70% to 90% for susceptible strains (4, 15, 16).
Efficacy has also been shown for postcontact prophylaxis in
households, when ill index cases are not treated concurrently,
and for outbreak control in closed populations. Amantadine
treatment of uncomplicated influenza begun promptly after
the onset of symptoms can decrease the duration of fever and

FIGURE 1 Molecular structures of M2 protein inhibitors
amantadine (A) and rimantadine (B).

FIGURE 2 Replicative cycle of influenza virus. The influenza virus is shown binding to the surface of an airway epithelial cell via the
interaction of hemagglutinin (HA) with sialic acid residues. HA is subsequently cleaved by a protease, and the virus is endocytosed. The M2
protein allows hydrogen ions to enter the virion, promoting the dissociation of ribonuclear protein and release of viral nucleic acids into the
cytoplasm (uncoating). Viral RNA replication occurs in the nucleus by the viral RNA polymerase (RNAp) complex. Following replication of
viral RNA and synthesis of structural/nonstructural proteins, virions are assembled and released. Sites of action of antiviral compounds are
shown by a solid line.
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TABLE 1 Antirespiratory virus agents approved in the United States: indications and dosing regimens

Agent Route Indications Adult dosing Pediatric dosing
Geriatric dosing
( ‡ 65 years)

Indications for dose adjustment

Renal
insufficiency

Hepatic
insufficiency

Amantadine Oral Influenza A virus
Prophylaxis

100 mg p.o. b.i.d.
during risk period

Use of amantadine among children
aged < 1 year has not been
evaluated adequately

1–9 years: 5 mg/kg per day in
2 divided doses; maximum
daily dose, 150 mg/day

‡ 10 years and < 40 kg:
5 mg/kg per day in two
divided doses; maximum
daily dose, 200 mg/day

‡ 10 years and ‡ 40 kg:
100 mg twice daily

Maximum dose of 100 mg/day
for prophylaxis or treatment

For certain older persons, dose
should be reduced further

CrCl 30–50 mL/minute:
administer 200 mg on
day 1, then 100 mg/day

CrCl 15–29 mL/minute:
administer 200 mg on day 1,
then 100 mg on alternate days

CrCl < 15 mL/minute:
administer 200 mg every 7 days

Hemodialysis: administer
200 mg every 7 days

Peritoneal dialysis: no
supplemental dose is needed

Continuous renal replacement
therapy: 100 mg once daily
or every other day

No dosage adjustment

Treatment 100 mg p.o. b.i.d.;
discontinue within
3–5 days or within
24–48 hours after
symptoms disappear

Refer to prophylaxis dosing Refer to prophylaxis dosing Refer to prophylaxis dosing No dosage adjustment

Rimantadine Oral Influenza A virus
Prophylaxis

100 mg p.o. b.i.d.
during risk period

Use of rimantadine among
children aged < 1 year
has not been evaluated
adequately

Children 1–9 years: 5 mg/kg
per day in one to two
divided doses; maximum
dose, 150 mg/day

Children ‡ 10 years who
weigh < 40 kg: 5 mg/kg
per day in two divided
doses; maximum
daily dose, 200 mg/day

Children ‡ 10 years who
weigh ‡ 40 kg and
adults, 100 mg twice daily

Maximum dose of 100 mg/day,
including elderly nursing
home patients

CrCl ‡ 30 mL/minute: no dosage
adjustment necessary

CrCl < 30 mL/minute: maximum
dose, 100 mg daily

Severe dysfunction:
maximum, 100 mg daily

Treatment 100 mg p.o.
b.i.d. for 5 days

Refer to prophylaxis dosing For persons in the community,
a reduction in dosage to
100 mg/day should be
considered if they experience
side effects when taking
a dosage of 200 mg/day

For nursing home residents,
dosage should be reduced
to 100 mg/day

Refer to prophylaxis dosing

(Continued on next page)
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TABLE 1 Antirespiratory virus agents approved in the United States: indications and dosing regimens (continued)

Agent Route Indications Adult dosing Pediatric dosing
Geriatric dosing
( ‡ 65 years)

Indications for dose adjustment

Renal
insufficiency

Hepatic
insufficiency

Oseltamivir Oral Influenza A and
B viruses

Prophylaxis

75 mg p.o. daily
for 10 days
(up to 6 weeks)

(Off-label) < 3 months: not
recommended unless
situation judged critical
because of limited data
on use in this age groupa

(Off-label) 3–11 months:
3 mg/kg per dose once
daily for 10 daysa

£ 15 kg: 30 mg p.o. once
daily for 10 days

> 15 kg to £ 23 kg: 45 mg p.o.
once daily for 10 days

> 23 kg to £ 40 kg: 60 mg p.o.
once dailyfor 10 days

> 40 kg: 75 mg p.o. once
daily for 10 days

No reduction in dosage based
on age; usually reduced
based on renal impairment

CrCl > 60 ml/minute: no
dosage adjustment necessary

CrCl > 30–60 mL/minute:
30 mg once daily

CrCl > 10–30 mL/minute:
30 mg every other day

ESRD not undergoing dialysis:
use is not recommended

IHD (CrCl £ 10 mL/minute):
30 mg after every other

hemodialysis session
for recommended
prophylaxis duration

CAPD:
30 mg once weekly for the

recommended prophylaxis
duration. Administer
immediately after
a dialysis exchange

Mild-to-moderate
impairment (Child-Pugh
score £ 9): no dosage
adjustment necessary

Severe impairment: no
dosage adjustment
provided in
manufacturer’s labeling

Treatment 75 mg p.o. b.i.d.
for 5 days
(up to 14 days)

(Off-label) < 3 months:
3 mg/kg per dose once
daily for 5 days
(up to 14 days)a

(Off-label) 3–11 months:
3 mg/kg per dose once
daily for 5 days
(up to 14 days)a

£ 15 kg: 30 mg p.o. twice
daily for 5 days
(up to 14 days)

> 15–23 kg: 45 mg p.o.
b.i.d. for 5 days
(up to 14 days)

> 23–40 kg: 60 mg p.o.
b.i.d. for 5 days
(up to 14 days)

> 40 kg: 75 mg p.o.
b.i.d. for 5 days
(up to 14 days)

CrCl > 60 mL/minute: no
dosage adjustment necessary

CrCl > 30–60 mL/minute:
30 mg twice daily for 5 days

CrCl > 10 to 30 mL/minute:
30 mg once daily for 5 days

ESRD not undergoing dialysis;
use is not recommended

IHD (CrCl £ 10 mL/minute):
30 mg after every hemodialysis

session for 5 days
CAPD:
30 mg for one dose to provide a

5-day duration. Administer
immediately after a
dialysis exchange
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Zanamivir Inhalationalb Influenza A
and B
viruses

Prophylaxis
(household)

Prophylaxis
(community)

Two oral inhalations
(10 mg) once daily
for 10 days

Two oral inhalations
(10 mg) once
daily for 28 days

Household setting: children
‡ 5 years and adolescents,
two inhalations (10 mg)
once daily for 10 days; begin
within 36 hours following
onset of signs or symptoms
of index case

Community outbreak:
adolescents, two inhalations
(10 mg) once daily for 28 days;
begin within 5 days of outbreak

No dosage adjustment No dosage adjustment No dosage adjustment

Treatment Two oral
inhalations
(10 mg) b.i.d.
for 5 days

Children ‡ 7 years and adolescents:
two inhalations (10 mg) twice
daily for 5 days. Doses on first
day should be separated by at
least 2 hours; on subsequent
days, doses should be spaced
by 312 hours. Begin within
2 days of signs or symptoms.
Longer treatment may be
considered for patients who
remain severely ill after 5 days

Peramivir Intravenous Influenza
A and B viruses

Treatment

300 mg (Japan) or
600 mg (U.S.)
intravenously over
15–30 minutes one
time only. May consider
giving daily for five days
in high risk or severely
ill hospitalized patients.

28 days to 16 years: 10 mg/kg i.v.
over 15–30 minutes
one time only

No dosage adjustment CrCl ‡ 50 mL/minute: no
dosage adjustment necessary

CrCl 30–49 mL/minute:
200 mg as a single dose

CrCl 10–29 mL/minute:
100 mg as a single dose

ESRD IHD: 100 mg as a single
dose, administered after dialysis

No dosage adjustment

Ribavirin Inhalationalc RSV (Off-label) 2 grams
(over 2 hours)
every 8 hoursd

Continuous aerosolization;
6 grams administered over
12–18 hours/day for 3–7 days

Intermittent aerosolization:
2,000 mg over 2 hours
three times daily in
nonmechanically ventilated
patients for 3–7 days.
Use of high-dose therapy
in individuals with an
endotracheal tube in
place is not recommended

No dosage adjustment No dosage adjustment No dosage adjustment

aOseltamivir is not approved by the FDA for use in children aged < 1 year. An Emergency Use Authorization (EUA) was issued by the FDA on April 28, 2009, but it expired on June 23, 2010.
bIntravenous formulation of zanamivir is not approved for use in the United States but may be made available through the Zanamivir Compassionate Use Program for qualifying patients for the treatment of serious influenza illness. For

information, contact the GlaxoSmithKline Clinical Support Help Desk at 1-866-341-9160 or gskclinicalsupportHD@gsk.com.
cOral and intravenous formulations are not approved for RSV infection but are used off-label in immunocompromised or severely ill patients. Intravenous ribavirin can be authorized for use as a result of an Emergency Investigational

New Drug (EIND) application as investigational treatment for patients with serious viral infections. For information, contact the Valeant Pharmaceutical U.S. medication information at (877) 361-2719.
dAerosol inhalation formulation of ribavirin is not approved by the FDA for use in adults. Off-label use in those patients is often restricted to hematopoietic cell or heart/lung transplant recipients with RSV infection.
p.o., per os; b.i.d., twice per day; CrCl, creatinine clearance; ESRD, end-stage renal disease; IHD, intermittent hemodialysis; CAPD, continuous ambulatory peritoneal dialysis; i.v., intravenous; RSV, respiratory syncytial virus.

275



TABLE 2 Antirespiratory virus agents approved in the United States: pharmacokinetics, major toxicities, and drug interactions

Agent

Oral
bioavailability

(%)

Effect
of food
on AUC

t1/2 (h)
in adults

Major route of
elimination Major toxicities Major drug interactions Comments

Amantadine 90 No 12–18 Over 90% renally
excreted unchanged

Neurotoxicity (e.g., lightheadedness,
insomnia, seizures less common);
nausea; livedo reticularis; orthostatic
hypotension; urinary retention

Neurotoxic agents may potentiate
amantadine neurotoxic effects;
trimethoprim-sulfamethoxazole
and triamterene
hydrochlorothiazide decrease
amantadine excretion. Avoid
with QTc-prolonging agents

Rimantadine > 90 No 24–36 Mainly hepatically
metabolized; < 25%
renally excreted
unchanged

Neurotoxicity (less compared to
amantadine); nausea, vomiting

None

Oseltamivir > 75 No 6–10 Hepatic metabolism to
active form; renally
eliminated

Nausea, vomiting; closely monitor for any
neuropsychiatric symptoms in children

Monitor for any serious skin and
hypersensitivity reactions (e.g., Stevens-
Johnson Syndrome, exfoliative
dermatitis, or rash)

Psychiatric effects (abnormal behavior and
hallucinations)

None Higher doses and longer
courses may be used in
critically ill patients

Peramivir N/A N/A 20 90% renally excreted
unchanged

Diarrhea; ALT elevation; glucose
elevation; CPK elevation; neutropenia
(no difference incidence compared to
placebo)

Monitor for any serious skin and
hypersensitivity reactions (e.g., Stevens-
Johnson Syndrome, exfoliative
dermatitis, or rash)

Psychiatric effects (abnormal behavior and
hallucinations)

None No clinical benefit over
oral oseltamivir. Use
in patients who
cannot tolerate oral
medications (e.g.,
gastric stasis,
gastrointestinal
bleeding, or
vomiting)

Zanamivir 4–17 N/A 2–5 Renal, unchanged Inhaled: bronchospasm, decreased FEV1,
rash, oropharyngeal edema, headache,
cough, nasal symptoms i.v.

None

Ribavirin Inhaled: N/A
Oral: 64%

N/A 9 Renal and hepatic Bronchospasm, anemia, neurotoxicity;
teratogenic, carcinogenic and
mutagenic potential

Azathioprine: levels may be
increased of azathioprine’s active
metabolite

Didanosine: toxicity
Zidovudine: may increase toxicity
of ribavirin

AUC, area under the curve; t1/2, half-life; N/A, not applicable; ALT, alanine transaminase; CPK, creatine phosphokinase; FEV1, forced expiratory volume; i.v., intravenous.
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other symptoms by 24 to 48 hours (15). Its usefulness in
reducing complications of influenza virus infection or in
the management of established influenza A pneumonia is
unproven.

Rimantadine
Rimantadine (alpha-methyl-1-adamantane methylamine
hydrochloride; Flumadine, Roflual) (Figs. 1 and 2; Tables 1
and 2) is a tricyclic amine that is closely related structurally
to amantadine. It was approved for prophylaxis and treat-
ment of influenza in the United States in 1993 (17).

Spectrum of Activity
The activity of rimantadine is exclusively against influenza
A viruses at clinically achievable drug concentrations. It is
up to 10-fold more active in vitro than amantadine, with
inhibitory concentrations ranging from 0.01 to 0.1 mg/ml
(18). Rimantadine has an inhibitory effect on flaviviruses at
higher concentrations in vitro, but this has not been shown
to correlate with clinical efficacy (19).

Mechanism of Action
The mechanism of action of rimantadine against influenza A
virus is identical to that of amantadine.

Pharmacokinetics
Rimantadine, like amantadine, is well absorbed from the
gastrointestinal tract, achieving a Cmax of 0.4 to 0.5 mg/ml

after repeated dosing (20). Food does not affect the rate or
extent of absorption. However, in contrast to amantadine,
rimantadine is concentrated in nasal secretions at a maximal
achievable ratio of 1.75:1 (21). The plasma elimination t1/2
of rimantadine is 24 to 36 hours, substantially longer than
that of amantadine, and only 15% to 20% of an administered
dose is excreted unchanged in the urine. The remainder is
metabolized hepatically to ortho-, para-, and meta-hydroxy
metabolites, which have 100- to 300-fold-less inhibitory
activity than the parent compound (22), and then is ex-
creted renally. Older individuals have higher plasma drug
levels than young adults when given the same dosage of 200
mg/day. Thus, the dosage should be halved in individuals
older than 65 years. In patients with advanced liver or renal
disease, the dosage should also be reduced by 50%.

Adverse Effects
The frequency of neurotoxic side effects is lower for ri-
mantadine than amantadine, with treatment cessation rates
in clinical trials averaging less than 5%. However, insomnia,
minor cognitive difficulties, and, rarely, seizures have oc-
curred. Minor gastrointestinal side effects (e.g., nausea) are
common. Rimantadine should be avoided during pregnancy
unless the potential benefit outweighs the risk (Pregnancy
Category C). It is also excreted into human milk, and,
therefore, should be avoided in nursing mothers. As with
amantadine, any other drug with neurotoxic potential
should be used with caution in rimantadine-treated subjects.

Resistance
The mechanism of resistance to rimantadine is identical
to that of amantadine (see above), and complete cross-
resistance exists between these two agents. Amantadine-
and rimantadine-resistant isolates remain susceptible to the
neuraminidase inhibitors.

Clinical Applications
Rimantadine has an efficacy comparable to that of aman-
tadine for either prophylaxis or treatment of uncomplicated,
susceptible influenza A virus infections. Rimantadine’s im-
proved side effect profile and patient tolerance make it the
preferred agent for use in elderly and high-risk persons, when
an adamantane is indicated. As with amantadine, rimanta-
dine is currently not recommended for influenza treatment
and prevention.

Zanamivir
Zanamivir (5-acetylamino-4-[aminoiminomethylamino]-2,
6-anhydro-3,4,5-trideoxy-d-glycero-d-galacto-non-2-enonic
[ol0] acid; Relenza) (Figs. 2 and 4; Tables 1 and 2), is an

FIGURE 4 Molecular structures of the neuraminidase inhibitors oseltamivir (A), zanamivir (B), and peramivir (C).

FIGURE 3 Schematic representation of the closed-state struc-
ture of the M2 protein channel by solid-state nuclear magnetic
resonance (NMR) spectroscopy. Tetrameric assembly is shown from
the side (A) and top (B). (Source: Nishimura K et al., Biochemistry
2002;41:13170–13177.) This image is cited as being in the public
domain.
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influenza virus neuraminidase inhibitor that was approved in
the United States for the treatment of influenza A and B virus
infections in 1999 and for prophylaxis in 2006.

Spectrum of Activity
Zanamivir was the first approved drug of a class of antiin-
fluenza agents that potently and selectively reduce the rep-
lication of influenza A and B viruses through competitive
inhibition of influenza virus neuraminidase activity. The
mean zanamivir 50% inhibitory concentration values
(IC50s) for influenza virus neuraminidase were found to be
0.76, 1.82, and 2.28 nM for the subtype H1N1 (N1), H3N2
(N2), and B neuraminidase, respectively, in enzyme inhibi-
tion assays (23, 24). It has no activity against other viral
neuraminidases or influenza C virus.

Mechanism of Action
Zanamivir was specifically designed to bind to the highly
conserved active enzyme site of influenza virus neuramini-
dase (25). Neuraminidase is a surface glycoprotein that
catalyzes cleavage of the terminal sialic acid residues at-
tached to glycoproteins and glycolipids that are recognized
by viral HA; this action is necessary for release of influenza
virions from host cells and for spread of the virus through
respiratory mucus. Inhibition of influenza virus neuramini-
dase by zanamivir and related neuraminidase inhibitors in-
terferes with progeny virus dispersion and reduces infectivity.
Zanamivir is a transition state analog of sialic acid that in-
teracts somewhat differently than oseltamivir with viral
neuraminidase and consequently has a different spectrum of
antiviral activity.

Pharmacokinetics
Zanamivir is currently commercially available only as a dry-
powder oral inhalation via a proprietary disk inhaler. Its
absolute oral bioavailability is very low (4%), but an intra-
venous formulation has been developed and used clinically,
although not licensed at present for this route of adminis-
tration. Following a 10-mg inhaled dose of zanamivir, the
majority of the drug is deposited in the oropharynx after
inhalation, but approximately 13% reaches the lower re-
spiratory tract (26). Less than 15% of the total dose is ab-
sorbed with resulting plasma Cmax of about 40 to 50 ng/ml.
The plasma elimination t1/2 varies from 2.5 to 5.1 hours, but
high sputum concentrations persist up to 12 hours after the
dose (27). Because so little is absorbed systemically, the in-
creased drug exposure in individuals with severe renal im-
pairment is not considered clinically relevant; no dosage
adjustment is recommended for renal insufficiency or people
older than 65 years of age. Elderly patients, especially those
with cognitive impairment, may experience difficulty in
using the inhaler device.

Intravenously administered zanamivir provides high
levels in blood (mean Cmax > 39,000 ng/ml with repeated
600-mg doses), is distributed to the respiratory mucosa, and
protects against infection and disease after challenge with
experimental human influenza A virus (27).

Adverse Effects
Bronchospasm, decreased forced expiratory volume (FEV1),
and decreased peak expiratory flow rates have been seen
uncommonly in individuals treated with orally inhaled za-
namivir. Severe respiratory distress, particularly in influenza-
virus-infected patients with preexisting lung disease, has
been associated with hospitalization, and rarely, death. As a
result, zanamivir is not recommended in individuals with

underlying airway disease, although its use in influenza pa-
tients with mild or moderate asthma appears to be safe (28).
The commercial lactose-containing formulation of inhaled
zanamivir should not be used in mechanically ventilated
patients because blockage of filters may occur (29). Adverse
events include headache, bronchitis, nausea, vomiting, and
diarrhea, all of which occurred in no more than 3% of
treated subjects, comparable to the effects of placebo. Al-
lergic reactions, including oropharyngeal edema and skin
rashes, occur rarely with zanamivir.

Zanamvir may be administered to pregnant patients be-
cause available data suggest that neuraminidase inhibitors
are not teratogenic (30–32) and the benefit of treatment
outweighs the risk of influenza complications. Gravid rats
given 1000 times the human dose of zanamivir delivered
offspring with a variety of skeletal alterations; however, at
lower doses, there were no malformations, maternal toxicity,
or embryotoxicity observed in pregnant rats or rabbits re-
ceiving intravenous (i.v.) zanamivir. No increase in adverse
pregnancy outcomes or fetal abnormalities has been ob-
served in zanamivir-exposed pregnant women to date (33).
Zanamivir is excreted in breast milk in rats, but it is un-
known if it is found in human milk.

Drug Interactions
Drug interactions with zanamivir are unlikely. Zanamivir is
not an inducer or inhibitor of cytochrome P450 isoenzymes,
is not metabolized by the liver, and does not affect drug
metabolism in human liver microsomes. Protein binding is
low. Inhaled zanamivir does not affect the humoral immune
response to injected influenza vaccine but, if administered
concurrently, could potentially interfere with immune re-
sponses to live-attenuated influenza vaccine.

Resistance
Clinical isolates resistant to zanamivir are very uncommon
but have been found in immunocompromised individuals
during zanamivir treatment (34). Prolonged treatment of
one immunocompromised child with influenza B resulted in
the emergence of a dual HA and neuraminidase mutant
(position 152) virus with reduced sensitivity (35). An im-
munosuppressed child with influenza B virus infection had
an aspartic acid-198/asparagine (Asp198Asn) substitution,
with decreased sensitivity to both oseltamivir and zanamivir
(36). In a Japanese study examining 74 children with in-
fluenza B virus infection who had received oseltamivir
treatment, one had a viral isolate with decreased sensitivity
to the neuraminidase inhibitors with a G402S substitution.
Among 422 children and adults with untreated influenza
virus infection, 7 had isolates with reduced susceptibility to
oseltamivir and zanamivir with D198N, I222T, or S250E
substitutions (37). During the first 3 years of neuraminidase
inhibitor use, from 1999 to 2002, only two ( < 0.1%) influ-
enza A (H1N1) viral isolates showed > 10-fold-decreased
susceptibility to zanamivir (38). Zanamivir resistance was
not observed in other subtypes during the same period (39).
Oseltamivir-resistant variants with H275Y in N1 and E119V
in N2 neuraminidases remain sensitive to zanamivir; the
R292K substitution in N2 or N9 confers reduced zanamivir
susceptibility.

Clinical Applications
Inhaled zanamivir is effective in the treatment of uncom-
plicated influenza A and B virus infections if given within 48
hours of the onset of symptoms (40). Depending in part on
time to initiating therapy, zanamivir reduces the duration of
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symptoms by 1 to 3 days (40). Early treatment with orally
inhaled zanamivir also reduces antibiotic usage in adults and
adolescents with influenza (41), but there are insufficient
data to establish that zanamivir treatment prevents serious
complications of influenza or that it is safe and effective in
treating severe influenza. Zanamivir, given at the usual adult
dosage of 10 mg twice daily, is safe and effective in children
aged 5 to 12 years. Because of a low estimated treatment
effect and inadequate inhalation technique in children aged
5 to 7 years, zanamivir treatment is approved by the FDA
only for children older than 7 years. Zanamivir prophylaxis is
approved for children older than 5 years.

The protective efficacy of zanamivir has been approxi-
mately 79% in studies of postexposure prophylaxis (41).
Postexposure prophylaxis with zanamivir for amantadine-
resistant influenza A virus has also been demonstrated to be
safe and efficacious (42). Because zanamivir therapy does not
affect antibody responses to injected influenza vaccination,
it may safely be given in combination with inactivated
vaccine for immediate protection of at-risk persons (43).

Concerns exist about the effectiveness and safety of orally
inhaled zanamivir in treating severe influenza, particularly
with respect to effective delivery to sites of infection in the
lower respiratory tract. Nebulized zanamivir lacking the
lactose carrier has received clinical study and use (44, 45). In
animal models and in vivo, zanamivir is active against in-
fluenza A (H5N1) virus, including highly oseltamivir-
resistant strains with the H275Y substitution; however, use
of zanamivir for A (H5N1) in humans has not been assessed
directly (46).

At this time, i.v. zanamivir is only available as an in-
vestigational agent in the United States. In an open-label
study, i.v. zanamivir was generally well tolerated and ap-
peared to be associated with antiviral effects in critically ill
patients (47). A Phase III randomized controlled trial found
no significant difference between i.v. zanamivir and oselta-
mivir in regard to time to clinical response (48). However,
i.v. zanamivir is generally well-tolerated and remains of
clinical investigative interest, in part because its spectrum of
activity includes many oseltamivir-resistant variants. For
hospitalized patients infected with oseltamivir-resistant in-
fluenza virus (e.g., [H1N1] pdm09 virus), i.v. zanamavir can
be obtained under an emergency Investigational New Drug
(IND) (Table 1).

Oseltamivir
Oseltamivir [ethyl(3R,4R,5S)-4-acetomido-5-amino-3-
(1-ethylpropoxy)-1-cyclohexene-1-carboxylate; Tamiflu]
(Figs. 1 and 3; Tables 1 and 2), is a neuraminidase inhibitor
that was approved for treatment of influenza in the United
States in 1999 and for prevention of influenza in 2000. It is
registered in more than 100 countries and, as of April of
2014, had been used in more than 130 million patients since
introduction (49).

Spectrum of Activity
Oseltamivir carboxylate is a potent competitive inhibitor of
influenza virus neuraminidase activity. It is specific for in-
fluenza A and B virus neuraminidases, and no clinically
relevant activity is seen against other viral neuraminidases.
Differences in levels of susceptibility to oseltamivir have
been demonstrated among influenza A and B viruses, with
a lower inhibitory effect on influenza B viruses. In one
study, the mean IC50s for influenza A virus clinical isolates
in neuraminidase inhibition assays ranged from 0.67 to
1.53 nM, whereas the mean IC50s for influenza B virus

clinical isolates varied from 10.01 to 11.53 nM (50). Sim-
ilarly, in another study, the median IC50s for influenza A
virus H1N1 and H3N2 strains were 0.45 and 0.37 nM, re-
spectively, while the median IC50 for influenza B virus was
8.50 nM (51). These differences in susceptibility may ex-
plain the reduced efficacy of oseltamivir in treating influenza
B virus infection in children (52).

Whether oseltamivir has direct immunomodulatory ef-
fects is unresolved. One animal model study showed that
oseltamivir decreased CD8+ T-cell-mediated immunity to
RSV infection, perhaps by blocking endogenous sialidase
activity in host lung mononuclear cells, and delayed RSV
clearance (53), but the clinical relevance of this finding is
unclear.

Mechanism of Action
Oseltamivir is the orally available ethyl ester prodrug of
oseltamivir carboxylate, a highly potent influenza virus
neuraminidase inhibitor. The carboxylate is a carbocyclic
transition state analog of sialic acid that binds to conserved
residues within the active sites of influenza A and B virus
neuraminidases and dissociates very slowly, effectively in-
hibiting enzymatic function (53). In preclinical studies, in-
fluenza virus neuraminidase has been reported to cleave
sialic acid from pulmonary cells to expose receptors for
Streptococcus pneumoniae adherence. Neuraminidase inhibi-
tors can inhibit this effect and reduce the mortality of sec-
ondary bacterial pneumonia in such models (54).

Pharmacokinetics
After oral administration, oseltamivir phosphate (the inac-
tive prodrug) is readily absorbed from the gastrointestinal
tract and converted to its active carboxylate metabolite with
a bioavailability of at least 75%. The carboxylate is detect-
able in plasma within 30 min of administration, and reaches
a Cmax of 348 to 551 ng/ml within 3 to 4 hours of a standard
75-mg dose. Administration of food has no significant effect
on peak levels and has the advantage of reducing the risk of
adverse gastrointestinal effects. In rat models, peak levels of
drug within the bronchoalveolar-lining fluid are approxi-
mately the same as those in plasma and decline more slowly
(55). Oseltamivir and the carboxylate have very low pene-
tration into the CNS with a mean observed Cmax of 2.4 ng/
ml for oseltamivir and 19 ng/ml for oseltamivir carboxyxlate
in the CNS (56). Oseltamivir phosphate is rapidly converted
by esterases into its active metabolite in the liver. Neither
oseltamivir phosphate nor carboxylate interacts with cyto-
chrome P450 mixed-function oxidases or glucuronosyl-
transferases (57).

The active metabolite is cleared unchanged by glomer-
ular filtration and active tubular secretion in the kidneys,
with a t1/2 in plasma of 6 to 10 hours in healthy young adults.
Because clearance of the drug depends on renal function,
individuals with a creatinine clearance less than 60 ml/
minute or on hemodialysis (HD) should receive a lower dose
(57). Exposure to both oseltamivir and its active metabolite
is increased in elderly patients by approximately 25%, but no
dose adjustment is necessary for this group because of the
drug’s relatively benign safety profile. In persons with mild
and moderate hepatic disease, the Cmax of oseltamivir was
£ 6% lower in persons with hepatic impairment than that in
healthy subjects, whereas the Cmax of oseltamivir carboxyl-
ate was £ 19% lower (58). The mean area under the curve
(AUC) of oseltamivir was 33% higher than that in healthy
subjects, whereas the mean AUC of the active metabolite
was £ 19% lower. Consequently, no dose adjustment of
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oseltamivir is needed routinely in persons with hepatic im-
pairment. Polymorphisms affecting oseltamivir pharmaco-
kinetics have been described in vitro, but are thought to be of
low clinical significance in humans (59).

Adverse Effects
Oseltamivir is generally well tolerated. The most common
adverse effects are nausea and vomiting, which occur in 3% to
15% of subjects (57). Abdominal pain, dizziness, and head-
ache were reported to occur in 2% to 20% of subjects, rates
comparable to those for patients given placebo (57). Most of
these adverse effects resolve after 1 to 2 days of treatment
(59). Administration of oseltamivir with food decreases the
risk of gastrointestinal side effects. Serious reactions such as
aggravation of diabetes, arrhythmia, confusion, seizures, or-
ofacial edema, toxic epidermal necrolysis, and unstable an-
gina occur with a frequency of less than 1%, although a direct
causal relationship has not been proven (60).

Serious neuropsychiatric adverse events related to osel-
tamivir therapy in adolescents were reported in Japan in
2007, prompting Japanese authorities to recommend against
prescribing oseltamivir to persons aged 10 to 19 years in that
country. In November 2007, the U.S. FDA recommended
that revised precautions about serious neuropsychiatric
events associated with pediatric oseltamivir use be included
in package labeling for the drug. Physicians are advised to
monitor patients closely for symptoms of abnormal behavior
during oseltamivir treatment and to assess the risks and
benefits of continuing therapy in patients who develop these
symptoms. In a 2011 publication, the Japanese Ministry for
Health, Labour and Welfare issued a preliminary analysis
concluding no causal relationship between oseltamivir
therapy and occurrence of severe neuropsychiatric events.
An American Academy of Pediatrics publication described
the incidence of these events to be in the range of 1 in
10,000 to 100,000 treatment courses and with uncertainty
regarding whether the effects are from oseltamivir, influenza
virus illness, or an interaction of the two (61). Similar types
and rates of adverse effects were found in high-risk popula-
tions, such as those who have undergone hematopoietic
stem cell transplantation and the frail elderly (59).

Pregnant women have a higher risk of complications due
to influenza. According to the U.S. CDC, oseltamivir is the
preferred treatment agent in pregnant women; treatment
should be started as soon as possible after the onset of illness,
and prophylaxis should be considered after exposure to in-
fluenza (13). In a rabbit model, a maternal dosage of 150 to
500 mg/kg per day resulted in a dose-dependent increase in
minor skeletal abnormalities. Studies to date have not found
evidence for adverse pregnancy outcomes or teratogenic ef-
fects in humans (62–64). Oseltamivir has been detected in
breast milk of lactating women, but concentrations were low
and unlikely to lead to toxicity in infants (65).

Drug Interactions
Neither oseltamivir nor its carboxylate interacts with cyto-
chrome P450 enzymes. Both compounds have low protein
binding. Coadministration of oseltamivir with cimetidine,
an inhibitor of cytochrome P450 and competitor for renal
tubular excretion, resulted in no effect on the levels of osel-
tamivir or its metabolite in plasma. Probenecid coadminis-
tration results in a 2-fold increase in oseltamivir exposure, but
no dose adjustments are required due to the safety margin of
oseltamivir. One in vitro study suggested that concurrent
clopidogrel may reduce the antiviral activity of oseltamivir

by inhibiting its hydrolysis to the carboxylate form; the
clinical relevance of this effect is unproven (66).

Resistance
Oseltamivir treatment may result in the development of
neuraminidase active-site substitutions that decrease neur-
aminidase binding affinity for oseltamivir carboxylate and
confer reduced susceptibility. Various neuraminidase substi-
tutions have been recognized in clinical isolates, most
commonly R292K or E119V in A (H3N2) and A (H7N9)
viruses, H275Y in A (H1N1) and A (H5N1) viruses, N294S
in A (H5N1) virus, and D198N or I222T in B virus (67).
The H275Y substitution, found in N1-containing viruses,
confers highly reduced susceptibility to oseltamivir ( > 400-
fold higher 50% effective concentration [EC50] in enzyme
inhibition assays), but not to zanamivir (68).

Global surveillance results from the Neuraminidase In-
hibitor Susceptibility Network during the first 3 years of
clinical use of the drug class showed a > 10-fold decline in
oseltamivir susceptibility in 8 (0.33%) of 2,287 influenza virus
clinical isolates. None of these isolates were from persons who
had previously received treatment with neuraminidase inhib-
itors (38). However, during the 2007–2008 season, influenza
A (H1N1) viruses with an H275Y substitution emerged and
spread globally to replace susceptible strains in the apparent
absence of selective drug pressure, in part because of enabling
amino acid changes in the neuraminidase that conferred fit-
ness (69). Emergence of resistance in the pandemic A (H1N1)
2009 virus has been much less common, although its preva-
lence has increased recently and sometimes has been associ-
ated with community transmission (70–73). Data from the
2014–2015 influenza season revealed that > 98% of A
(H1N1) pdm09 strains were susceptible to oseltamivir and
peramivir and 100% were susceptible to zanamivir (13).

Emergence of oseltamivir resistance during treatment
occurs more frequently in children than in adults (74) and is
a particular risk in immunocompromised hosts (75). This
may be explained by higher viral titers and longer periods of
viral shedding in children (10) and immunocompromised
hosts. Most influenza viruses resistant to oseltamivir have
mostly remained susceptible to zanamivir and laninamivir, a
related investigational neuraminidase inhibitor, but are
variably susceptible to peramivir (10).

The H275Y substitution has also emerged in two of eight
influenza A (H5N1) virus-infected patients given oselta-
mivir, both of whom died (76). Emergence of neuraminidase
R292K substitution was found in two patients with influenza
A (H7N9) virus, resulting in reduced susceptibility to za-
namvir and especially oseltamivir though notably, these
patients were also receiving corticosteroids (77).

Clinical Applications
Oseltamivir is approved for treatment and prophylaxis of in-
fluenza in adults and children (at least 2 weeks of age for
treatment and at least 1 year of age for prophylaxis). Oselta-
mivir is effective for treatment of influenza A and B virus
infections in ambulatory adults if given within 36 hours of the
onset of symptoms and in children if given within 48 hours or
perhaps longer (78). Treatment reduces the risk of complica-
tions leading to antibiotic use, including otitis media and
perhaps pneumonia in children (79). Oseltamivir treatment of
influenza in outpatients is associated with a lower rate of lower
respiratory tract complications, necessitating antibiotic thera-
py and a lower rate of hospitalization (60).

Observational studies in seasonal influenza, pandemic 2009
A (H1N1) pdm09, and avian A (H5N1) infections indicate
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that timely oseltamivir therapy can reduce mortality in seriously
ill patients. Prompt initiation of oseltamivir reduced risk of
mortality, intensive care unit (ICU) admission, and respiratory
failure in patients infected with pandemic H1N1 2009 influ-
enza, including pregnant women and immunocompromised
hosts both in adults and children (59,80–82). During the 2009
H1N1 pandemic, multiple studies showed that oseltamivir use
within 48 hours of illness onset resulted in a shorter duration of
viral shedding compared to treatment at a later stage of illness
(83–85). However, double-dose oseltamivir therapy does not
appear to be more effective than standard dose in hospitalized
patients, except possibly in influenza B (86).

For influenza A (H5N1) infection, a survival benefit was
observed in persons with oseltamivir treatment compared to
those with no treatment (29% to 67% survival rate, versus 0%
to 33%). Factors associated with poor prognosis were late
initiation of treatment and persistence of viral replication after
completion of standard therapy. It is unclear if severe diarrhea
and gastroparesis experienced by persons with A (H5N1) in-
fection affect drug absorption and bioavailability (87). A
standard 5-day course of oseltamivir is advised. Modified
treatment options, such as higher dosages of oseltamivir
(150 mg twice daily in adults), prolonged duration (course
increased to a total of 10 days), and combination regimen
with the adamantanes, should be decided on a case-by-case
basis (87).

Postexposure prophylaxis of household contacts with
oseltamivir (75 mg once daily) is protective, with an efficacy
of 89% (88). Long-term prophylaxis with oseltamivir (75 mg
once or twice daily) for 6 weeks during peak influenza virus
activity resulted in a protective efficacy of 74% to 82% in
adults, depending upon the rate of influenza virus infection
in the area, and up to 92% in elderly residents of nursing
homes (89, 90). Oseltamivir therapy does not appear to
interfere with antibody responses to natural infection or
influenza vaccination.

Peramivir
Peramivir (BCX-1812; Rapivab) (Figs. 2 and 4; Tables 1 and
2) is a novel cyclopentane compound that inhibits influenza
virus neuraminidase. Its parenteral formulation makes per-
amivir an important addition to the class in hospitalized
patients when oral absorption is compromised. Prior to FDA
approval for uncomplicated influenza in adults in the United
States in 2014, it was used under emergency authorization in
adults and children with serious influenza A (H1N1) pdm09
infection (91–93).

Spectrum of Activity
Peramivir has in vitro activity against both influenza A and B
viruses (94), including avian influenza A (H5N1) and A
(H7N9). Peramivir shares structural similarities with osel-
tamivir and generally has a comparable in vitro spectrum of
activity, although with somewhat greater inhibitory effects
for influenza B neuraminidases. The median neuraminidase
inhibitory activities (IC50s) of peramivir are 0.16 nM (range
0.01–1.77 nM) against A (H1N1), 0.13 nM (range 0.05–
11 nM) for A (H3N2), and 0.99 nM (range 0.04–1.77 nM)
against influenza B viruses (95).

Mechanism of Action
Peramivir shares the same basic mechanism of action as za-
namivir and oseltamivir. The drug has a strong affinity for
influenza neuraminidase as well as a slow off rate. This fea-
ture and its pharmacokinetic properties enable one-time
dosing in uncomplicated infections (96).

Pharmacokinetics
Following a single i.v. dose of 600 mg over 30 minutes, an
average Cmax of 46,800 mg/mL is reached at the end of in-
fusion. The pharmacokinetic parameters indicate a linear
relationship between dose and Cmax and AUC for doses
ranging from 100 to 800 mg (96). In vitro protein binding is
less than 30%.

Peramivir is eliminated primarily by glomerular filtration,
with more than 90% of the drug excreted unchanged in the
urine. Following a single infusion, plasma elimination of the
agent follows a multiexponential decline with a mean resi-
dence time of approximately 3 hours; the terminal half-life
for the slow phase of elimination is approximately 20 hours
(97). The dose should be reduced in patients with a creati-
nine clearance less than 50 ml/min. Peramivir is removed by
dialysis with systemic exposure reduced by 73% to 81% after
a 4-hour HD session (97). Peramivir has not been evaluated
in patients with liver disease, but is not anticipated to ac-
cumulate in such cases because it is not metabolized hep-
atically (98). Peramivir is not a substrate for CYP enzymes or
P-glycoprotein-mediated transport and does not affect glu-
curonidation. There are no reported drug interactions.

Adverse Effects
In clinical studies, adverse events reported in subjects receiv-
ing peramivir included diarrhea, alanine transaminase (ALT)
elevation, glucose elevation, creatine phosphokinase (CPK)
elevation, and neutropenia. The incidence rates of these ef-
fects were similar in study participants receiving placebo. Se-
rious skin and hypersensitivity reactions (Stevens-Johnson
syndrome, exfoliative dermatitis, and rash) as well as psychi-
atric effects (abnormal behavior and hallucinations) have
been observed in postmarketing experience in Japan (94).
Other serious but rare adverse events possibly associated with
peramivir administration include severe thrombocytopenia
(99) and exacerbation of myasthenia gravis (100).

No well-controlled studies of peramivir have been con-
ducted in pregnant women, but reproductive studies in rats
and rabbits have demonstrated potential developmental
toxicities, including abortion, premature delivery, and fetal
anomalies, such as reduced renal papilla and dilated ureters
(95). Given that, the agent should generally be avoided
during pregnancy unless the potential benefit outweighs
these risks (Pregnancy Category C). The drug has not been
studied in nursing mothers, but data from rats indicate that
the agent is excreted in milk at levels below the mother’s
plasma drug concentration levels (95, 98).

Resistance
Influenza A and B virus isolates with reduced susceptibility to
peramivir have been observed in cell culture and in vivo.
Reduced susceptibility may be conferred by amino acid sub-
stitutions (including H275Y in influenza A [H1N1] as well as
R292K and N294S in influenza A [H3N2]) in viral neur-
aminidase (95). These isolates with reduced susceptibility
have been identified in community surveillance studies, in-
cluding patients who have not been exposed to peramivir
(95). In 2014, a community cluster of influenza A (H1N1)
pdm9 with an H275Y substitution was found to exhibit cross-
resistance among oseltamivir and peramivir in 6 patients
(101). This resistance substitution has also emerged during
i.v. peramivir use in immunocompromised hosts (102).

Clinical Applications
In the United States, peramivir is approved for the treatment
of acute uncomplicated influenza in patients 18 years and
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older who have been symptomatic for no more than 2 days.
In two double-blind, placebo-controlled studies of adults
with acute, uncomplicated pneumonia (101, 103) an inte-
grated analysis showed that peramivir offered a reduction in
time to alleviation of symptoms compared to placebo (113.2
hours vs. 134.8 hours; unadjusted P=0.047). The duration of
fever was also shortened by approximately 24 hours
(P=0.004) (103). Despite these results, a subsequent Phase II
multicenter, randomized, placebo-controlled study of intra-
muscular (i.m.) peramivir (104) failed to show a difference
in time to alleviation of symptoms between the study drug
and placebo (91.1 hours vs. 106.9 hours, respectively,
P=0.22) (105). These results have been attributed to a high
prevalence of influenza A (H1N1) with the H275Y substi-
tution conferring resistance to peramivir (105).

Peramivir i.v. has also been evaluated in both outpatients
and in those hospitalized with influenza (94, 96, 106). A
multicenter, Phase III study performed in Korea, Japan, and
Taiwan comparing single-dose i.v. peramivir (either 300 mg
or 600 mg) to 5 days of oral oseltamivir in outpatients with
uncomplicated influenza found similar times to alleviation of
symptoms across all study groups (106). A Phase II study of
122 hospitalized patients with influenza randomized to re-
ceive one dose of i.v. peramivir (200 mg or 400 mg) or
standard oseltamivir revealed no significant difference in
time to clinical stability between groups (107). An interim
analysis of a Phase III study comparing hospitalized patients
with suspected influenza to either peramivir (600 mg i.v.
once daily for 5 days) or placebo also showed no signifi-
cant improvement in time to clinical resolution (42.5 hours
vs. 49.5 hours, respectively, P= 0.97) (94). These results
prompted early termination of the trial, and the agent has
not been approved for this patient population. Despite these
findings, there remain few options for hospitalized patients
who are critically ill and cannot tolerate oral medications. In
such circumstances, a longer course of daily peramivir may
be appropriate (94). As there are not clinical trials directly
comparing i.v. peramivir with i.v. zanamivir, the optimal
agent and duration of therapy remains unclear.

RESPIRATORY SYNCYTIAL VIRUS
Palivizumab
Palivizumab (Synagis) is a humanized monoclonal antibody
directed against an epitope in the A antigenic site on the F
surface protein of respiratory syncytial virus (RSV). It is
approved for the prevention of serious lower respiratory tract
disease caused by RSV in high-risk pediatric patients. In a
large, randomized, multicenter trial including over 1,500
high-risk patients, palivizumab prophylaxis resulted in a 55%
reduction in hospitalization as a result of RSV (107). The
American Academy of Pediatrics (2014) recommends RSV
prophylaxis with monthly palivizumab (up to five doses)
during RSV season for infants born before 29 weeks or pa-
tients who qualify on the basis of congenital heart disease or
chronic lung disease of prematurity (109). In terms of safety,
fever, rash, injection site reactions, and transaminitis are
possible, but very few serious adverse events have been re-
ported, and only 0.05% of patients experienced a hyper-
sensitivity reaction deemed possibly or probably related to
palivizumab (108, 110).

Ribavirin
Ribavirin (1-ß-d-ribofuranosyl-1,2,4-triazole-3-carboxamide,
Virazole) (Fig. 5; Tables 1 and 2) is a synthetic nucleoside

analog of guanosine approved in the United States in 1980
for treatment of RSV infections in hospitalized infants and
young children, particularly those with severe lower respi-
ratory tract RSV and underlying compromising conditions
(e.g., prematurity, cardiopulmonary disease, or immuno-
supppression). In its oral form, it is approved for use in
combination with interferon-a (IFN-a) for treatment of
hepatitis C virus (HCV) (see Chapter 13 on Antihepatitis
Virus Agents). It is available in oral formulations and solu-
tion for inhalation, as well as an investigational intravenous
formulation.

Inhaled ribavirin (Virazole) results in plasma concen-
trations ranging from 0.44 to 1.55 mM (with a mean con-
centration of 0.75 mM) when given via face mask for 2.5
hours daily for 3 days and has a half-life of 9.5 hours (Vir-
azole prescribing information). Reported adverse effects in-
clude nausea, headache, worsening of bronchospasm, rash,
and conjunctivitis, as well as precipitation on contact lenses
(111).

Ribavirin is well known to be teratogenic and contrain-
dicated in pregnancy; therefore, health care workers and
pregnant women should be protected against exposure. It has
been found to cause congenital anomalies of limbs, ribs, eyes,
CNS, and death in offspring of rodents (112).

Controversy exists about the role of ribavirin for treat-
ment of lower respiratory tract RSV infections in children
(see Chapter 37 on RSV), because studies have not con-
sistently shown virologic and/or clinical benefit in recipients
and some have been criticized for design flaws (113). Rib-
avirin is also used to treat serious RSV infections in immu-
nocompromised adults. Inhaled ribavirin has been found to
decrease progression of upper respiratory tract disease to
lower respiratory tract disease and mortality in adult hema-
topoietic cell transplant patients compared to no therapy
(114). Either oral or inhaled forms of ribavirin may prevent
progression of RSV infections from the upper respiratory
tract to lower respiratory tract in bone marrow transplant
patients (114, 115).

In addition to its systemic use in several viral hemor-
rhagic fevers (hantavirus hemorrhagic fever with renal syn-
drome, Lassa fever, Crimean-Congo hemorrhagic fever, Rift
Valley fever), systemic ribavirin has been used in treatment
of a number of respiratory viral infections, including influ-
enza virus, parainfluenza virus, measles virus, and adenovi-
rus, but its effectiveness remains unclear in these situations.
Following encouraging initial reports, a controlled study of
the oral triple-drug regimen of ribavirin, amantadine, and
oseltamivir is progressing in influenza virus infection (116,
117). Ribavirin is active against human metapneumovirus
in vitro and in animal studies, and one case report indicated a
favorable outcome with i.v. ribavirin treatment in a lung
transplant recipient with human metapneumovirus pneu-
monia complicated by respiratory failure and sepsis (118).

FIGURE 5 Molecular structure of ribavirin.
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TABLE 3 Selected investigational (in the United States) antirespiratory virus agents in clinical development

Agent In vitro spectrum Mechanism of action
Stage of development in

United States Comments

Favipiravir (T-705) Influenza A and B, many
others including
various filo-, flavi-,
arena-, bunya-, alpha-,
and enteroviruses

RNA polymerase
inhibitor

Approved in 2014 in Japan
only for outbreaks of
novel or re-emerging
influenza strains in which
other influenza drugs are
not effective or
insufficiently effective.
Phase III completed in
2016 in United States.
Results pending

Oral administration. Phase II trial showed good tolerability and both
antiviral and clinical efficacy in uncomplicated illness. Results of Phase
III not yet published. Active against influenza strains resistant to current
antiviral drugs and emerging strains such as A (H1N1) pdm09, A
(H5N1), and A (H7N9) avian virus. Potentially synergistic with
oseltamivir. Teratogenic in multiple species, contraindicated in
pregnancy. Hyperuricemia. No data in severe influenza or children.

JNJ-872
(formerly VX-787)

Influenza A Polymerase (PB2)
inhibitor

Phase II Oral administration associated with dose-related antiviral effects in
experimental human influenza. Synergistic with NAIs in preclinical
models. Phase II studies in uncomplicated illness and in combination
with oseltamivir in hospitalized patients in progress.

Laninamivir
(CS-8958)

Influenza A and B Neuraminidase inhibitor
(long acting)

Approved in Japan since
2010 for therapy and
subsequently prophylaxis.
In the United States,
Phase II trial in adults
with influenza A/B is
completed

Long-acting NI (LANI) delivered by oral inhalation. Antiviral spectrum
similar to zanamivir. In Japan, approved as single-day dosing for therapy.
In the United States, the Phase II trial failed to achieve statistically
significant primary endpoint of symptom alleviation in uncomplicated
disease.

Nitazoxanide Influenza A and B, many
others including
various flavi-,
hepadna-, retro-, reo-,
and caliciviruses.

Blocks the maturation of
viral hemagglutin at
the post-translational
level

Phase III trial completed Phase II study found reduced symptom duration and antiviral effects in
uncomplicated illness. Phase III trial as monotherapy and in
combination with oseltamivir completed; results pending.

DAS-181 Influenza A and B,
parainfluenza and
enterovirus EV-D68

Sialidase that removes
host cell sialic acid
receptors

Phase IIb for uncomplicated
influenza

Phase II for severe
parainfluenza in
immunocompromised
patients

Delivered by inhalation. Modest antiviral and nonsignificant clinical
effects in uncomplicated influenza. Case reports of antiviral activity and
clinical benefit in severe PIV illness in transplant recipients; adequate
tolerability.

Verdinexor (KPT-335) Influenza A and B Selective inhibitor of
nuclear export. XPO1
antagonist

Phase I Oral administration. Phase I completed, results pending.

AVI-7100 Influenza A Interference with
expression of the M1
and M2 genes

Phase I Phosphorodiamidate morpholino oligomer containing three modified
linkages (PMOplus). Active after intransal or intraperitoneal
administration in ferret model of influenza. Intravenous administration
in humans. Phase I estimated to be completed in November 2016.

(Continued on next page)
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TABLE 3 Selected investigational (in the United States) antirespiratory virus agents in clinical development (continued)

Agent In vitro spectrum Mechanism of action
Stage of development in

United States Comments

Presatovir
(GS-5806)

RSV Fusion inhibitor Phase II Oral administration. In healthy adults experimentally infected with RSV,
early treatment resulted in significant reductions of viral load, mucus
weight, and symptom scores. Currently in Phase II in hospitalized elderly
patients, lung transplant recipients and HSCT recipients with upper or
lower respiratory infections due to RSV. Treatment emergent F gene
mutations conferring reduced susceptibility to presatovir occur.

JNJ-678 RSV Fusion Inhibitor Phase IIa Oral administration. As of April 2016, two studies have been completed—
a multiple ascending-dose study in infants infected with RSV and an
experimental RSV infection in healthy adult; results pending.

ALX-0171 RSV Fusion inhibitor Phase I/IIa Inhaled antibody/nanobody that inhibits RSV replication by binding the F
protein. Currently in Phase I/IIa trial of healthy infants and toddlers
with RSV-related LRTI.

BTA-585 RSV Fusion inhibitor Phase II Selective and potent RSV fusion inhibitor in vitro (EC50 = 8.4 nM for
RSV A2).

ALS-8176
(pro-drug of AL-8112)

RSV Polymerase inhibitor Phase II Orally administered nucleoside analog. In healthy adults experimentally
infected with RSV, early treatment resulted in significant reductions of
viral load, mucus weight, and symptom scores. Currently in Phase II in
adults and Phase I in infants hospitalized with RSV infection. High
threshold to development of resistance.

ALN-RSV01 RSV Small interfering RNA
to N gene

Phase II Intranasal delivery demonstrated significant antiviral activity against
experimental RSV infection in adults. Phase II trials of inhaled siRNA
in RSV infected lung transplant recipients found trends toward reduced
BOS at 180 days.

Brincidofovir
(CMX-001)

Adenovirus, CMV,
HSV, VZV, EBV,
HHV-6A, HHV-8,
BKV, JCV, HPV

DNA polymerase
inhibitor

Phase III Orally administered lipid ester prodrug of cidofovir with greater potency
and low risk for nephrotoxicity. Dose-limiting gastrointestinal side
effects. Preliminary data from Phase III trial on adenovirus infection in
immunocompromised patients showed decreased viremia and mortality.
Failed primary endpoint for CMV in Phase III.

rIFN-b (SNG001) Rhinovirus, other
respiratory viruses

Recombinant IFN-b1a Phase II Oral inhalation. A randomized, double-blind, placebo-controlled trial in
asthmatics with a history of URTI-induced exacerbations reporting new
URTI symptoms missed its primary endpoint (change in asthma
symptoms assessed by an asthma control questionnaire) but reached this
endpoint in subset of more severe asthmatics and resulted in better lung
function and fewer severe exacerbations.

Vapendavir
(BTA 798)

Rhinovirus, enterovirus
(including polio)

Capsid inhibitor Phase IIb Orally administered twice daily. Initial Phase II study found trends toward
fewer exacerbations in asthmatics with rhinovirus infections. Phase II
trial of adult asthmatics with rhinovirus ongoing, estimated to be
completed in August 2016.

NAI, neuraminidase inhibitor; PIV, parainfluenza virus; XPO1, exportin 1; RSV, respiratory syncytial virus; HSCT, hematopoietic stem cell transplantation; LRTI, lower respiratory tract infection; EC50, half-maximal effective
concentration; BOS, bronchiolitis oblliterans syndrome; CNV, cytomegalovirus; URTI, upper respiratory tract infection.
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Oral ribavirin along with corticosteroids was used ex-
tensively as an empirical regimen during the early stages of
the global outbreak of severe acute respiratory syndrome
(SARS) caused by SARS-associated coronavirus, but was
later shown to lack in vivo antiviral activity or to provide
clinical benefit (119, 120). Combinations of interferons and
oral ribavirin have been used in Middle East respiratory
syndrome coronavirus (MERS-CoV)-infected persons with
no clear evidence for benefit (121–123).

INVESTIGATIONAL AGENTS
Research into new drugs against influenza is ongoing, but
relatively few agents are in advanced stages of development
(Table 3). These include the polymerase inhibitor favipir-
avir, which has activity against influenza viruses resistant to
current classes of inhibitors as well as a number of other
viruses (124–126), the polymerase PB2 inhibitor JNJ-872
(formerlyVX-787) (126, 127), the long-acting neuramini-
dase inhibitor laninamivir, already approved in Japan but
with an uncertain future in the United States due to mixed
results in a Phase II trial (128, 129), and nitazoxanide, which
is being studied as both monotherapy or in combination
with oseltamivir (130–132) (Table 3).

Development of anti-RSV agents seems to be near a
breakthrough, with several new agents showing promising
results in proof-of-concept studies during the last few years.
The most advanced of these in clinical development in-
clude presatovir, a F protein inhibitor (133), and ALS-
8176, a nucleoside analog that inhibits viral polymerase
with a high threshold for resistance (134–136) (Table 3).
Meanwhile, the inhaled sialidase DAS-181 is being tested
for severe parainfluenza virus infections (137, 138) and
brincidofovir (139) for the treatment of invasive adeno-
virus infections in immunocompromised hosts. The capsid
binder vapendavir (140) and inhaled IFN-b (141) are also
advancing in clinical trials for rhinovirus infections with
focus currently on asthmatic patients. RNA interference
(RNAi) targeting the N protein ALN-RSV01 has been
evaluated in lung transplant recipients infected with RSV,
with a particular focus on reducing development of chronic
rejection in the form of bronchiolitis obliterans syndrome
(142, 143).

Drug development for other respiratory viruses remains in
the preclinical phase. GS-5734 is a RNA polymerase in-
hibitor shown to have not only therapeutic activity in rhesus
macaques infected with Ebola virus but also in vitro activity
against MERS and RSV (144).

The clinical development of monoclonal and polyclonal
antibodies as therapeutic options against influenza and other
respiratory viral infections shows much promise as well. A
number of monoclonal antibodies targeting conserved epi-
topes on the HA stem have broad-spectrum neutralizing
activities for influenza A viruses and are advancing in de-
velopment. CR62621 is currently in Phase II in healthy
volunteers infected experimentally with A (H1N1) pdm09
influenza virus. VIS410, which targets group 1 and 2 HAs,
has shown therapeutic benefit for experimentally induced A
(H1N1) pdm09 infection and is currently in Phase II trials
(145–147). Among anti-HA stem monoclonal antibodies
inhibitory for both group 1 and 2 HAs, MEDI8852 is in
Phase Ib/IIa with or without oseltamivir and MHAA4549A
(148) is currently in Phase II as monotherapy in uncom-
plicated influenza or in combination with oseltamivir for
severe infections. One major concern with this approach is
the potential for antibody-dependent enhancement of dis-

ease, but this has not been found in early clinical trials with
MHAA4549A and VIS410 (126).

Among other viruses, the monoclonal anti-RSVantibody
MEDI8897 has a lower EC90 than palivizumab (126) and
was found to be safe in Phase II (149). REGN222, a
monoclonal antibody against RSV-F, was well tolerated in
Phase II trials (150) and is currently in a Phase III study
assessing the safety and efficacy in preventing RSV among
preterm infants during RSV season. Polyclonal antibodies
against MERS-CoV, derived from bovines genetically mod-
ified to produce large quantities of fully human polyclonal
IgG antibodies, have been shown to be safe and effective for
therapy and prevention in mice (151), with Phase II studies
currently being planned. Developing effective neutralizing
monoclonal antibodies against SARS-CoV has been chal-
lenging, in part due to emergence of escape variants, even
with administration of dual combination monoclonal anti-
bodies (152). Apart from monoclonal antibody therapy,
several studies have supported the use of convalescent
plasma and hyperimmune globulin for influenza (153, 154),
RSV (155), and SARS-CoV (156). The role for such an
approach remains unclear, but several influenza studies are
ongoing. Please refer to the pathogen-specific chapters for
RSV (Chapter 37), Coronaviruses (Chapter 52), and In-
fluenza (Chapter 43).
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The clinical virology laboratory is an important and leading
component of general microbiology that provides signifi-
cant benefits to patient care. The traditional epidemiologic
and academic reasons for diagnosis of viral infections have
been expanded by rapid, often quantitative, assays that can
impact on therapeutic management and public health de-
cisions. This development is the result of many advances in
diagnostic virology including improvement in cell culture
(shell vial assays, mixed cell cultures, genetically engineered
cell lines), availability of specific reagents such as mono-
clonal antibodies and, most importantly, the introduction of
molecular techniques mostly based on polymerase chain
reaction (PCR), which allow the sensitive and rapid detec-
tion of slowly growing or uncultivable viruses. The impact
of the latter procedure is illustrated by the recent identifi-
cation of several respiratory viruses including the human
metapneumovirus (1), multiple coronaviruses including
severe acute respiratory syndrome (SARS) (2) and Middle
East respiratory syndrome (MERS) (3), human bocavirus
(4), etc.

Apart from technological advances, the expanded role of
the diagnostic virology laboratory can be also attributed to
the increased pool of immunocompromised patients (e.g.,
HIV-infected individuals and transplant recipients) at risk
of serious opportunistic viral infections and the increasing
number of antiviral agents available for herpesviruses, HIV,
influenza viruses, and hepatitis viruses. These factors have
driven the development of rapid, sometimes point-of-care,
diagnostic methods and new approaches including viral load
measurement, antiviral drug susceptibility testing, and de-
termination of viral genotypes and quasispecies.

Many laboratories now employ nucleic acid–based tech-
nologies as their main approach to virus diagnosis. Never-
theless, multiple methods for detecting virus infections
remain in use in clinical laboratories. Viral culture, electron
microscopy, histopathology, detection of viral antigens, and
nucleic acids can be used to detect active viral infection,
whereas serological testing is performed to assess the pres-
ence of virus-specific immune responses. Such diversity of
methods has made it increasingly complex for physicians to
request the appropriate procedure and to interpret the re-
sults. This necessitates excellent and frequent communica-
tion between the physician and the virology laboratory for
the optimal use of diagnostic tests.

SPECIMENS
The performance of viral diagnostic tests is strongly influ-
enced by the quality of the specimen that is received in
the laboratory. Detection of viral pathogens is highly de-
pendent on three important variables: 1) obtaining an ad-
equate specimen from the appropriate site; 2) proper timing
of specimen collection relative to onset of symptoms; and
3) effective and timely processing of the specimen. The
specimen site should be determined by the clinical syndrome
and the suspected viruses. The specific procedures for col-
lecting clinical specimens are addressed in clinical laboratory
manuals (5). The physician should be aware that the selec-
tion of specific clinical specimens could strongly affect the
performance of a diagnostic test. This is particularly true for
the diagnosis of respiratory virus infections, where naso-
pharyngeal aspirates or nasal washes are generally preferred
to nasal or throat swabs. Also, the type of materials used for
specimen collection could have an impact on test results.
For example, dacron or rayon swabs are recommended in
the case of vesicular lesions, since both herpes simplex virus
(HSV) and varicella-zoster virus (VZV) have been shown
to be inactivated by cotton and calcium alginate swabs (6,
7). In addition, flocked swabs can retrieve more epithelial
cells than fiber (rayon) swabs for the detection of respira-
tory viruses (8). In general, nucleic acid–based diagnostic
tests, because of their increased sensitivity, are more robust
in terms of specimen quality.

For many acute virus infections, viral shedding begins
shortly before the symptoms occur, peaks rapidly after the
onset of symptoms, and then declines steadily as the illness
resolves. Thus, in general, specimens should be collected as
soon as possible after the onset of symptoms. However, there
are some exceptions, such as for SARS-coronavirus infec-
tions in which viral load in respiratory specimens peaked at
week 2 after the onset of symptoms (9).

Transport to the laboratory should be accomplished as
soon as possible after specimen collection to ensure integ-
rity. This is a critical requirement for cell culture proce-
dures which require viable viruses but may be less relevant
for detection of viral antigens or nucleic acids. In general,
nonenveloped viruses (e.g., adenoviruses, enteroviruses) are
more stable than viruses surrounded by a lipid envelope (e.g.,
VZVand respiratory syncytial virus [RSV]). Specimens other
than blood should usually be kept at 4°C (wet ice) during
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transport, especially if transport will require more than one
hour. If a delay of several days before testing is anticipated,
the specimen should generally be frozen at a temperature of
- 70°C or lower (dry ice). However, freezing in a standard
freezer ( - 20°C) is generally associated with greater loss of
infectivity than holding at 4°C for several days and should
be avoided. Swabs and tissue specimens should be placed in a
viral transport medium (VTM) to preserve the quality of the
sample. Many VTM formulations exist, which generally
contain a salt solution to ensure appropriate ionic concen-
trations, a buffer to maintain pH, a source of protein for virus
stability, and antibiotics/antifungals to prevent microbial
contamination. Some nucleic acid tests (NATs) have their
own special VTM, which have been optimized for specific
specimens.

Laboratories should receive specimens after proper stor-
age and transport and with relevant clinical information
either on an appropriate requisition form or electronically.
Key information that should accompany the specimen in-
cludes sampling site, time of specimen collection, the diag-
nostic concerns of the physician (possibly with suspected
virus[es]) and accurate identifying information for the pa-
tient.

CELL CULTURE
All methods used for viral isolation require living cells
because viruses are obligate intracellular parasites. Histori-
cally, the systems used to isolate viruses of medical impor-
tance consisted of laboratory animals, embryonated eggs,
and cultured cells. However, most diagnostic virology labo-
ratories no longer routinely perform viral isolation in either
laboratory animals or embryonated eggs, but now rely solely
on cell culture. Although it is gradually being replaced by
immunologic and molecular methods that are either more
rapid and/or more sensitive, cell culture retains the following
advantages for viral diagnosis: 1) The method is relatively
sensitive based on the inherent amplification of the virus
during the replication process and is specific in that only the
virus will be amplified; 2) viral culture has the potential to
detect many different viruses if a sufficient number of sen-
sitive cell lines are available to the laboratory. Therefore,
one of the most important principles of designing a virus
isolation protocol is the selection of cell lines that propagate
important viruses from each sample type received by the
laboratory; and 3) culture provides a viral isolate that can be
further characterized if necessary (e.g., sero/genotyping, an-
tiviral drug susceptibility testing).

There are also limitations to viral isolation for the diag-
nostic laboratory: 1) Certain viruses do not grow or grow
very slowly in available cell lines so that the result is not
clinically useful; 2) techniques for detecting a viral infec-
tion in lieu of virus isolation are more cost effective; and
3) successful isolation in cell culture depends on the viability
of the virus in the specimen. However, several new ap-
proaches (enhanced cell culture) have shortened the time of
virus isolation to more clinically useful timeframes and they
will be discussed below.

Standard Cell Cultures
The utility of cell culture for use in viral isolation was pio-
neered by two important discoveries. First was the work of
Gey who developed monolayer cell culture techniques (10).
This was followed by the work of Enders, Weller, and col-
leagues who demonstrated that vaccinia virus (11) and
polioviruses (12) could be grown and detected in roller tube

cell cultures by characteristic cytopathic effects. Previously,
the systems used for viral isolation had been either animal or
embryonated egg inoculation. Following this landmark dis-
covery, the number and type of cell lines that are useful for
viral isolation have continued to expand and change.

The types of cell culture routinely used for viral isolation
can be placed in one of three categories: primary cells, dip-
loid (also called semi-continuous) cell lines, and heteroploid
cell lines. Primary cells (e.g., monkey cells and chick em-
bryo cells) are derived from tissue and have been propa-
gated in vitro for the first time. These cells have the same
chromosome number as the parental tissue and generally can
only be subcultured once or twice. Diploid cell lines (e.g.,
human embryonic lung fibroblasts) develop during subcul-
ture of primary cells. A diploid cell line will consist of 75 to
100% of cells having the same karyotype as cells from the
species of origin and can be subcultured 20 to 50 times prior
to cell death. Heteroploid or continuous cell lines (e.g.,
HEp-2 and HeLa cells) exist as a population of cells with less
than 75% of the population having a diploid chromosome
constitution. The most important feature of this type of cell
line is the ability of indefinite passages due to cell immor-
talization, which facilitates continuous access to cells for
virus isolation. The two issues that have fostered the de-
velopment of additional cultured cell lines for viral isola-
tion are susceptibility (Table 1) and speed of replication
(Table 2). Each cell culture type displays a differential sus-
ceptibility to each group or member of the virus families.
Thus, multiple cell lines are required for a given sample
type to detect the families of viruses capable of infecting
a given organ system. In addition, isolation of viruses may
not always use cell culture in monolayers. Suspension
cultures of lymphocytes are used for isolation of retroviruses
such as HIV-1 and 2, and several herpesviruses such as

TABLE 1 Susceptibility of cell culture types
to commonly isolated human virusesa

Culture type Viruses propagated

Primary
Monkey kidney Influenza, parainfluenza,

enteroviruses
Rabbit kidney Herpes simplex
Human embryonic kidney Enteroviruses, adenoviruses

Diploid
Fibroblast Cytomegalovirus, varicella-zoster,

herpes simplex, adenoviruses,
rhinoviruses, enteroviruses
(some)

Continuous
HEp-2 Respiratory syncytial, adenoviruses,

herpes simplex, enteroviruses
(some)

A549 Adenoviruses, herpes simplex,
enteroviruses (some)

LLC-MK2 Parainfluenza, human
metapneumovirus

MDCK Influenza
RD (rhabdomyosarcoma) Echoviruses
Buffalo green monkey

kidney
Coxsackieviruses

aModified from reference (184) with permission from Elsevier.
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Epstein-Barr virus (EBV), as well as human herpes viruses 6
and 7 (HHV-6 and HHV-7).

The cell culture systems used for viral isolation will, in
general, depend on the type of specimen submitted to the
laboratory. Traditionally, three cell types have been used for
viral isolation: a primary cell culture such as a Rhesus
monkey kidney, a diploid line such as a human embryonic
lung, and a heteroploid line such as HEp-2. While this may
still be a reasonable approach for some specimen types, it is
no longer feasible or desirable for the isolation of all viruses.
Due to cost and cell access considerations, some laboratories
have replaced primary cells by a panel of continuous cell
lines. It is also reasonable, both scientifically and financially,
to use a single cell line when a specimen is submitted only for
isolation of selected viruses such as HSV, cytomegalovirus
(CMV), or VZV. The selection and types of cell cultures
used in a laboratory offering virus isolation will depend on

many factors, including the clinical or epidemiological need
for viral isolation, the common specimen types received, cost
to prepare or purchase the needed cell lines, and the avail-
ability of experienced personnel.

The general procedure for viral isolation starts with the
processing of the clinical specimen. In most cases, this
consists of the addition of antibiotics to the sample prior to
inoculation of the appropriate cell lines. Each cell culture to
be inoculated should be visually inspected prior to inocu-
lation and only recently prepared cells should be used since
older cell cultures are less susceptible to virus replication.
The standard tube used for cell culture is a 16 · 125 mm
screw-capped tube. These tubes facilitate incubation fol-
lowing sample adsorption in either a roller drum or in sta-
tionary racks. In either case, the system must slant the tubes
at a 5 to 7o angle. In general, the inoculated tubes are in-
cubated at 35 to 37ºC, but lower temperatures (33ºC) fa-
cilitate the isolation of some viruses (e.g., rhinoviruses).
Some laboratories have replaced tubes by microwell plates
for cell culture, which facilitates the use of multiple cell lines
for optimal recovery of several viruses.

Cytopathic Effect
Each inoculated cell culture tube is examined with a light
microscope to detect morphological changes typically daily
for the first week and less frequently thereafter for up to 21
days. Morphological changes that are the result of viral
replication are termed cytopathic effects (CPE). The obser-
vations of inoculated cell culture must be compared to sham-
inoculated control monolayers from the same batch of cells.
The CPE observed in cell culture may be characterized by
the following: cell rounding, refractile cells, cell clumping,
vacuolation, granulation, giant cells, syncytium formation,
and cell destruction. The type of specimen, the cell line
displaying CPE, and the type of CPE may be used as pre-
liminary evidence for the identification of the replicating
virus. For example, a respiratory sample inoculated into
HEp-2 cells displaying large syncytia is consistent with the
presence of RSV. A cerebrospinal fluid (CSF) inoculated
into RD (rhabdomyosarcoma) cells displaying cell rounding
and desintegration is consistent with an echovirus. A urine
sample inoculated into fibroblast cells displaying isolated
foci of swollen cells is consistent with CMV (Figure 1).

TABLE 2 Time required to detect viruses in cell culturea

Virus
Number
of isolates

Earliest
day

positive

Day when
50%

positive

Day when
90%

positive

Herpes simplex 512 1 1 3
Varicella-zoster 30b 3 7 13
Cytomegalovirus 116c 3 13 20
Adenovirus 125d 1 4 11
Enteroviruses 85 1 4 10
Respiratory
syncytial

70e 2 4 7

Influenza 61f 2 4 7
Parainfluenza 104g 1 6 12
Rhinovirus 130 1 6 12

aReproduced from (184) with permission from Elsevier. Data are from St. Louis
Children’s Hospital Virology Laboratory, 1997.

b12 of these were also detected on day 2 by shell vial assay.
c462 additional isolates were detected on day 1 or 2 by shell vial assay.
d18 of these were detected on day 1 by fluorescent antibody (FA) staining.
e734 additional specimens were positive on day 1 by FA staining or enzyme

immunoassay.
f61 additional specimens were positive on day 1 by FA staining.
g30 additional specimens were positive on day 1 by FA staining.

FIGURE 1 Cytopathic effects induced by some viruses. Panel A shows uninfected cell lines including HEp-2 (1), RD (2), fibroblast (3),
and Vero (4) cells. Panel B shows the same cell lines infected with respiratory syncytial virus (1), enterovirus (2), cytomegalovirus (3), and
herpes simplex virus (4).
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The replication of certain viruses in cell culture may not
produce any CPE. The replication of these agents can be
detected by alternative techniques such as hemadsorption
or interference assays. Hemadsorption is commonly used to
detect the replication of orthomyxoviruses and some para-
myxoviruses. Cells infected by influenza viruses, parain-
fluenza viruses, mumps and measles viruses display viral
glycoproteins (hemagglutinin, hemagglutinin-neuraminidase)
on their plasma membrane as an integral part of the process
of viral replication. The viral glycoproteins promote attach-
ment of certain species of red blood cells (e.g., guinea pig
erythrocytes) to the infected cell membrane. Hemadsorption
can be observed with a light microscope and, like CPE, is
preliminary evidence that one of these viruses is replicating
in the cell culture. Some other viruses, notably rubella, can be
detected by taking advantage of the phenomenon of inter-
ference. For instance, when rubella grows in primary monkey
kidney cells, the latter become resistant to challenge with an
echovirus type 2 strain.

Identifying a virus replicating in a cell culture is con-
firmed using more definitive criteria of reaction with mono-
specific or monoclonal antibodies. Generally, these reagents
are chemically conjugated to fluorochromes so that the re-
action with a specific antibody can be determined by fluo-
rescent microscopy. The immunofluorescence technique can
be either indirect or direct. The indirect technique uses an
unconjugated primary antibody to react with the infected
cells followed by a fluorochrome-conjugated secondary an-
tibody usually directed against the species specificity of the
primary antibody. The direct technique consists of the pri-
mary antibody that is conjugated to a fluorochrome so that
only a single staining and washing of the infected cells is
necessary. Alternatively, some virology laboratories may use
monospecific or pooled antisera to prevent the infection of
susceptible cells, a process known as neutralization. Most
virology laboratories use an immuofluorescence microscopy
method for viral identification, whereas the neutralization
method is primarily used to determine enterovirus serotypes.

In some clinical situations, the process of observing cells
for CPE and then confirming that the CPE can be attributed
to viral replication occurs too slowly. Over the past few
decades, several enhanced cell culture methods have facili-
tated more rapid detection of viral replication.

Shell Vial Culture
The ability to detect viral infection prior to the development
of CPE was first demonstrated with CMV (13). This method
uses low-speed centrifugation to enhance the infection of
human diploid embryonic fibroblast cells (MRC-5) in shell
vials by CMV, followed by overnight incubation to estab-
lish the infection in which CMV-specific proteins assemble
in the nucleus and, finally, detection of these by immuno-
fluorescence microscopy after staining for an immediate
early CMV protein. A shell vial is a vial containing a cov-
erslip onto which a monolayer of cells has been grown. After
centrifugation and incubation for 18 to 48 h, immunofluo-
rescent staining is performed on the cells on the coverslip
using monoclonal antibodies recognizing proteins that are
expressed very early in the CMVreplicative cycle. The speed
and relative sensitivity of the shell vial system for CMV
stimulated the application of shell vial systems for other
viruses such as HSV, VZV, adenoviruses, and respiratory
viruses. The detection of respiratory viruses requires inocu-
lation of a greater number of shell vials with different cell
types, increasing the incubation times, and using pools or
cocktails of monoclonal antibodies capable of detecting each

respiratory virus. Each antibody in the pool for detecting
respiratory viruses has a unique staining pattern that can be
used as a means to give a preliminary identification of the
virus present in the shell vial monolayer. A second shell vial
can then be subsequently stained with a single monoclonal
to confirm the preliminary identification.

Mixed Cell Cultures
Viral isolation can be accomplished by using a shell vial cell
culture with a mixture of cells in the monolayer. Such a
mixture provides more susceptible cell types for a number of
viruses, the low speed centrifugation enhances infectivity, and
replication of the virus can be rapidly detected by immuno-
fluorescence microscopy. The mixed cell systems have been
developed to target viruses from specific types of specimen.
The rapid respiratory virus mix, R-Mix (Quidel Corporation,
San Diego, CA), is a combination of mink lung cells and
A549 (human lung epithelial) cells (14) for detection of RSV,
parainfluenza viruses, influenza viruses, and adenoviruses. An
H&V-Mix is a combination of CV-1 (human kidney fibro-
blasts) and MCR-5 cells for detection of HSV, CMV, and
VZV. The Super E-Mix is a combination of BGMK (buffalo
African green monkey kidney) and A549 cells for detection
of enteroviruses and other viral agents. The R-Mix with im-
munofluorescent staining performs comparably with either
conventional tube culture or single cell shell vial culture with
immunofluorescent staining but is generally more rapid (15).
This system is a reasonable approach for laboratories that
want to continue using shell vials for viral detection.

Genetically Engineered Cell Lines
Genetically engineered cell lines to be used for virus isola-
tion were first developed for HSV (16). A baby hamster
kidney cell line (BHK-21) was stably transformed with an
HSV-inducible promoter (UL39 gene) attached to a func-
tional E. coli beta-galactosidase gene. Infection of this cell
line by either HSV 1 or 2 (specifically HSV proteins ICP0
and VP16) induces beta-galactosidase enzyme activity.
Addition of a substrate, X-gal, for this enzyme results in the
formation of a colored product in HSV-infected cells. This
system is commercially available as an enzyme-linked virus-
inducible system (ELVIS HSV ID; Quidel). The advantages
of this system include rapid detection with a result available
after overnight incubation followed by addition of the sub-
strate; visual signal by detection of either CPE and/or the
blue color; and adaptability to large volume laboratories and
potential automation. A modification of the ELVIS system
now allows subsequent staining directly on the monolayer
with type-specific, fluorescent-labeled HSV monoclonal
antibodies. The concept of virus specific indicator cell lines
may be feasible for other viruses (17), and a format has been
developed for rapid HSVantiviral susceptibility testing (18).

The measles virus can be difficult to grow in cell cultures.
This is believed to be due to strains of measles having tro-
pism for different host cell receptors. AVero cell line, stably
transformed with the receptor hSLAM (human Signaling
Lymphocytic Activation Molecule), has proven ideal for
growing measles virus from patient specimens (19).

ANTIVIRAL SUSCEPTIBILITY TESTING
Introduction
In the past two decades, safe and effective antiviral drugs
have been developed for the treatment of many acute and
chronic viral infections. Not surprisingly, the increased and
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prolonged use of these drugs, most notably in immuno-
compromised patients, has been accompanied by the emer-
gence of drug-resistant viruses. However, clinical failure may
not only be due to the presence of a drug-resistant virus but
can also depend on factors such as the patient’s immuno-
logical status, compliance, and the pharmacokinetics of the
drug in that patient. Examples of clinical situations which
warrant the use of antiviral susceptibility testing for her-
pesviruses include failure of HSV or VZV cutaneous lesions
to resolve, the appearance of new lesions while on acyclo-
vir (valacyclovir or famciclovir) therapy (20, 21), and
progressive retinal or visceral CMV disease during ganciclo-
vir (valganciclovir) therapy (22, 23). Ganciclovir-resistant
CMV infections were first reported among HIV-infected
subjects with CD4 T cells of < 50 · 109/l (24) and are
now an important problem in solid organ transplant recipi-
ents, particularly in the context of a primary infection after
organ transplantation (CMV-seropositive donor and CMV-
seronegative recipient) (25, 26). Also, continuous influenza
shedding during therapy with amantadine/rimantadine or
the neuraminidase (NA) inhibitors (oseltamivir/zanamivir)
in immunocompromised patients should lead to suspicion of
antiviral drug resistance and may warrant antiviral testing
(27, 28). Resistance testing for clinical management of
HIV-1 infection is recommended at entry into care, in the
case of treatment failure (worsening clinical disease, increase
in viral load, decrease in CD4 T lymphocytes), primary in-
fection, and pregnancy (29–31). Several recent review ar-
ticles have been published on the mechanisms of antiviral
drug resistance for herpesviruses (32, 33), influenza (34), and
HIV-1 (35).

Phenotypic Assays
Phenotypic assays measure the effect of an antiviral drug on
the growth of a virus. This can be determined by infectivity
(e.g., plaque or yield reduction) assays, viral antigen or viral
nucleic acid production, and enzyme activity. Such assays
directly measure and quantify the effect of antiviral drugs on
viral growth. However, they generally require isolation and
passage of the virus in cell culture, followed by viral titra-
tion before antiviral drug susceptibility testing begins. Thus,
these tests tend to be slow, labor intensive, and difficult to
standardize. In addition, in vitro passages can introduce un-
intended viral mutations. Phenotypic results are typically
expressed as the drug concentration that inhibits 50% or
90% of viral growth relative to a no-drug control (IC50 or
IC90). Importantly, because these assays have been diffi-
cult to standardize, resistant and susceptible control strains
should be tested with each batch of clinical isolates. Phe-
notypic antiviral susceptibility assays are currently in use
for herpesviruses (HSV, VZV, CMV), influenza viruses, and
HIV-1. A standard procedure for HSVantiviral susceptibility
testing by plaque reduction assay (PRA) has been approved
by the Clinical and Laboratory Standards Institute (formerly

NCCLS) in 2004 (36). A similar PRA has been described
for CMV (37).

The PRA has classically been the standard method of
susceptibility testing to which new methods are compared.
In this assay, a standardized viral inoculum is added into
multiple wells of a plate containing susceptible cells and se-
rially decreasing concentrations of an antiviral agent. A solid-
ifying agent such as agarose is usually added to the cell culture
medium to allow the formation of discrete viral plaques.
Following an incubation period (which varies according to
the virus), the plates are fixed and stained with a dye (crystal
violet) and the plaques are counted. The IC50 and some-
times the IC90 values are determined and compared to those
obtained for susceptible and resistant control strains. Break-
point resistance values have been proposed for HSV and
CMV (Table 3) although it should be emphasized that many
variables can affect the results such as the cell line, the viral
inoculum, the incubation period, etc. For a slow-growing
virus such as CMV, the time involved for initial growth, viral
stock preparation, and antiviral susceptibility testing is > 6
to 8 weeks, whereas it can take < 2 weeks in the case of HSV.
Another drawback of the PRA is the possibility of selecting
some genotypes in a mixed viral population (“quasispecies”)
during the initial passages in cell culture in the absence of
drug (38).

Other phenotypic assays (see more detailed procedures in
(39)) include the dye uptake assay for susceptibility test-
ing of HSV (40). This is a colorimetric method that involves
the quantification of a vital dye (neutral red) by viable cells
but not by infected (nonviable) cells. The assay is semi-
automated and is reproducible with the use of 96-well
microtiter plates and a spectrophotometer. A DNA hybrid-
ization assay (Hybriwix assay, Diagnostic Hybrids, Inc.,
Athens, OH) was developed to measure HSV, CMV, and
VZV drug susceptibilities (41) but this assay is no longer
commercially available. Reporter genes (e.g., luciferase or
alkaline phosphatase) can also be introduced in cell lines
(42) or recombinant viruses (43) allowing high throughput
testing.

For influenza phenotypic susceptibility testing to the NA
inhibitors (zanamivir, oseltamivir), the currently preferred
method consists of directly measuring inhibition of NA ac-
tivity (44). After incubation of the virus containing the NA
with different concentrations of NA inhibitors, a fluorescent
or chemiluminescent substrate is added, then fluorescence or
chemiluminescence is quantitated. The working group on
surveillance of influenza antiviral susceptibility has proposed
cutoff values for influenza testing against NA inhibitors
(Table 4) (45). Of note, the NA assay cannot detect drug
resistance caused by the presence of hemagglutinin muta-
tions, which have been less commonly reported than NA
mutations (46).

Phenotypic assays for susceptibility testing of HIV-1
were traditionally performed in cell culture using primary

TABLE 3 50% inhibitory concentration (IC50) cutoffs for herpes simplex virus and cytomegalovirus antiviral
resistance using the plaque reduction assay

Virus Drug Susceptible Intermediate Resistant

Herpes simplex virus Acyclovir < 9 mM ‡ 9 mM
Foscarnet < 330 mM ‡ 330 mM

Cytomegalovirus Ganciclovir £ 6 mM 6–12 mM > 12 mM
Foscarnet £ 400 mM > 400 mM

Note: Resistance is also defined by a greater than 2- to 3-fold increase in IC50 values compared to a pretherapy isolate or a wild-type control virus.
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peripheral blood monoclear cells from HIV-1-negative do-
nors (47). In this assay, virus replication in the presence or
absence of an antiretroviral drug is monitored by quantifying
the HIV-1 p24 antigen using enzyme immunoassay (EIA)-
based tests. Nowadays, recombinant virus phenotypic assays
(48) involve insertion of the reverse transcriptase, poly-
merase and integrase genes of HIV-1 from a patient into a
vector consisting of a rapidly replicating laboratory viral
strain that also contains a reporter gene (e.g., luciferase) to
measure viral growth in the presence of a drug compared to
a wild-type virus. Some recombinant virus assays have
been developed commercially such as the PhenoSense assay
(Monogram BioSciences-LabCorp) and the Antivirogram
assay (Tibotec-Virco, now discontinued) (49). Other types
of phenotypic assays beyond the scope of this chapter in-
clude the yield reduction assay (50), EIA-based tests (51),
and flow cytometry testing (52).

Genotypic Assays
Genotypic assays allow for the rapid detection of genetic
mutations associated with antiviral drug resistance. Most of
these tests first involve a round of nucleic acid amplification
for the specific viral genes implicated in resistance to a
certain drug, followed by direct sequencing of the amplified
product, and finally comparison of the viral sequence to that
of a pretherapy isolate or a reference strain. These assays are
particularly useful for detecting evidence of resistance, when
a discrete number of characterized resistance mutations are
known. Genotypic assays have been most widely used for
detecting ganciclovir-resistant CMV or antiretroviral-re-
fractory HIV-1 infections, since phenotypic assays for these
viruses are slow and tedious. However, such tests have also
been used to distinguish genetic variants of hepatitis B virus
(HBV) associated with lamivudine resistance (53), M2
mutants associated with influenzaA resistance to amantadine
(54), NA and/or hemagglutinin influenza mutations associ-
ated with resistance to NA inhibitors (55, 56), and HSV or
VZV mutations conferring resistance to acyclovir (20, 21).
In the latter case, development of genotypic assays has been
hampered by the fact that the thymidine kinase and DNA

polymerase genes of herpesviruses are highly polymorphic
and that drug-resistance mutations are scattered throughout
the gene. Also, phenotypic assays for HSVare generally more
convenient due to rapid growth of this virus (typically in 24
to 48 h).

Genotypic assays for CMV have been developed mainly
to detect UL97 (protein kinase) and also UL54 (DNA
polymerase) mutations associated with ganciclovir (or val-
ganciclovir) resistance (Figure 2). PCR amplification of a
short fragment of the UL97 gene followed by either re-
striction endonuclease digestion or direct sequencing have
been used to detect the most frequent ganciclovir resistance
mutations at codons 460, 520, 594, and 595, which are re-
sponsible for approximately 80% of resistance cases (57, 58).
The major advantage of this method consists of its rapidity
since resistance-associated mutations can be detected di-
rectly in clinical samples such as whole blood, leukocytes,
plasma, urine, etc. within a few days after sample collection
(23). For more comprehensive analysis of ganciclovir resis-
tance but also to detect CMV resistance to cidofovir and
foscarnet, PCR amplification and DNA sequencing of the
catalytic regions of the UL54 gene must also be undertaken.
These genotypic assays can be performed by commercial
laboratories such as Viracor-IBT. However, the genetic map
of CMV UL54 mutations associated with drug resistance has
not been completed yet and an important problem consists
of discriminating between polymorphic (natural variations)
and resistance mutations. Recombinant viruses based on
bacterial artificial chromosomes (BAC) or overlapping cos-
mids must be generated to definitively determine that a
particular mutation is associated with drug resistance (59,
60), which is beyond the scope of the general virology lab-
oratory.

The development of HIV resistance to all antiretroviral
agents is a significant clinical problem. Direct sequencing of
PCR-amplified reverse transcriptase, protease, or integrase
genes is considered to be the gold standard for assessing HIV-
1 drug resistance (reviewed in (29, 35, 61)). Commercially
available FDA-approved sequencing-based methods for HIV
genotyping include for instance the Trugene HIV-1 (Sie-
mens Healthcare GmbH, Erlangen, Germany) and the
ViroSeq HIV-1 (Abbott Molecular, Des Plaines, IL) assays.
Both systems are similar with respect to the complexity of
the assays and have a detection limit of z20% for minor
quasispecies according to the manufacturers’ instructions.
Hybridization techniques, as an alternative to complete se-
quencing, may be used to detect specific mutations associ-
ated with drug resistance. In the INNO-LiPA HIV-1 line
probe assay (Fujirebio Europe N.V., Zwijnaarde, Belgium),
codon-specific oligonucleotide probes are applied as discrete
lines on a nitrocellulose membrane in a strip format.
Hybridization of biotin-labeled test isolate amplicon with

FIGURE 2 Cytomegalovirus (CMV) UL97 mutations associated with ganciclovir resistance. CMV UL97 conserved regions are repre-
sented by shaded boxes. Numbers under the boxes indicate the positions (codons no.) of these conserved regions. Vertical bars indicate the
presence of amino acids substitutions while the hatched box indicates a region (codons 590 - 607) in which diverse deletions (from 1 to 17
codons) have been reported.

TABLE 4 Breakpoints for influenza virus susceptibility
testing against the neuraminidase inhibitorsa

Virus
Reduced
inhibitionb

Highly reduced
inhibitionb

Influenza A 10–100· > 100 ·
Influenza B 5–50· > 50 ·

aBased on the recommendations from the working group on surveillance of
influenza antiviral susceptibility (45).

bFold increase in IC50 values compared to wild-type (control) virus.
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the probes for specific codons (wild-type and mutants) leads
to the production of color in the presence of avidin enzyme
complex and substrate. Some researchers have concluded
that the clinical utility of LiPA is limited by the high rate
of indeterminate results (62) and this test is no longer
commercially available. In another hybridization method,
the microarray chip-based technology, over 16,000 unique
oligonucleotide probes are used for hybridization with
fluorescein-labeled target nucleic acid (HIV PRT GenChip,
Affymetrix, Inc., Santa Clara, CA). This method was shown
to be less reliable as compared to dideoxynucleotide se-
quencing and is no longer commercially available (63). The
final step in the process of genotypic resistance testing is the
analysis of generated sequences. Interpretation of the genotype
can be based either on rule-based algorithms or on “virtual
phenotypes.” The sequences may be aligned using different
software programs included in commercially available geno-
typic assays or with on-line databases. In “virtual” phenotyp-
ing, the genotypic mutation profile of a viral strain is compared
with the available paired genotypes and phenotypes in the
database.

In summary, phenotypic or genotypic assays can be used
depending on the virus and the clinical situation. Pheno-
typic assays offer the advantage of providing a direct mea-
surement of viral susceptibility to any antiviral drugs and of
quantifying the level of resistance. On the other hand, ge-
notypic assays offer the distinct advantages of greater speed
and efficiency in analyzing a large number of viral strains,
but only identify known drug resistance mutations. Discor-
dance between phenotypic and genotypic assays can result
from the presence of viral quasispecies (genotypic mixture of
wild-type and mutant viruses) and the presence of complex
patterns of mutations (resistance and compensatory muta-
tions). In recent years, the advent of next-generation se-
quencing has resulted in a lowering of the threshold for
detecting minor resistant subpopulations from 20% to 1 to
2% compared to conventional (Sanger) DNA sequencing.
This promising technology (see section on nucleic acid tests)
has already been used in the context of detecting CMV (64),
influenza (65), and HIV-1 (66) drug resistance mutations in
clinical samples.

DIRECT DETECTION OF VIRUS
OR VIRAL ANTIGEN
With the increasing availability, decreasing cost, and im-
proved turnaround time of molecular techniques for the
detection of viral nucleic acids, the use of direct detection
methods for virus or viral antigen has diminished in the
clinical laboratory. Despite their generally lower sensitivity
than molecular tests, some clinical laboratories may con-
tinue to offer these tests when expertise in molecular tech-
niques is lacking, cost of molecular tests is prohibitive, and/
or test requests for certain viruses are too low in number to
justify in-house use of molecular tests.

Immunoassays
Of all the nonmolecular techniques for the direct detection
of viruses or viral antigens within clinical specimens, im-
munoassays remain the most widely used. These assays utilize
antibodies (antisera) which may be monoclonal or poly-
clonal directed against a specific viral antigen or antigens
(67). The resulting antibody–antigen complexes can be
detected using a number of different techniques ranging from
direct visualization methods to those that detect viral anti-

gens using solid-phase immunoassays (SPIA) such as EIA
and enzyme-linked immunosorbent assays (ELISA).

Direct Visualization Immunoassays
Visualization of viral antigens within tissue samples or indi-
vidual cells is most commonly achieved by either direct or
indirect staining methods (68). Not only can one detect
the presence or absence of viral antigens within cells, one
can also determine the location (e.g., nucleus, cytoplasm,
inclusion bodies, etc.) of the viral antigens. In the direct
method, the antibody (antiserum) directed against the virus
of interest is conjugated with either an enzyme (e.g., horse-
radish peroxidase, alkaline phosphatase, others) or a fluo-
rescent label (e.g., fluorescein isothiocyanate [FITC]). The
antibody is added onto a glass slide to which the patient
sample has been fixed. Once the antibody–antigen reaction
is allowed to occur, a substrate is added for the conjugated
enzyme, which, when acted upon by the enzyme, results in
a color reaction that is visible using a light microscope. If
the antibody label used is FITC, the presence of antibody–
antigen complexes can be visualized using an immunofluo-
rescence microscope set at the appropriate wavelength. In
the indirect method, the initial antibody (e.g., mouse
monocolonal antibody) directed against the virus of interest
is not conjugated to an enzyme or a fluorescent label. After it
is allowed to bind to the virus or viral antigen (if present in
the patient sample), a second conjugated or labeled antibody
directed against the first (e.g., goat anti-mouse antibody) is
allowed to bind to the antibody within the antigen–antibody
complex. Visualization is then performed as for the direct
method. The advantage of the indirect method is that it can
“amplify” the signal because many secondary antibodies may
bind to the initial antibody resulting in a stronger signal.

Fluorescent antibody immunoassays including direct im-
munofluorescence (DFA) and indirect immunofluorescence
(IFA) microscopy continue to be used in diagnostic virology
because they are relatively easy to perform and inexpensive
(Table 5). They are applicable to a wide variety of specimen
types and can be used for the detection of many different
viruses or viral antigens with high specificity, particularly
when monoclonal antibodies are used. Pooling of mono-
clonal antibodies, each labeled with a different fluorescence
molecule, allows for the simultaneous detection of different
viruses in the same sample. For example, a pool of mono-
clonal antibodies directed against influenza viruses A and B,
RSV, parainfluenza viruses 1, 2, and 3, and adenovirus is
often used to screen respiratory specimens such as nasopha-
ryngeal swabs and washings. If the screen is positive, then
individual slides can be prepared and stained using separate
antibodies to identify the specific virus or viral antigen
present in the specimen. Fluorescent antibody staining is
used in many laboratories as initial screening for HSV and
VZV in skin and mucous membrane samples, and for respi-
ratory viruses in a variety of respiratory specimens (69, 70).
Detection of CMV pp65 antigens using direct immunoflu-
orescent staining of peripheral blood leukocytes (PBLs)
continues to be used in many centers as an alternative to
molecular techniques for the detection and quantitation of
CMV in blood specimens. By using a fixed number of PBLs
per slide, one can provide a measure of the number of pos-
itive fluorescent cells per fixed number of PBLs which can
be used to monitor CMV activity in patients with primary
or reactivated CMV infection/disease following organ and
bone marrow transplantation (71). More recent guidelines,
however, recommend that molecular assays be used in place
of immunostaining techniques (72).
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Solid Phase Immunoassays
Solid phase immunoassays for the direct detection of viral
antigens in clinical specimens include EIA, ELISA, latex
agglutination (LA), membrane-immunoassays (also known
as lateral flow immunochromatographic assays), and radio-
immunoassay (RIA) (67). In many laboratories, EIAs and
ELISAs remain the predominant solid-phase immunoassay
techniques used for viral diagnosis. Many EIAs and ELISAs
have been automated which has improved consistency in
the performance of these tests, objectivity in the interpre-
tation of the results, as well as increased throughput and
reduced turnaround times. Although the terms EIA and
ELISA have slightly different meanings, they are often used
interchangeably to denote any assay that utilizes an enzyme
rather than radioactivity as the reporter label. For simplicity,
ELISA will be used in the remainder of this section.

ELISAs can be used to detect either antigens or anti-
bodies in a clinical sample (73). The most common ELISA
formats for the detection of viral antigens include direct,
sandwich, and competitive ELISAs. It should be noted that
there are slight differences in the literature with respect to
the use of these terms with some overlap between the term
‘indirect’ ELISA and ‘sandwich’ ELISA. In the direct ELISA
method for the detection of viral antigens, the surface of a
solid phase (e.g., the wells of a polystyrene microtiter plate)
is coated with primary antibodies directed against the anti-
gen of interest. When the sample is added to the solid phase,
the specific viral antigen of interest, if present, will bind to
the primary antibody forming an antigen–antibody complex
that is fixed to the solid phase. Once the excess sample is
removed by several washing steps, a second antibody con-
jugated with a reporter enzyme is added and allowed to also
bind to the antigen of interest. Detection is achieved by the
addition of a substrate (appropriate for the reporter enzyme)
which when acted upon, results in a color reaction. Different
reporter enzymes can be used including horseradish peroxi-
dase, alkaline phosphatase, beta-glucosidase, and others.
The presence and intensity of the color generated is then
read using a spectrophotometer which yields the result as an
optical density (OD) value. With standardization of the
assay, the OD value can be converted into a quantita-

tive value and reported in international units per milliliter
(IU/ml).

A sandwich ELISA for the detection of viral antigen(s) is
performed in essentially the same way as a direct ELISA
except that the secondary antibody is not conjugated with
an enzyme. Instead, once the secondary antibody is allowed
to bind to the antigen, an enzyme-conjugated antibody di-
rected against the Fc region of the secondary antibody is
added. This is then followed by the addition of an appro-
priate substrate. By using an enzyme-linked antibody that
binds to the Fc region of other antibodies, this same enzyme-
linked antibody can be used in a variety of different assays for
different antigens, thus making them somewhat universal.

For competitive ELISAs, the primary antibody directed
against the antigen(s) of interest is mixed with the patient
sample directly resulting in the formation of antibody–
antigen complexes. These antibody–antigen complexes are
then added to an antigen-coated well in a polystyrene mit-
crotitre plate. Following incubation, the plate is washed
in order to remove unbound primary antibodies. In general,
the more antigens present in the patient sample, the more
antigen–antibody complexes are initially formed, leaving
fewer unbound antibodies available to bind to the antigens
fixed to the wells of the polystyrene microtitre plate. The
plate is again washed after an incubation period to remove
any remaining unbound primary antibody. This is followed
by the addition of a secondary enzyme-conjugated antibody,
which is directed against the primary antibody followed
by the addition of an appropriate substrate. In a competi-
tive ELISA therefore, if specific antigen was present in the
original patient sample, the signal generated is reduced and
thus the OD value is low.

The solid phase can be a membrane rather than a mi-
crotiter plate. This format has been developed for detection
of such viral antigens as influenza virus, RSV, rotavirus, and
others (74). Modifications of the standard EIA and ELISA
methods by the use of tiny beads (microparticles) to increase
the surface area for the coating of antigens or antibodies,
thus potentially increasing sensitivity, has led to the intro-
duction of micro-enzyme immunoassays (MEIA). This has
resulted in a shortening of the time required to complete the

TABLE 5 Detection of viral antigens by direct fluorescent antibody (DFA) staining

Clinical presentation Possible viral agents detectable by DFA Specimen source

Colorado tick fever Colorado tick fever virus Blood (erythrocytes)
Congenital infections Rubella, CMV, HSV Nasopharyngeal, throat, lesion

scrapings, tissue
Conjunctivitis, keratitis HSV, adenovirus, measles virus Conjunctival cells, corneal scrapings
Disseminated disease,
immunocompromised host

HSV, CMV, VZV, EBV Tissues, lesion scrapings

Encephalitis HSV
Rabies virus
Mumps virus

Brain biopsy
Brain tissue
Throat, urine sediment

Macular or maculopapular exanthems Measles virus, rubella virus, mumps virus,
adenovirus

Nasopharyngeal, throat, urine sediment

Mucocutaneous vesicles or ulcers HSV, VZV, adenovirus Scrapings from base of the
lesion, mucosal cells

Respiratory infection Influenza A and B viruses, parainfluenza viruses,
adenovirus, RSV, human metapneumovirus,
measles virus, mumps virus

Nasopharyngeal swabs, washes,
or aspirates; throat swab; lung
biopsy; bronchoalveolar lavage,
wash, or brushing
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assay from 3 to 4 hours for standard ELISAs to less than
one hour.

Chemiluminescent immunoassays (CLIA) and chemi-
luminescent micro-enzyme immunoassays (CMIA) follow
the same general principle as ELISAs, but use an enzyme/
substrate combination that results in the generation of
emitted light rather than a color signal (75). The emitted
light is detected using a luminometer which generates a value
reported as relative light units (RLU). Regardless of whether
a color reaction is produced or a light signal is generated,
the signal strength is typically proportional to the amount
of antigen present in a sample. However, not all assays are
quantitative and therefore one cannot assume that a high
OD or RLU value always correlates with the presence of
more antigens in the patient sample. Some assays include
quantitation standards which are used to generate a standard
curve for quantifying the amount of antigen in a patient
sample.

ELISAs are very sensitive and are capable of detecting
antigens at the picomolar to nanomolar range (10 - 12 to
10 - 9 moles/l) (73). However, chemiluminescent assays tend
to be even more sensitive and have a wider dynamic range
than standard ELISAs. ELISAs have been developed for the
detection of numerous different viral antigens. Most assays
have been developed and validated using a limited number
of different sample types (e.g., serum and/or plasma) and
their use for detection of antigens in other sample types such
as CSF or other body fluids may give erroneous results. Non-
specific or cross-reactions can occur with ELISAs depending
on whether the antibodies used in the assay are monoclonal
or polyclonal and how similar (or different) the antigens are
amongst different viruses (e.g., HSV-1 and HSV-2) (70).

Histopathology/Cytopathology
Standard light microscopy examination of stained clinical
material may identify direct cellular changes which may be
the first evidence of a viral infection. For some viruses, in-
fected cells and tissues may exhibit cytological alterations
that are pathognomonic for a specific virus (Table 6), while
for others, the changes may be nonspecific and simply raise
the possibility of a viral infection. Some stains allow for the
detection of viral inclusions, but cannot provide a definitive
identification of the specific viral agent. During viral latency
and possibly at other times during viral replication, cells
may appear entirely normal with no histologic changes to
suggest a viral infection. Therefore, one cannot rule out a
viral infection using histopathology/cytolopathology meth-
ods alone.

None of the usual cytologic stains (e.g., hematoxylin and
eosin [H & E], Wright-Giemsa, Giemsa [Tzanck prepara-
tion], Papanicolaou) is specific for detecting the presence of
a viral infection and all lack sensitivity (76). For example,
the classic Tzanck preparation cannot be used to distinguish
HSV from VZV infections, an important clinical distinc-
tion required for proper management, infection control, and
counseling of patients.

One of the key areas where cytological examination plays
an important role has been the Pap smear for cervical
scrapings as part of screening for early changes indicative
of cervical cancer (77). Virtually all cervical cancers are
associated with specific oncogenic subtypes of human pap-
illomavirus (HPV). Thus the presence of atypical squamous
cells of undetermined significance (ASCUS) and atypical
glandular cells of undetermined significance (AGUS) cou-
pled with newer molecular tests which can detect the pres-
ence of most of the oncogenic subtypes of HPV is rapidly

becoming the standard for managing women for cervical
cancer prevention.

In renal transplant patients, up to 10% of recipients
may develop polyomavirus-associated nephropathy (PVAN)
which may result in loss of the renal graft. Histological di-
agnosis using light microscopy plays an important role in
these patients (78). However, because the pathological
changes of PVAN are heterogeneous and the intranuclear
viral inclusions are indistinguishable from other viruses such
as adenovirus and herpesviruses, immunohistochemical
staining, electron microscopy, or molecular testing is re-
quired for making a definitive diagnosis. Similarly, although
cytological examination of cells shed in urine may identify
“decoy cells” which are cells containing intranuclear inclu-
sions, it cannot distinguish between the different types of
polyomavirus (e.g., BK versus JC) or from adenovirus-
infected cells (79).

Cytological examination may also play a role in distin-
guishing viral shedding from active infection in some clinical
situations. For example, the presence of cytological changes,
including the presence of cytomegalic inclusion bodies in a
bronchoalveolar lavage (BAL) sample, is more suggestive
of active CMV infection than the detection of CMV in
the same sample without evidence of cytological changes.
The latter may simply represent asymptomatic shedding.

Electron Microscopy
In most diagnostic laboratories, electron microscopy (EM)
for the diagnosis of viral infections has been supplanted by
other methods, and many reviews of specific diagnostic
recommendations fail to even mention the potential role of
EM. Some laboratories may continue to use EM for screening
stool samples for viruses associated with acute gastroenteritis
because of the wide array of potential viral pathogens that
may be detected, and the lack of a simple, single assay for
detection of the multiple viral pathogens (80, 81). EM also
plays an important role in the detection of BK-polyomavirus
in tissue biopsies and urine samples from renal transplant
patients with suspected BK-virus associated nephropathy
(78, 82).

Virtually any specimen type can be examined by EM for
viruses. In general, liquid samples such as CSF, saliva, tears,
urine, vesicle fluid, etc. may be used directly, while others
may need to be rehydrated (e.g., dried tissue samples) or
clarified (e.g., fecal material) before examination by EM.
Specimens to be examined by EM must first be adsorbed
onto a thin plastic and/or carbon film adherent on the sur-
face of an EM grid before staining (83, 84). In order to
improve the sensitivity of EM, the use of either pooled
human immunoglobulins or specific antibodies during the
adsorption step can be used (e.g., solid-phase immunoelec-
tron microscopy [SPIEM]). In addition, ultracentrifugation
of the original sample followed by re-suspension in a smaller
volume or direct centrifugation of the sample onto the EM
grid may also help increase the probability of detecting virus
particles by EM. Once the grid has been prepared with the
specimen, it is subjected to either positive or negative
staining. Both methods use heavy metal ions (e.g., lead,
tungsten, and uranium ions) to generate sufficient image
contrast and resolution (84). Because positive staining is
technically more demanding and requires considerably more
time to perform, it is impractical for routine clinical speci-
mens and has been replaced by negative staining. The most
common negative stains are 1% aqueous uranyl acetate and
1% phosphotungstic acid. These electron-dense stains pen-
etrate the virion and provide contrast for visualization of the
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surface detail of virus particles. Negative staining allows for
examination and morphologic detection of viruses in a
sample within 10 min (84). Based on the unique morphol-
ogy of different virus families and measurement of the size of
the virus particle, EM allows for a virus to be classified into a
particular family relatively easily.

Many limitations to EM exist, so that it is usually only
available in reference centers. The availability of EM is
limited by the cost of the instrument and the need for ex-
pertise in reading grids. EM is not well suited for screening

large numbers of routine samples, as may be required in a
clinical diagnostic laboratory. Estimates on the amount of
virus needed in order to be detectable by EM have ranged
from 105 to 108 particles/ml, making it less sensitive than
other techniques (84, 85).

NUCLEIC ACID DETECTION
Identification of viral nucleic acids is based on relatively
conserved and unique nucleotide sequences which can be

TABLE 6 Cytological changes associated with selected viral infections

Virus Clinical presentation Cytological findings

Adenovirus Upper respiratory tract infections, pneumonia,
acute keratoconjunctivitis

Small multiple eosinophilic intranuclear
inclusions (early); large single dense basophilic
intranuclear inclusions (“smudge cells,” late)

Hemorrhagic cystitis Dense basophilic intranuclear inclusions in
transition cells

BK virus Urethral stenosis (renal transplant patients)
and interstitial nephritis (immunosuppressed
patients)

Large full mucoid intranuclear inclusions (early);
dense full basophilic inclusions bulging from
cytoplasm (late)

Cytomegalovirus Pneumonia Cytomegaly; large, single amphophilic
intranuclear inclusions (Cowdry A); small
basophilic intracytoplasmic inclusions

Herpes simplex virus Herpes genitalis, tracheobronchitis, corneal
vesicle, or ulcer

Large ground-glass nucleus (early); eosinophilic
intranuclear inclusions (late) with peripheral
chromatin condensation; multinuclearity with
nuclear molding

Generalized infection or local cystitis Ground-glass nuclei (early); eosinophilic
intranuclear inclusions (late); multinuclearity;
may be part of tubular cast

Human papillomavirus Condyloma acuminatum, cervical dysplasia Enlarged hyperchromatic nucleus; rare basophilic
intranuclear inclusions; perivascular
cytoplasmic clearing and vacuolar
degeneration (koilocytic change)

Human polyomavirus Progressive multifocal leukoencephalopathy
(PML)

Enlarged oligodendrocytes with enlarged nuclei
containing large basophilic inclusions

Polyomavirus-associated nephropathy (PVAN) Enlarged basophilic inclusions and displaced
chromatin in renal tubular epithelium and
urothelium; basophilic ground-glass nuclear
inclusions in epithelial cells (“decoy cells”) in
urine

Measles virus Prodromal Mulberry-like clusters of lymphocytic nuclei in
nasal secretions

Measles with exanthema Multinucleated giant cells with intracytoplasmic
and intranuclear inclusions

Molluscum contagiosum Reddish papular lesions of eyelid or conjunctiva Large dense basophilic intracytoplasmic
inclusions displacing the nucleus

Vaginal, penile, or perineal papule with central
umbilication

Large dense basophilic intracytoplasmic
inclusions displacing the nucleus; squamous
cells often bean-shaped

Nipah virus Encephalitis Intracytoplasmic eosinophilic inclusions
Parainfluenza virus Bronchitis Cytomegaly; single or multiple nuclei; small

eosinophilic intracytoplasmic inclusions
Parvovirus B19 Aplastic crisis, hydrops fetalis Nuclear inclusions in erythroid precursor cells,

bone marrow, or liver (fetus)
Respiratory syncytial virus Tracheobronchitis, pneumonia Large multinucleated cells; intracytoplasmic

basophilic inclusions with prominent halos
Varicella-zoster virus Vesicular eruptions in dermatome (shingles)

or accompanying varicella
Multinucleated cells with intranuclear
eosinophilic inclusions
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copied into complementary oligonucleotides by polymerases,
cut at defined sequence-specific sites by restriction endo-
nucleases, and differentially annealed to complementary
sequences under defined conditions. The relatively short
length of viral genomes has made viruses ideal candidates for
nucleic acid-based diagnosis.

NATs were used to a limited extent before the advent of
current amplification assays such as PCR. These consisted of
simple hybridization assays such as in the case of the human
papillomaviruses (86) as well as detection of defined size
segments of viral genome present either endogenously in the
case of rotavirus, or resulting from restriction endonuclease
digestion as in the case of herpes and adenoviruses (87, 88).
With the advent of the PCR assay, NAT-based diagnosis has
been extended to nearly all recognized viruses. The PCR
assay has evolved from conventional PCR, where products
are identified by agarose gel electrophoresis, to real-time
PCR, where products are identified using probes or inter-
calating dyes within the reaction and has now progressed to
the development of microarray-based assays either in chip or
bead-based formats. Finally, PCR assays have been adapted
for quantitation of specific viruses in a specimen.

Polymerase Chain Reaction (PCR) Assay
The development of the PCR assay for DNAvirus diagnosis,
combined with the preceding reverse transcriptase step for
RNA viruses, was a major breakthrough in diagnostic vi-
rology. This methodology allows for greatly enhanced levels
of viral detection, because for every infectious unit there are
numerous defective or otherwise noninfectious particles, all
containing the target genome. As shown in Figure 3, the
PCR assay is based on cycling a mix of specimen DNA, virus
specific oligonucleotide primers in high excess, a thermo-
stable polymerase, and nucleotide triphosphates at a high
temperature at which the target DNA strands separate, and a
low temperature stage at which the primers anneal to their
complementary sites, and an intermediate temperature stage

optimal for the polymerase to elongate the complementary
strand as an extension from the primers (89). Each time the
cycle is repeated, the number of copies or amplicons doubles
such that after 20 cycles, there are potentially over one
million amplicons from a single target molecule.

Primers are the major determinant of the sensitivity and
specificity of each PCR assay. Since the sequences of most
viral genomes are known, at least at the genus level, iden-
tifying oligonucleotide primers to conserved regions of the
virus genome is feasible. While primers for “in house” assays
are known, those for commercial assays may not be readily
available. In PCR assays for RNA viruses, a virus-specific
primer or a random hexamer primer have been found ac-
ceptable for the initial reverse transcriptase reaction to
produce the complementary DNA product for amplification.
The sensitivity and specificity of these assays is also influ-
enced by the enzymes, buffers, and cycling temperatures and
these must be optimized for each specific assay.

Extraction of Nucleic Acid from Specimens
Because of their sensitivity, NATs such as PCR are less fas-
tidious as to the nature of the specimen, such as the need of
infectious viruses for isolation, or intact, infected cells for
immunofluorescence microscopy. Nucleic acids are gener-
ally extracted using commercial kits which are based on the
differential binding of the nucleic acid to silica under con-
ditions of different ionic strength. Extracted DNA is stable
in EDTA solutions which chelate the magnesium required
for DNase activity. RNA, which is less stable, can be pre-
served using an RNase inhibitor. Likewise, extracted RNAs
and DNAs are stable when frozen at - 80°C. Automated
extractors allow for scaled up extractions of specimens.

Detection of Amplicons
Conventional detection of amplicons has been by aga-
rose gel electrophoresis with staining by ethidium bromide.
Other DNA intercalating dyes such as SYBR� Green are an
option, as they are less toxic and easier to dispose of but
also more expensive. Digestion of the amplicon preparation
with restriction endonucleases before electrophoresis en-
hances the specificity of the assay and allows for more precise
identification of the virus at the level of genus and type (90).
For enhanced detection, the amplicons resolved on gel
electrophoresis can be transferred to a membrane and probed
by Southern blotting (91). This can also be accomplished
by performing the hybridization of the PCR products in a
microtitre plate format which allows for final analysis with a
plate reader, an approach utilized in commercial kits.

Multiplex PCR
Multiple viruses can be responsible for the same clinical
presentation such as in a respiratory infection. Diagnosis on
a single specimen can be performed by a PCR assay that
can detect multiple genome targets. Such multiplex assays,
though feasible, require careful design to ensure that the
primers chosen have similar annealing temperatures, do not
react with other primers to reduce the sensitivity, and that
the amplicons can readily be detected based on their size
or by probes specific for each viral amplicon sequence (92).
Multiplexing has been elegantly addressed in recently de-
veloped commercial respiratory virus assays. In an example
of such an assay, any RNA viral genomes are reverse tran-
scribed to complementary DNA using random primers (93).
The preparation is then subjected to a multiplex PCR re-
action with primers to all target virus sequences. The PCR
products are then subjected to a multiplex target specific

FIGURE 3 Polymerase chain reaction. The strands of the target
DNA are separated by heating (melting) and on cooling they anneal
with the complementary primers present in excess. The thermo-
stable DNA polymerase extends the primers forming two double-
stranded DNA molecules. On subsequent heating, the strands
separate and each anneals with the complementary primer. The
cycling of temperature between melting, annealing, and primer
extension is repeated multiple times and the number of product
strands is doubled with each cycle. (Reprinted from reference (185)
with permission.)
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extension reaction using primers specific for the viral cDNA
sequences which also have respective proprietary target-
specific oligonucleotide tags at the 5¢-end in a reaction
mixture that contains biotinylated deoxyribonucleoside tri-
phosphates. The products of this extension reaction are
reacted with microbeads with covalently attached anti-tag
sequences unique to each virus type to which the comple-
mentary tagged sequences hybridize. The preparation is then
analyzed by passage through the Luminex flow cell, where
the unique signals of each bead type and the common signal

from the biotin-streptavidin phycoerythrin conjugate are
measured as illustrated in Figure 4.

Real-Time PCR
Real-time PCR is an enhancement of the conventional PCR
reaction in which amplicons are detected in a closed system
after each cycle. This initially involved the detection of
fluorescence of the SYBR Green dye that had intercalated
into the amplicons before each melting step of the cycle
(94). Subsequent detection systems incorporate the energy
transfer reactions between fluorescent dyes in a process
called fluorescence resonance energy transfer (FRET). This
consists of 2 dyes one of which is called the donor dye and
the other, the acceptor dye. When they are brought close
together through the annealing of two adjacent primers to
the target, the upstream one labeled at the 3¢-end with the
donor dye (for example, fluorescein) and the downstream
one at the 5¢-end with the acceptor dye (for example, cy5),
light is absorbed by the donor dye and emitted by the ac-
ceptor thereby creating a signal (95).

An alternative configuration is a single probe labeled at
the 5¢-end by a reporter dye and at the 3¢-end by a quencher
dye (96). The probe exhibits minimal fluorescence in the
unhybridized state when the oligonucleotide is variably
folded on itself, but exhibits strong fluorescence at defined
wavelengths when the quencher becomes separated from the
reporter fluorophore i.e., when the probe is linearized by
hybridization to a target sequence. Such structures are called
a molecular beacon (97). Alternatively, the reporter fluor-
ophore and quencher, both of which are linked to the probe,
may be separated after the probe hybridizes to the amplicon
by the 5¢-exonuclease action of the thermostable polymerase
in the “TaqMan” platform, as illustrated in Figure 5 (98). In
this case, the fluorophore accumulates in the reaction mix-
ture in increasing quantities with each cycle.

Real-time PCR has a number of advantages: it is more
rapid than conventional PCR; does not include post-
amplification processing, thereby minimizing amplicon
contamination; and is applicable to quantitative assays.
Disadvantages include the inherent difficulty of readily
monitoring for amplicon size, which precludes the utilization
of digestion with restriction endonucleases as a control,

FIGURE 5 Real-time PCR. TaqMan process. In this thermo-
cycling reaction, the internal probe, which is conjugated to the
fluorescent dye F and the quencher dye Q hybridizes with the
denatured target DNA. When these two dyes are present in close
proximity on the probe, the fluorescence of the F dye is quenc-
hed. When the new strand being synthesized as an extension of
the terminal primers, reaches the probe, it is digested by the 5¢-
exonuclease activity of the thermostable polymerase liberating the F
dye resulting in the generation of a fluorescent signal. (Reprinted
from reference (185) with permission.)

FIGURE 4 The RVP assay (Luminex Corporation, Austin, TX). Identification of the target-specific primer extension reaction that had
been captured on the microbead is achieved through the oligonucleotide tag. Sorting of the microbeads occurs in the Luminex 100 flow cell
instrument, which identifies colored beads with one laser and a phycoerythrin signal on the attached extended amplicon with a second laser.
TSPE: target-specific primer extension.
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difficulty of performing nested PCR, and limitations on the
size of amplicons and probes. Furthermore, a mutation oc-
curring in the sequence targeted by the probe would pre-
clude the detection of the amplicon in contrast to it still
being detected by analysis of the products by gel electro-
phoresis. Nevertheless, the advantages of speed, sensitivity,
and reduction of amplicon contamination have made real-
time PCR the platform of choice in diagnostic virology.

Fully Integrated Automated Systems
Integrated systems that perform extraction of the nucleic
acid, amplification, and analysis of the findings have been
developed. These allow virus diagnosis within a short period
of time in a setting of minimal laboratory requirement.
Examples of these are the application of the Cepheid
GeneXpert to the rapid diagnosis of respiratory viruses and
enteroviruses (99, 100).

Non-PCR-Based Nucleic Acid
Amplification Systems
Nucleic acid amplification can be performed using ap-
proaches other than PCR.

Strand Displacement Amplification
This approach is based on the use of oligonucleotide primers
containing a restriction endonuclease cleavage site, a DNA
polymerase deficient in 5¢-exonuclease activity, the cognate
restriction endonuclease, and nucleotide triphosphates of
which dCTP has a alpha-thiol group (101). In the reaction,
the primer binds to the target sequence on the viral genome,
and the polymerase synthesizes a double-stranded product
with the endonuclease cleavage site at the 5¢-end of the new
strand. The restriction endonuclease introduces a nick in the
primer site of the new amplicon but not in the complementary
strand that has the thiolated dCTP. The nick is recognized
by the DNA polymerase which extends the oligonucleotide
downstream from the nick and displaces the nicked strand.
Annealing of the antisense primer also containing the re-
striction endonuclease site allows the process to continue on
the newly synthesized strand. As shown in Figure 6, this process
results in an exponential amplification of the area bracketed by
the primers under isothermal conditions. The BDProbeTec
(Becton, Dickinson and Company, Franklin Lakes, NJ) is an
example of an automated platform utilizing this method. The
assay has a sensitivity of 5 to 50 genome copies per ml and
requires approximately one hour for completion.

Ligase Chain Reaction
The principle of this assay, illustrated in Figure 7, involves
thermal cycling with the polymerase replaced by a thermo-
stable ligase (102). The assay involves the ligation of a pair
of primers complementary to the full length of the target
sequence of each strand that hybridize at adjacent positions
and are joined by the ligase. Increasing the temperature re-
sults in the dissociation of the primer-derived strands, to
which new primers can anneal at reduced temperature, and
allows the reaction to continue with the formation of the
ligated primers as the end product. The assay has a sensitivity
of 5 to 50 genome copies per ml and is reported to be min-
imally susceptible to inhibitors in the specimen.

Nucleic Acid Sequence-Based
Amplification (NASBA)
This isothermal assay is based on the amplification of
predominantly RNA genome targets using 2 primers, one of

which has a T7 promoter sequence at the 5¢-end, a reverse
transcriptase, a T7 DNA-dependent RNA polymerase, and
RNase H along with the deoxynucleotide triphosphates
(103). In the assay, the primer with the T7 promoter hy-
bridizes to the RNA template and is extended by the reverse
transcriptase. The RNA portion of the heteroduplex is
digested by RNase H and the reverse primer hybridizes to the
new DNA strand and is extended by the reverse transcriptase
to produce a double-stranded DNA. The T7 polymerase cop-
ies multiple RNA strands off the DNA template in a primer-
independent manner. Each of these can bind the primers and
repeat the entire process. These reactions are illustrated in
Figure 8. A closely related approach, transcription-mediated
amplification (TMA), initially called self-sustained sequence
replication, is very similar, differing only in that conditions
are set so that the endogenous RNase H activity of the re-
verse transcriptase is able to substitute for the exogenously
added RNAse H (104). This platform has been adopted in
kits such as those from Gen-Probe, Inc., San Diego, CA and
BioMérieux SA, Marcy l’Etoile, France. The assay is repor-
ted to have a sensitivity of 5 to 50 genome copies per ml.

Recombinase Polymerase Amplification
An intriguing application of the recombinase polymerase
reaction using phage T4 proteins UvsX and its cofactor
UvsY allows for the primer-based amplification of DNA
under isothermal conditions (105). This approach allows

FIGURE 6 Strand displacement amplification. This isother-
mal amplification assay is based on four requirements namely
primers which include an upstream restriction endonuclease site
(BsoB1), the cognate enzyme (BsoB1), a DNA polymerase lacking
5¢-exonuclease activity and nucleotide triphosphates of which one
has been modified to contain an alpha-thiol group (dCTPaS). In
this reaction, the target DNA anneals with the primers and is
converted to a double-stranded form by the polymerase. The re-
striction endonuclease introduces a cleavage in the primer sequence
and the polymerase synthesizes a new strand from this site and
displaces the existing strand. The restriction endonuclease is not
able to cut the newly synthesized strands because of the modified
nucleotides and can only introduce cuts in the sites present in the
primers. Restriction site bearing primers are designed to anneal to
sequences of both strands of the target DNA resulting in an expo-
nential synthesis of displaced strands. (Reprinted from reference
(185) with permission.)
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for a rapid diagnosis of viruses under field conditions, as
has been shown for dengue virus as well as for MERS-
coronavirus and for other biothreat agents (106–108).The
assay has been reported to be as sensitive as conventional
RT-PCR, with results available in as little as 20 minutes.

Hybridization-Based Assays
Hybridization with labeled probes has long been used for
detection of viral genomes. This has been refined to a high
sensitivity in the branched-chain DNA assay which is based
on signal amplification (109). In this process, shown in
Figure 9, the genome is hybridized to a primary probe of
complementary sequence which is immobilized on a solid
phase. The genome then further hybridizes to secondary
probes, which then hybridize with an amplification multi-
mer. The latter hybridizes further with labeled probes that
allow for the detection of the branched chain structure.
Branched DNA assays have a sensitivity of 50 to 500 ge-
nome copies per ml. An alternative approach, exemplified
by the hybrid capture assay, involves hybridization in solu-
tion between a denatured DNA target and complementary
RNA probes resulting in the formation of a DNA-RNA
hybrid. This structure is recognized by an antibody which is
then detected by an immunoassay detection system. Such an
approach has been commercially applied in the Digene Cor-
porationHybrid Capture assays (Qiagen, Venlo, Netherlands).
Hybridization assays, while not as sensitive as nucleic acid
amplification (i.e., limit of detection of 500 to 1,000 genome
copies per ml), have an ability to quantitate the amount of
genome present in the specimen. These have been success-
fully adapted to the quantitation of hepatitis C virus (HCV)
RNA (110).

Quantitative Nucleic Acid Tests
Initially, quantitation by PCR assays was accomplished
by performing the assay on serial dilutions of the speci-
men. Currently, quantitative PCR assays contain an internal
standard target of defined concentration that serves as a
reference on which the calculations of concentrations of the
analyte nucleic acid are based. Due to inherent variability,
most commercial assays claim an accuracy within 0.5 log10,
or approximately 3-fold. These approaches are based on the
assumption that the amplification efficiencies of the stan-
dard and the target are nearly equivalent. Quantitation can
also be achieved by NASBA and branch chain DNA assays
(111). The latter being a signal amplification assay is con-
sidered less variable but also less sensitive than target am-
plification assays. The NASBA and PCR assays have been
optimized to detect the product in the log phase of the

FIGURE 8 Nucleic acid sequence-based amplification
(NASBA). This procedure is particularly well adapted to the de-
tection of RNA. The reaction mixture consists of one primer which
contains the sequence for the T7 RNA polymerase promoter at its
5¢-end, a second primer at the downstream end of the sequence to
be amplified, T7 RNA polymerase, reverse transcriptase, and
RNAse H as well as the ribo- and deoxyribonucleotide triphos-
phates. When the primer containing the T7 promoter anneals to
the target RNA, the reverse transcriptase synthesizes the comple-
mentary DNA strand and the RNA portion of this duplex is
digested by the RNAse H. After the binding of the downstream
primer, the reverse transcriptase synthesizes a double-stranded DNA
with a T7 promoter at one end which serves as a template for the T7
RNA polymerase that synthesizes approximately 1,000 copies of
antisense RNA in a promoter-dependent manner. This RNA can be
further reverse transcribed to double-stranded DNA which can
serve as a template on which the RNA polymerase can synthesize
multiple antisense RNA copies. (Reprinted from reference (185)
with permission.)

FIGURE 7 Ligase chain reaction. This reaction includes two
pairs of primers, each pair annealing to one strand of heat denatured
target DNA with a gap of 2 to 7 nucleotides between. The primers
are designed to bind so that the gap between them consists of a
single nucleotide type. The reaction also contains the relevant
nucleotide triphosphates, a thermostable DNA polymerase and a
thermostable DNA ligase. Once the gap is filled by the polymerase,
the ligase joins the last nucleotide to the downstream primer. The
temperature is then raised to denature the product and then lowered
to allow further primer binding. The cycle is repeated so additional
primer pairs can be ligated. By having the upstream primer labeled
at the 5¢-end with biotin (B) and the downstream primer at the 3¢-
end with a fluorescent label, the products can be captured on a solid
phase and tested for presence of the fluorescent label. (Reprinted
from reference (185) with permission.)
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amplification rather than at the end, thereby increasing the
dynamic range. To overcome some of the barriers associated
with quantitative PCR such as the requirement for standard
curves for absolute quantification, and the efficiency de-
pendence of the polymerase reaction which can lead to data
variability from sample contaminants, digital PCR (dPCR)
was introduced (112). The technique is based on the par-
titioning of a single sample (containing DNA or RNA,
primers, polymerase, and a fluorescent probe) into thousands
of individual reaction vessels followed by amplification.
Each reactor can then be sorted by fluorescent signal as
positive or negative delineating the presence or absence of
target (113).

Controls
Controls are of critical importance in NAT assays, because
the analytical sensitivity is high and because the amplicons
generated in the PCR reactions are relatively stable and
serve as a potential source of contamination. Efforts to
overcome this problem include the use of assays that do not
create DNA amplicons such as NASBA, branched DNA,
and real-time PCR which does not involve the opening of
the tube with amplified products. The addition of deoxyur-
idine triphosphate together with uracil DNA glycosylase to
the PCR, which destroys the amplicon sequence at the end
of the assay (114), is commonly used. Fastidious adherence
to the design of the laboratories so that amplicon contami-
nation is avoided by restriction of movement among clean
and dirty rooms is essential. Amplicon contamination of the
environment can be further reduced by wiping the surfaces
with household bleach, exposing working surfaces to short
ultraviolet light, and working in laminar flow biological
safety cabinets with appropriate clothing and use of gloves.

NATs require numerous controls to ensure that the am-
plification reactions did occur and that they were free of any
contamination. These include amplification controls or
target-related oligonucleotides such as genomes of related
viruses with sequences complementary to the same probes,
genomes of other viruses for which probes are provided, and
DNA of defined sequences in plasmid vectors or RNA
produced by T7 polymerase from a recombinant DNA target
with T7 promoter. It is particularly important to protect the
RNA controls from endogenous RNases by inclusion of
RNase inhibitors, or by encapsidating them into proteins
such as that of MS1 phage as in the case of “armoured RNA”
(115). Controls are also added to the specimen or aliquot
thereof before extraction to serve as extraction controls.
Water, free of any target, is an essential negative control.
Finally, a sample quality control consisting of a common
gene such as Beta-globin or RNase P helps to validate that
the specimen contained adequate tissue for testing.

Application of Nucleic Acid Testing in Virology
The very high sensitivity of NATs has greatly improved the
ability to obtain an accurate viral diagnosis, but has also
created a need for enhanced insight into the interpretation
of the test results and the need to more thoroughly under-
stand the pathogenesis of viral infections. Applications of
NATs include detection of the virus in the patient specimen
in acute and chronic infections, the potential to subtype
the virus to the level of its genome sequence, to quantitate
the concentration of the virus to determine the extent of the
infection, the likelihood for transmission, and the response
to antiviral therapy, and to monitor the development of
strains resistant to antiviral agents.

Routine Diagnosis of Virus Infection
Detection of most common viruses can be performed by
NAT within comparable or superior turnaround times, and
with substantially increased sensitivity, relative to conven-
tional methods. Using real-time PCR, most of these viruses
can be identified in patient specimens on a same-day to
next-day basis, making the diagnosis relevant for patient
management. In addition, the development of multiplex
assays has allowed for an unprecedented breadth of test-
ing for all known respiratory viruses in a patient speci-
men within a working day using a single test (93). Likewise,
nucleic acid microarray technology is believed to have a
similar potential (116).

Real-time PCR has been successfully applied to same-day
testing for herpes simplex virus either as “in-house” or
commercially marketed assays (117). The diagnosis of nor-
oviruses and other gastrointestinal viruses by NAT is more
efficient and reliable than ELISA or EM (118). While
enteroviruses have conventionally been diagnosed by iso-
lation in cell culture, NAT is substantially more sensitive, an
important consideration in the diagnosis of neurotropic
viruses (119). Accordingly, laboratories are becoming in-
creasingly reliant on NAT for routine virus diagnosis, a trend
that is likely to continue as the costs of these tests decrease
with increased volumes of use, and the implementation of
further automation.

Diagnosis of Novel and Emerging Viral Infections
NAT is particularly suitable for the diagnosis of novel and
emerging infections. The ones that stand out in recent times
are the diagnosis of the Sin Nombre hantavirus in 1993, the
diagnosis of SARS-coronavirus in 2003, and the diagnosis
of MERS-coronavirus more recently (120–122). A major

FIGURE 9 Branched chain DNA (bDNA) assay of first (A) and
third (B) generations. Target DNA hybridizes to capture probes
linked to a solid phase. A short oligonucleotide called the label
extender hybridizes with complementary sequences on the target
DNA and with either the amplifier oligonucleotide shown in A or a
longer oligonucleotide called the preamplifier that contains multi-
ple repeat sequences shown in B. Amplifier oligonucleotides then
hybridize to the alkaline phosphatase (AP)-linked probes shown in
A as well as the preamplifier sites shown in B. Alkaline phosphatase
is detected by standard reagents for the enzyme.
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advantage of NAT in the workup for novel agents of as yet
unknown risk, or those associated with high morbidity and
mortality, is that much of the investigation does not need to
be performed under BSL-3 conditions. The risk of working
with extracted nucleic acids is minimal under BSL-2 con-
ditions. Group-specific PCR assays based on conserved se-
quences can provide evidence as to the identity of the virus
at the family level, and the virus is further characterized
by the sequencing of the amplicons. Similarly, amplicons
from randomly primed PCR reactions can be characterized
by shotgun sequencing. In implementing tests for pandemic
influenza in 2009, NAT reagents were readily available, the
primer sequences quickly identified and communicated to
laboratories, the extraction and NAT assays were readily
scaled up 10-fold, and testing was performed in BSL-2
laboratories with specimen extraction being the only risky
step (123).

Diagnosis of Chronic Viral Infections
Primary diagnosis of chronic viral infections such as HIV,
HBV, and HCV is generally accomplished by serology, but
NAT has an important role in the follow-up of these in-
fections. With NAT, one can differentiate between a
chronic HCV infection which is present in approximately
75% of seropositive patients, and successful resolution of the
infection in the remainder (124). NAT is used to determine
whether a child, born of an HIV seropositive mother, is
infected or whether the antibody in his/her serum comes
from passive maternal transfer (125). NAT can help resolve
conundrums in HBV serology and establish or rule out in-
fectivity. Likewise, NAT is used for testing blood donors to
rule out the use of the very rare infected unit that cannot be
identified by serology and other screening methods. Finally,
NAT is often the only realistic test to use to investigate
infection in immunocompromised patients unable to mount
a humoral immune response.

NATs that can assess the concentration of the virus in the
blood have proven valuable as the viral load correlates with
the risk of transmission. Pregnant mothers with HIV are
treated with antiviral drugs to suppress the viral load, which
can be monitored (125). Likewise, the viral load correlates
directly with the risk of transmission in HIV-discordant
couples (126). Finally, for healthcare workers with chronic
HBV infections, a high viral load can be used to exclude
them from certain procedures.

Viral Diagnosis in the Management
of Immunocompromised Patients
Patients immunocompromised either through infection,
malignancy, or iatrogenically, such as those having under-
gone transplants, are subject to many life-threatening viral
infections. Infections of particular concern to such patients
are those of the herpesviruses, EBV and CMV (127).
Monitoring the viral load in the blood of transplant patients,
especially those in the pediatric group, and either modulat-
ing immunosuppression or using antiviral drugs such as
ganciclovir is critical for their survival. Likewise, monitoring
the presence of adenoviruses and the human polyomavirus
BK in the blood and urine are important in transplant pa-
tients and these are most commonly done by NAT (78, 128).

Monitoring Response to Antiviral Therapy
and Antiviral Drug Resistance
In HCV-infected individuals, the duration of antiviral
therapy with interferon and ribavirin has been determined

by the genotype of the virus and the efficacy of the treatment
on the viremia (129). The viral genotype is obtained by
characterizing the amplified nontranslated 5¢-region of the
genome by either sequence analysis or by hybridization to
probes immobilized as lines on a solid phase (Line blot). The
response to treatment of specific genotypes is monitored
by quantitative assays such as branched chain DNA and
quantitative PCR. These are vital assays for HCV treatment,
the utilization of which is dependent on a brisk fall in vi-
remia and the absence of detectable virus at the end of
treatment. Likewise, HBV viral load can be quantitated by
branched chain DNA or PCR assays and used to monitor the
response to antiviral drugs.

The capacity to accurately assess the viral load is essen-
tial in the management of HIV infections, where there is a
relationship between viral load, the CD4 cell count, and
disease progression (130). When patients are undergoing
antiviral treatment, the goal is to maintain the viral load at
levels below 50 genome copies per ml of plasma, the lower
limit of detection of quantitative assays (131). In another
application, an increased viral load in a patient receiving
antiviral therapy may suggest the development of viral re-
sistance, which can be confirmed by specific phenotypic or
genotypic resistance assays.

Nucleic Acid Sequencing
DNA sequencing has evolved from a research tool to be-
come an expected part of diagnostic virology. It has proven
its value by greatly simplifying the typing of enteroviruses
and adenoviruses (132, 133). It allows for identifying specific
genotypes of noroviruses and rotaviruses (118, 134) and for
monitoring the drift of influenza A viruses at the nucleotide
level over time (135). Newer sequencing technologies such
as pyrosequencing and shotgun sequencing allow for even
more effective application of sequencing to diagnostics, and
are indicative of the future directions of these technologies
in viral diagnosis (136). This includes more accurate de-
termination of quasispecies of the virus present in a clinical
specimen. Finally, high throughput sequencing allows for
metagenomics analysis of the nucleic acids present in clin-
ical specimens to comprehensively identify existing and
potentially novel viruses (137, 138).

SERODIAGNOSIS OF VIRAL DISEASES
Serologic assays for the detection of antibodies directed
against viruses continue to play a major role in the clinical
laboratory. For individual patients, these assays can be used
for diagnosis of acute or chronic infections, determination of
immune status (either as a result of natural infection or
immunization), and for detection of individuals latently
infected with certain viruses (e.g., Herpesviridae) (Table 7).
Clinically, these assays are used for seroepidemiologic sur-
veys, donor screening for prevention of transmission of
blood-borne viruses (e.g., blood, organ, tissue, etc.) from
donor to recipient, preemployment of healthcare workers
and others, infection control purposes, prenatal screening of
mothers for determining risk of vertical transmission and
planning of preventive strategies (e.g., hepatitis B), and
for managing risks associated with occupational or other
exposures (e.g., needlestick injuries, etc.). In addition to
preventing transmission of blood-borne viruses during
transplantation or transfusion, knowing the serologic status
of organ donors and recipients prior to transplantation for
certain viruses such as CMV is important when considering
the type of donor and blood products to be given, and in
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determining the treatment or prophylaxis to be used fol-
lowing transplantation.

Detection of virus-specific antibodies in a patient’s serum
or plasma may also be the only means of making a viral
diagnosis under certain circumstances. A number of viruses
are impossible, difficult, or even hazardous to grow in cul-
ture, or difficult to detect by other methods. Proper speci-
mens for culture or direct detection assays may be difficult to
obtain or may not be obtained because viremia or virus
replication and shedding have subsided to undetectable
levels when symptoms occur. In these situations, serodiag-
nosis is often helpful in confirming a recent or past infection
with a specific virus. Sometimes, the clinical significance of
detecting a virus by means of a direct assay or by molecular
techniques may be uncertain. In these situations, serology
may assist in establishing a causal relationship (e.g., signifi-
cant changes in antibody titre to the detected virus or
presence of IgM antibodies to a specific virus). Serology is
also an invaluable tool in the public health domain, whether
to assess incidence and prevalence of viral diseases for epi-
demiological studies, surveillance systems, or evaluation of
the efficacy of prevention and control programs.

Although traditional methods of viral serodiagnosis are
still in use, automated technologies have now become the
mainstream of serological testing in clinical laboratories. Use

of recombinant antigens and synthetic peptides representing
immunodominant regions has improved test sensitivity and
specificity for detecting and confirming virus-specific anti-
bodies. At the same time, simple-to-use commercial tests or
devices capable of rapidly analyzing single specimens, such as
finger prick blood samples, have been introduced for rapid
point-of-care testing.

Antibody Response to Viral Infections
Immunoglobulins as markers of humoral response are more
useful and reliable than cell-mediated immunity for diag-
nostic purposes. Antibodies can be detected and measured as
they develop in response to an infecting virus or to immu-
nization (Figure 10). Because of the transient nature of the
IgM antibody response, its presence is generally indicative of
current or recent viral infection. However, reactivation of
latent or chronic viral infections (e.g., HSV, Hepatitis B,
others) can result in detectable levels of IgM antibodies,
making the distinction between acute infection and reacti-
vation disease difficult. As well, certain viruses such as EBV
can result in a polyclonal B-cell stimulation with elevated
IgM antibodies to multiple different viruses. A significant
(classically a 4-fold) rise in IgG antibody concentration
between acute and convalescent serum samples collected 10
to 14 days apart is also accepted as evidence of an acute or

TABLE 7 Utility of serological determinations in clinical virology

Application Most common virus(es)a

Diagnosis of recent or chronic infections
Hepatitis Hepatitis viruses A-E, CMV, EBV, HSV, VZV, HIV, coxsackievirus B, adenovirus, yellow

fever virus
Central nervous system HSV, CMV, VZV, EBV, HHV-6, enteroviruses, West Nile virus and other arboviruses,

measles virus, mumps virus, rubella virus, rabies virus, HIV, LCV
Congenital/perinatal CMV, HSV, VZV, rubella virus, HBV, HCV, parvovirus B19, LCV
Exanthems Measles virus, rubella virus, parvovirus B19, HHV-6, HHV-7, arboviruses
Myocarditis/pericarditis Coxsackievirus B types 1–5, influenza virus types A and B, CMV
Infectious mononucleosis
Heterophile antibody positive EBV
Heterophile antibody negative EBVb, CMV, HIV, rubella virus, HHV-6

Nonspecific febrile illness CMV, EBV, HHV-6, HHV-7, Parvovirus B19, HIV, dengue virus, Colorado tick fever
virus

T-cell leukemia HTLV-I/II
Hemorrhagic fever Filoviruses, arenaviruses, flaviviruses, bunyaviruses
Hantavirus pulmonary syndrome Sin Nombre virus, other hantaviruses

Screening for immune statusc

Preemployment VZV, rubella virus, measles virus, HBV
Prenatal Rubella virus, CMV, HSV, VZV, Parvovirus B19, HBV, HCV, HIV
Pretransplant CMV, HSV, EBV, VZV, HBV, HCV, HIV
Blood donation HIV, HBV, HCV, HTLV-I/II
Postexposure HIV, HAV, HBV, HCV, VZV
Epidemiology and surveillance All viruses
Verify response to vaccination HAV, HBV, HPV, VZV, measles virus, mumps virus, rubella virus
aCMV, cytomegalovirus; EBV, Epstein-Barr virus; HSV, herpes simplex virus; VZV, varicella-zoster virus; HIV, human immunodeficiency virus; LCV, lymphocytic

choriomeningitis virus; HAV, hepatitis Avirus; HBV, hepatitis B virus; HCV, hepatitis C virus; HHV-6, human herpes virus-6; HHV-7, human herpes virus-7; HPV, human
papillomavirus; HTLV-I/II, human T-lymphotropic virus I and II; WNV, West Nile virus.

bA comprehensive panel of EBV-specific serological tests should be performed for patients with heterophile-negative infectious mononucleosis, since only 60% of
individuals will have heterophile antibodies by the second week of EBV mononucleosis and the test is usually negative in children £ 4 years of age. Commercial EIA and
IFA EBV serological tests allow for the simultaneous titration of virus-specific antibodies to the viral capsid, early and nuclear antigens of the virus. Interpretation of the
panel permits identification of current or recent primary infection, recurrent or chronic infection, or past infection with EBV.

cDetermination of immune status either as a result of natural infection or immunization.
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recent infection. In some instances, measurement of anti-
body avidity may help in distinguishing a recent infection
from a past infection with associated reactivation (139,
140). Avidity refers to the accumulated strength of multi-
ple affinities between an antibody and antigen as a result
of multiple antigen-binding sites simultaneously interacting
with the target antigenic epitopes. As the antibody re-
sponse to a viral infection matures over time, avidity of the
antibody–antigen interaction increases. Hence, low avidity
is likely to point to a recent primary infection (141). Avidity
can only be measured in individuals with detectable IgG
antibodies to the particular virus of interest. Avidity tests
for rubella virus, measles virus, Toxoplasma gondii, CMV,
VZV, HIV, hepatitis viruses, EBV, and others have been
developed. Although maturation of the IgG antibody re-
sponse generally occurs within 6 months following infec-
tion, in some individuals this may take longer resulting in
a prolonged low or intermediate avidity value and a po-
tentially misleading interpretation as evidence of a recent
infection (142).

Avidity assays are generally based on direct ELISA
methods in which the serum sample is tested in duplicate. In
one well, the ELISA is performed as described above while
in the other well, a chaotropic agent such as urea capable of
breaking antibody–antigen bonds is added after the antigen–
antibody reaction is allowed to occur, but before the detector
antibody is added. A comparison is then made between the
reading of the two wells and a result is generated which is
reported as an avidity index (AI). A low AI suggests rela-
tively recent infection, whereas a high AI is consistent with
a mature or past infection. One of the most common areas
where measurement of IgG avidity has been applied is in
evaluating pregnant women for possible recent CMV, ru-
bella, and VZV infection.

The role, onset, level, and duration of IgA, IgD, and IgE
antibodies are less predictable than either IgM or IgG, and

serological tests for these isotypes are generally not per-
formed routinely in diagnostic laboratories.

Specimens for Serodiagnosis
Serum is the specimen of choice for most serological assays;
plasma can be used in some instances but is not suitable for
all antibody tests unless specified by the manufacturer of the
assay. Although antibody tests can be applied to other
specimen types (e.g., CSF and other body fluids), most assays
have not been validated for use with these specimens and
results must be interpreted with caution. In adults, 4 to 7 ml
of blood obtained from venipuncture in a collection tube
containing no additive or preservative is usually sufficient for
most testing. The laboratory will accept smaller volumes of
blood, particularly from infants and young children or when
few tests are being requested. Whole blood collected and
dried on filter paper has been studied as a practical and
effective substitution to obtaining serum by venipuncture,
especially when screening for antibody to HIV (143). A
consumer-controlled home collection kit using whole blood
has been licensed for HIV-1 testing. Dried blood specimens
have also been used for HBV, HCV, measles, mumps, and
rubella antibody screening either because phlebotomy was
resisted by the patient or transport and long-term storage
of serum and plasma specimens was logistically difficult
(144, 145).

Whole blood should be allowed to clot for 30 to 60
minutes at room temperature. A centrifugation step allows
separation of the serum from the remainder of the blood
components. Collected whole blood should not be frozen as
this may cause hemolysis rendering the specimen unusable
for serologic testing. Icteric, lipemic, or heat-inactivated sera
may also cause erroneous test results and should be avoided,
if possible. Serum should be refrigerated at 4oC shortly after
separation from the blood clot and during transport to the
laboratory. If an extended delay in transport or testing of a
specimen (beyond 5 to 7 days) is anticipated (e.g., holding
an acute-phase serum until the convalescent-phase serum is
collected), freezing the serum to at least - 20oC is advised.

A single serum specimen is required to determine the
immune status of an individual or to detect IgM-specific
antibodies. With few exceptions (e.g., EBV mononucleosis),
paired serum specimens, collected 10 to 14 days apart, are
required for the diagnosis of acute or recent viral infections
when specimens are tested for IgG antibodies alone. The
acute-phase serum should be obtained as soon as possible
during the course of the illness, and no later than 5 to 7 days
after onset. The most useful results are obtained by testing
acute- and convalescent-phase sera simultaneously in a
single assay run. Evaluation of serum for antibodies to so-
called TORCH (Toxoplasma gondii, rubella virus, CMV, and
HSV) agents associated with congenital and peripartum
infections requires that two serum specimens be submitted
for testing: one from the mother and the other from her
infant. To identify congenital infection, the newborn should
be younger than 3 weeks when the specimen is obtained.
IgG antibodies to a particular virus in the newborn’s blood
may reflect passive transfer of maternal antibodies in utero
and may persist for months after birth, making diagnosis of
congenital or perinatal infection based on detection of IgG
antibodies alone difficult. However, because IgM antibodies
do not cross the placenta, their presence in the new-
born’s blood is consistent with either congenital or perinatal
transmission.

CSF may be tested for viral antibodies in patients with
viral central nervous system (CNS) disease and may be

FIGURE 10 Diagram depicting the typical IgM and IgG anti-
body responses following primary viral infection, reactivation or
reinfection. During primary infection, IgM appears within several
days after onset of symptoms, peaks at 7 to 10 days, and normally
declines to undetectable levels within 1 to 3 months. Following
natural viral infection or after successful immunization, IgG anti-
bodies appear several days after the production of IgM, reaches
higher levels than IgM, and can persist for years, even life-long, in
lower quantities. During reactivation or exogenous reinfection, an
anamnestic response in IgG antibodies will occur and an IgM re-
sponse may or may not be observed.
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superior to NAT detection for some infections (e.g., West
Nile virus). For members of the Herpesviridae family, and
some respiratory viruses that may cause neurologic disease,
both CSF and serum specimens should be collected and
paired for accurate measurement of virus-specific intrathecal
antibody synthesis (146). Simply finding virus-specific IgG
antibodies to these agents in the CSF is not diagnostic of
CNS infection, because of the expected passage of immu-
noglobulin (Ig) from blood to CSF. The normal ratio of Ig in
blood to CSF is approximately 250:1.

Whole saliva, oral mucosal transudates rich in gingival
crevicular fluid, and urine also have been evaluated as
noninvasive alternatives to the collection of blood for the
detection of antibodies to a number of different viruses
(147). Particular attention has been paid to the value of oral
fluids and urine for the diagnosis of infections with HIV
(148–150). Accuracy of saliva for HIV antibody detection
has been shown to be equivalent to serum for clinical usage
as well as epidemiological surveillance (147). The sensitivity
and specificity of urine tests are inferior to those of blood and
oral fluid tests. FDA-approved HIV oral fluid and urine tests
are commercially available. Accordingly, several commercial
devices have been developed for the collection of oral mu-
cosal transudate specimens. The devices provide a homo-
geneous specimen rich in plasma-derived IgG and IgM that
is passively transferred to the mouth across the mucosa and
through the gingival crevices (151). Lastly, vitreous hu-
mor has been used for the detection of antibodies to HSVor
VZV in individuals with eye infections due to these agents
(152, 153).

Procedures for Detecting Viral Antibodies
A variety of methods are available for serodiagnosis of viral
infections (reviewed in (67, 154, 155)). The more tradi-
tional assays include complement fixation (CF), hemag-
glutination inhibition (HI), neutralization (NT), immune
adherence hemagglutination (IAHA), and indirect and anti-
complement (ACIF) immunofluorescence (IFA). With the
exception of some commercial IFA kits, these are in-house
assays and are rarely performed outside of specialized refer-
ence or public health laboratories. Most clinical laboratories
use commercially manufactured assays including SPIA, pas-
sive latex agglutination (PLA), immunoblotting (IB), and
immunochromatographic (IC) tests. The selection of which
test method(s) to perform will depend on the patient pop-
ulation and clinical situation, the number of specimens to be
tested, turnaround time, ease of testing, and the resources
and capabilities of the individual laboratory. Critical clinical
information such as the date of onset of disease symptoms,
recent travel history, immunization, or medical antecedents
may also influence the choice of an adequate analytical
strategy. Qualitative measurements of virus-induced anti-
body can be performed when it is useful to know simply that
a specific antibody is present or absent. Quantitation is es-
sential when it is important to know the amount of anti-
body present, particularly when measuring virus-specific IgG
antibodies (e.g., immunity to hepatitis B and rubella viruses).

Complement Fixation
Complement fixation can be used for measuring antibodies
against virtually any cultivable virus and it has the distinct
advantage of assessing significant rises in antibody levels
during acute viral infections (156). The CF method uses
the cytolytic property of the complement system as an in-
direct marker for the antigen–antibody reaction. When
virus-specific antibody is present in a patient’s serum, it will

complex with its corresponding antigen and fix guinea pig
complement, thereby preventing lysis of sheep red blood
cells (RBC) complexed with anti-erythrocyte antibodies.
Conversely, absence of antibody results in activation of the
complement cascade by the addition of the sensitized RBCs,
thus resulting in their lysis. Although inexpensive in mate-
rial and reagents, the method is technically demanding, re-
quires rigid standardization and titration of reagents, has a
long turnaround time, and acute and convalescent serum
must be tested in the same assay run. The CF test is also less
sensitive than other methods and cannot be used to deter-
mine immune status. Invalid results can occur with sera
possessing anticomplementary activity due to nonspecific
binding of serum components to the complement used in
the assay. For these reasons, the CF test is rarely if ever used
today in a routine clinical laboratory.

Hemagglutination Inhibition
HI has been applied to the detection of antibodies to
viruses possessing surface proteins that can agglutinate RBCs
(157), particularly for the detection of antibodies to influ-
enza, parainfluenza, measles, mumps, and rubella viruses and
sometimes to the arboviruses, adenoviruses, and polyoma-
viruses. Antiviral antibodies in a patient’s serum can inhibit
the agglutination of RBCs by a viral antigen. The assay is
prone to many of the same limitations as CF. In addition,
nonspecific inhibitors and natural agglutinins need to be
removed from some serum specimens before virus-specific
antibodies can be detected. The specificity of HI also varies
with the virus, being highly specific for influenza and para-
influenza viruses but less so for arboviruses. Detection of
hemagglutinating antibodies is the current standard for
assessing the immunogenicity of seasonal influenza vaccines
and is often used for retrospective diagnosis of individual
infections. The HI assay is also commonly used for subtyping
and antigenic characterization of influenza virus isolates by
reference laboratories.

The monospot test for the diagnosis of acute/recent EBV
infection is a hemagglutination test that relies on the ag-
glutination of horse RBCs by heterophile antibodies in the
patient’s serum (158). The test is specific for heterophile
antibodies produced by the human immune system in re-
sponse to EBV infection (159). In performing the monospot
test, a drop of the patient’s serum is mixed on a glass slide
with a suspension of guinea-pig kidney stroma and a sus-
pension of beef red cell stroma. A drop of horse RBC sus-
pension is then added to each mixture. After approximately
a minute, the slides are examined for the presence or absence
of red cell agglutination. If agglutination is stronger with the
guinea-pig kidney mixture, the test is positive. If it is stronger
with the beef red cell mixture, then the test is negative.
Commercial kits for performing the monospot test are
available and continue to be widely used because of their
relative ease to perform, rapid results, and low cost. The
specificity of the test approaches 100% while the sensitivity
ranges from 70 to 90%.

Neutralization
Unlike SPIAs, which detect binding antibodies to viral
antigens, NT assays detect functional virus-specific anti-
bodies capable of neutralizing or blocking the infectivity and
replication of a given virus within a cell culture system
(160). The assay can be performed in microtitre plates
containing cell monolayers infected with approximately 100
infectious units of virus and a serially diluted antiserum.
For greater accuracy, it can also be performed as a Plaque

15. Diagnosis of Viral Infections - 309



Reduction Neutralization Test (PRNT). Neutralization titer
is usually expressed as the reciprocal of the highest serum
dilution resulting in a 90% reduction in the number of in-
fected foci or plaques produced by a virus on a cell mono-
layer. Detection of neutralizing antibodies is clinically
important in establishing protective immunity in response
to a viral infection or vaccination. However, the assay is
cumbersome, expensive, time-consuming, and in the case of
highly pathogenic viruses, needs to be performed under high
biosafety conditions (e.g., BSL-3 for West Nile virus and
avian influenza A [H5N1] virus). Similar to HI, the quantity
of virus used in the system must be carefully determined to
obtain accurate results. The NTassay remains the method of
choice for the detection of antibodies to the enteroviruses
and the most specific test for confirmation of West Nile virus
and other arthropod-borne flaviviruses.

A variant of the PRNT is used for the measurement of
neutralizing antibodies to rabies virus (161). TheRabies Fluo-
rescent Focus Inhibition Test (RFFIT) remains the gold
standard for detection of rabies neutralizing antibodies in a
patient’s serum. Rather than count plaques, immunofluo-
rescence is used to assess changes in rabies virus replication
in cell culture. RFFIT is not generally used for diagnosis of
rabies infection. Its major use is for the measurement of
rabies neutralizing antibodies in persons vaccinated with the
rabies vaccine and whose antibody levels are being moni-
tored routinely due to occupational exposure to rabies virus.

Immune Adherence Hemagglutination
The IAHAmethod uses the hemagglutinating property of the
C3b fragment of complement following attachment to C3b
receptors on human type O RBCs as an indirect marker for
the antigen–antibody reaction (162). Virus-specific antibodies
in serum are detected when complement binds to antibody–
antigen complexes that have formed rather than to RBCs,
thus inhibiting hemagglutination. The assay is simple, and
has a sensitivity and specificity that is better than CF, com-
parable to IFA, and only slightly less sensitive than SPIA.
IAHA is reliable for immune status testing and quantitative
measurements of antibody titers. IgM can be detected after
fractionation from IgG antibodies. Special attention has to
be given to finding an adequate supply of human type O
erythrocytes, and to qualify commercial antigen preparations.
A prozone effect may occur in the presence of excess virus-
specific antibody in the serum sample. IAHA has been used
for the detection of antibodies to many different viruses (e.g.,
rabies, hepatitis, and VZV). It is rarely used in clinical virology
laboratories.

Immunofluorescence Assays
IFA are very useful and inexpensive methods that offer the
advantages of speed and simplicity for the qualitative and
quantitative detection of both IgM or IgG antiviral anti-
bodies in clinical specimens (163). Commercial kits or
antigen-coated slides are readily available for many of the
common viruses, and labeled secondary antibodies can be
purchased separately. Antibody is usually detected by either
an indirect IFA or ACIF. In the indirect IFA, dilutions of
serum are incubated with virus-infected cells that have been
fixed to a glass microscope slide; specific antibody–antigen
complexes that form are then detected using an anti-human
antibody conjugated with a fluorochrome, most often FITC.
A variation of this procedure called monoclonal antibody-
enhanced IFA (MIFA) has been designed to increase the
sensitivity of the fluorescent signal. It is a three step proce-
dure using an anti-human immunoglobulin mouse mono-

clonal antibody which is allowed to react with antibody–
antigen complexes before an anti-mouse labeled antibody is
used in the detection step (164). ACIF differs in that fol-
lowing incubation of test serum with virus-infected cells on a
glass slide, fresh complement is added and bound by any
specific antigen–antibody complexes that have formed. A
fluorescein-labeled anticomplement antibody is then added
and binds to the C3 component of complement. ACIF
amplifies the fluorescence signal, allowing for the detection
of small amounts of antibody or antibodies of low avidity.
This method is routinely used to detect antibodies to the
nuclear antigen of EBV.

The disadvantages of IFA are that it requires a fluores-
cence microscope and dark room for examining slides and
extensive training and critical evaluation are needed to read
and reliably interpret the test results. The number of posi-
tively fluorescing cells, as well as the quality and intensity of
the fluorescence, must be carefully examined and compared
to those of cells reacted with positive and negative control
sera. Most manufacturers of commercial kits provide antigen
slides in which only 20 to 40% of the cells express viral
antigens. Therefore, nonspecific binding of antibodies to the
cells is easily discerned since the staining produced by these
antibodies involves all of the cells.

Solid-Phase Immunoassays
The term SPIA encompasses a large variety of methods and
platforms aimed at detecting immobilized antigen–antibody
complexes by means of a reporter signal. They have become
the methods of choice for the detection of many virus-
specific antibodies because of their speed, convenience,
relative simplicity, and excellent sensitivity and specificity.
The assay format is quite versatile, has evolved from poly-
propylene test tubes to microscopic spheres, and is applicable
to many viruses and large numbers of specimens at a rela-
tively low cost. As noted earlier, ELISA and EIA are the
most popular SPIA used in clinical virology laboratories;
they offer the advantages of using highly standardized and
stable immunoreagents, especially those using recombinant
antigens and synthetic peptides. EIA kits that detect IgG or
IgM antibodies to a number of different viruses are available
from a variety of commercial sources. A newer generation
of assays even provides simultaneous detection of antigen
and antibody, thereby improving the early detection of HIV
and HCV (165, 166).

As for the detection of viral antigens, both noncompet-
itive and competitive assays are available, and the results can
be evaluated either qualitatively or quantitatively (67). The
basic principle of the noncompetitive EIA for the detection
of antibodies is similar to that for the detection of viral
antigens, except that viral antigen is immobilized on a solid
phase and is used to capture free virus-specific antibody in a
clinical specimen. The captured antibodies are then detec-
ted with the addition of an enzyme-labeled anti-human
antibody followed by the addition of a chromogenic sub-
strate to produce a color change. The intensity of the color
generated is measured in a spectrophotometer and is usu-
ally proportional to the amount of virus-specific antibody
in the specimen. Quantification of antibody content can be
calculated from a standard curve established from serial di-
lutions of a reference antibody. In addition to color pro-
duction, other detector labels have been used including
fluorochrome labels such as fluorescein, rhodamine, and
Texas red, as well as chemiluminescent substrates.

In a competitive EIA, enzyme-labeled antiviral antibody
is mixed with test serum, and the presence of virus-specific
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antibodies in the specimen will compete with the labeled
antibody for a limited number of viral antigen binding sites
on the solid phase. The activity of labeled antibody activity
is then measured as described above. The decrease in de-
tectable labeled antibody is inversely proportional to the
quantity of antibody present in the sample. Competitive
antibody assays are often used to provide greater specificity
than noncompetitive assays.

RIAs using radioactive iodine as a label were developed
in the 1970s (167). RIAs are less appealing because of the
precautions and regulations needed to work with radioiso-
topes and dispose of these hazardous materials. Conse-
quently, RIA has been largely replaced by EIA.

Microbead-based liquid arrays combine SPIA with flow
cytometry to allow simultaneous detection of multiple an-
tibodies (168, 169). The system uses 5.6 mm polystyrene
microspheres, each containing a unique spectral address
determined by varying the concentrations of red and infrared
fluorochromes. Each bead, coated with carboxyl groups, is
covalently linked to peptides or proteins. Antiviral anti-
bodies are then allowed to bind to their respective tar-
get antigens labeled with a fluorescent reporter molecule.
Detection is performed by means of a flow cytometer com-
posed of a dual beam laser detection system. A microflui-
dic device drives the microspheres into the laser beams.
A red laser classifies the bead based on its internal color
corresponding to a given antigen. A green laser measures
fluorescence intensity corresponding to the reaction of
antibodies with the antigen-reporter molecule complex.
Microsphere immunoassays can detect up to 100 different
viral antigens in a single well in less than 30 s per well, and
require only small sample volumes. They have been applied
successfully to the detection of antibodies to HIV, respiratory
viruses, arboviruses, EBV, and HPV (170–174).

A number of semi-automated and fully automated im-
munoassay analyzers for SPIA are now commercially avail-
able. These systems have found particular utility in the area
of blood banking and clinical virology, where extensive test
menus now exist for the automated performance of sero-
logical assays for antibodies to HIV, hepatitis viruses, viral
agents causing congenital infection, and other viruses of
clinical importance. The majority of the automated immu-
noassay analyzers provide random access, walk-away sim-
plicity to perform assays from sample processing through
interpretation of results.

Passive Latex Agglutination Assays
PLA is an uncomplicated, convenient, and inexpensive
method that is best suited for testing small numbers of
specimens. A suspension of latex particles coated with viral
antigens is mixed with a clinical specimen and allowed to
incubate with rotation for a short time (175). The antigen-
coated particles will clump and produce visible agglutination
in the presence of virus-specific antibody, which can be vi-
sualized with the naked eye. The test can be completed
within 10 min and requires limited equipment and technical
ability. Both IgG and IgM antibodies are detected without
differentiation, and the sensitivity and specificity of PLA are
reported to be comparable to those observed for EIA and
IFA. However, reading an agglutination reaction by PLA
can be subjective, and the results may be difficult to inter-
pret. Also, a prozone or reduction in the degree of aggluti-
nation can occur with sera that have high levels of specific
antibody, resulting in the need to dilute negative specimens
and repeat the assay. PLA is best suited for qualitative de-
terminations of viral antibody, but quantitation is also pos-

sible. An automated particle counting technology has been
developed which allows objective reading of the agglutina-
tion reaction (176). When RBCs are coated with viral an-
tigen, the procedure described for PLA is termed passive
hemagglutination.

Immunoblot Assays
IB is a distinct type of SPIA using nitrocellulose or poly-
vinylidene fluoride membranes as the physical support for
the detection of antibodies to specific viral antigens (177).
The classical example is the Western blot, an assay widely
used for confirmation of positive HIV antibody results
obtained by a screening test. In the Western blot assay,
whole virus lysates of inactivated and disrupted viral proteins
are separated by electrophoresis according to their molecular
weight or relative mobility as they migrate through a poly-
acrylamide gel in the presence of sodium dodecyl sulfate.
The resolved protein bands are then transferred onto a
membrane. The membrane is then cut into strips. Each strip
can then be incubated with its respective serum. If virus-
specific antibodies are present in the serum, binding of
specific antibodies to some or all of the separated proteins on
the strip will occur. The antibody–antigen complexes are
visualized as bands on the strip by using an enzyme-labeled
anti-human antibody followed by a chromogenic substrate.
Each band corresponds to a unique set of antibodies directed
against its respective viral protein. For years, the HIV
Western Blot assay has been the gold standard assay for
confirmation of HIV antibodies following initial screening
with an ELISA (178).

Strip IB assays, also known as line immunoassays, are
similar to Western blot except for the preparation of the
membrane strip (155). They use the same general proce-
dure for incubation and readout of a chromogenic enzymatic
product at the site of binding of a virus-specific antibody.
However, strip IB utilizes recombinantly derived proteins
and synthetic peptides of a virus that are directly deposited
and immobilized at predetermined positions on the mem-
brane. These artificial antigens reduce the presence of con-
taminating material derived from whole virus lysates and cell
culture which may interfere with the assay. Strip IB assays are
used mainly as a confirmatory or supplemental test to help
verify the specificity of positive results obtained from SPIA
used to initially screen for virus-specific antibodies. Com-
mercial kits are available for HSV-1 and HSV-2, HIV-1 and
HIV-2, HCV, human T-lymphotropic virus type-I (HTLV-I),
and -II (HTLV-II). These assays are less sensitive than EIA
screening assays but more specific with fewer indeterminate
results compared to Western blot. However, they are rela-
tively expensive and the findings can be subject to inter-
pretation.

Immunochromatographic Assays
IC tests, also known as lateral-flow tests, are a combination
of SPIA and immunoblot. In most assays, blood or diluted
serum is deposited at the bottom of a membrane. Virus-
specific antibodies bind to a solid phase composed of re-
combinant viral antigens or peptides and a detector reagent.
As this solid phase migrates across the membrane by capil-
lary flow, it interacts with antibody capture lines deposited
across the membrane. A built-in control line confirms
proper functioning of the device after addition of the pa-
tient’s sample and adequate procedural application. The
result is read visually. The advantages of these qualitative
assays are that they are simple to use, do not usually re-
quire special instrumentation, allow quick turnaround time,
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are easy to interpret, and are applicable to urgent, field, and
point-of-care testing (179). Commercial devices have been
developed in recent years notably for HIV with sensitivities
comparable to those of conventional EIA.

IgM Antibody Determination
Virus-specific IgM antibodies are most commonly detected
using SPIA and IFA (180). The methods are similar as those
used for detecting IgG antibodies, except that IgM bound to
viral antigen on the solid phase is detected using secondary
anti-human IgM antibodies labeled with suitable markers.
Assays to detect virus-specific IgM have been developed for
most human viruses, and commercial reagents and com-
plete diagnostic kits are available for a number of the agents
(Table 8). However, false-positive and false-negative reac-
tions are major concerns when measuring virus-specific IgM
antibodies (180) False-negative reactions are the result of
high levels of specific IgG antibodies competitively blocking
the binding of IgM to the viral antigen placed on the solid
phase. False-positive reactions occur when sera contain
unusually high levels of rheumatoid factor (RF) or other
interfering substances. RF is an IgM class Ig that reacts with
IgG and is produced in some rheumatologic, vasculitic, and
viral diseases. In the presence of virus-specific IgG anti-
bodies, RF will form a complex with the IgG molecules. The
IgG can then bind to the viral antigen on the solid phase,
carrying nonviral IgM antibody with it and resulting in a
false-positive result. The incidence of these false-negative
and false-positive results can be minimized by separation of
IgG and IgM from sera before testing.

A variety of methods have been developed for the re-
moval of interfering RF and IgG molecules from serum, re-
sulting in more reliable IgM tests (181). IgG and IgM
antibodies can be physically separated using gel filtration,
ion exchange chromatography, affinity chromatography, or
sucrose density gradient centrifugation. Although such
techniques are effective for separation of IgG and IgM, they
are not very practical for clinical use. More rapid and simple
procedures have been used for the selective absorption and
removal of the IgG fraction from serum using hyperimmune
anti-human IgG, staphylococcal protein A, or recombinant
protein G from group G streptococci. These pretreatment
methods are readily available and are incorporated within
most commercial IgM detection kits.

Reverse capture solid-phase IgM or m-capture assays have
been developed as an alternative to the physical fraction-
ation of serum. In this method, the solid phase is coated with
an anti-human IgM antibody that is used to capture the
virus-specific IgM from the serum specimen. This is followed
by washing to remove competing IgG antibody and immune
complexes that may interfere with the accuracy of the test. A
specific viral antigen is then added and allowed to bind to

the captured IgM. The antigen–antibody complexes are
detected by adding an enzyme-conjugated secondary anti-
body, followed by a chromogenic substrate. IgM capture as-
says are very sensitive and specific and are considered to be
superior to other IgM assay formats. An additional back-
ground subtraction step can further reduce nonspecific re-
activity from interfering substances in serum (182).

Interpretation of Serology Test Results
Interpretation of results for virus-specific antibodies in
clinical virology is summarized in Table 9. Demonstration of
a seroconversion from a negative to a positive IgG antibody
response, or detecting the presence of virus-specific IgM, can
be diagnostic of primary viral infection. Differences in an-
tibody titers between acute- and convalescent-phase sera
may support a recent viral infection due to reactivation or
reinfection, although such testing is retrospective and has a
limited impact on patient care. A significant change is de-
fined as a 4-fold or greater rise in IgG titre between acute and
convalescent serum when tested in the same assay run. This
only applies to methods (e.g., CF, HI, others) that yield
results in serial dilution endpoints or international units.
Interpretation of a significant difference must rely on ob-
jective criteria specified by the laboratory or manufacturer
when results of assays such as SPIA are expressed in optical
density, relative luminescence, or index values. In titer, 4-
fold decreases are seldom observed early enough to be useful
for laboratory diagnosis since antibody levels tend to decline
slowly over several months after infection. Detection of
virus-specific IgG in a single-serum specimen, or no change
in antibody levels between acute- and convalescent-phase
sera indicates exposure to a virus some time in the past.
Negative serum antibody titers may exclude viral infection.

The identification of intrathecal virus-specific antibody
production in CSF can confirm the diagnosis of viral CNS
infection (146). Finding virus-specific IgM antibodies in
CSF is strong evidence for CNS disease caused by arbo-
viruses, LCV, measles, mumps, or rubella viruses. Similar to
using serum, 4-fold rises in virus-specific CSF IgG titers
can also be diagnostic for these agents, but are less practical
because of the need for and delay in testing acute- and
convalescent-phase CSF specimens. The detection of any
virus-specific antibodies to rabies virus in the CSF is diag-
nostic of active infection.

When assessing a newborn for congenital viral infections,
the presence of IgM in the infant strongly suggests infec-
tion since IgM antibodies do not cross the placenta. Ser-
onegative results in both the mother and infant indicate that
the suspected viral agent is very unlikely to have infected the
infant. Comparison of virus-specific IgG antibody titers be-
tween the infant and the mother is essential; a lower titer in
the infant most likely reflects passive transfer of maternal
antibody, whereas higher antibody titers in the infant than
the mother may reflect active antibody production and thus
infection of the infant. If maternal and infant serum anti-
body titers are the same, additional serum from the infant
should be obtained 1 to 2 months later and periodically
thereafter for 6 to 9 months, to be tested and compared with
the earlier antibody titer. These sera should show a decrease
in virus-specific antibody relative to the first specimen, if the
infant has not been congenitally or perinatally infected with
the tested agent.

The results of serologic tests for the detection of virus-
specific antibodies must be interpreted with caution, because
measurements of an antibody response to viral infections can
be complicated by a number of factors. There may be a lack

TABLE 8 Examples of viruses for which IgM serological
determinations are useful and commercial reagents
and/or kits are available
Measles virus Dengue virus
Mumps virus Hantavirus
Rubella virus CMV
Parvovirus B19 EBV
Hepatitis A virus VZV
Hepatitis B virus HHV-6 and -7
West Nile virus HSV-1 and -2
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of or delay in production of serum IgM or IgG antibodies,
particularly in newborns, the elderly, and immunocompro-
mised hosts. IgM antibodies also may persist for extended
periods after primary infection and can be present during
reactivation of latent viral infections. IgM may be unde-
tectable during acute disease for individuals that were pre-
viously immunized but unsuccessfully protected. Significant
rises in IgG antibodies do not always occur as a result of
recurrent infections or exogenous reinfection. Virus-specific
IgG antibodies may be present in recipients of intravenous
Ig, newborn infants possessing passively acquired maternal
antibody, or patients who have received recent blood
transfusions, making it difficult to interpret IgG tests. Rises
in the titres of either IgM or IgG antibody to certain viruses
also may be nonspecific and in response to recent infections
with other viruses. Accordingly, the possibility of a false-
positive IgM result should be considered when the inci-
dence of the virus under investigation is low. Indeterminate
results inherent to some immunoassays may require addi-
tional patient visits, venipuncture, and repeated serologic
testing. Accuracy of antibody detection assays is critical
when follow-up care decisions are based on test results. For
this reason, serologic assays producing fewer inaccurate or
indeterminate results than others are likely to be more cost-
effective. Finally, failure to establish an accurate serological
diagnosis frequently results from the inability to submit an
adequate set of paired serum.

For neurological viral diseases, the appearance of virus-
specific antibody in the CSF may be delayed for 2 to 4 weeks.
Also, for certain viruses, the presence of virus-specific anti-
body in the CSF may represent the passive transfer of serum
antibodies across a damaged blood–brain barrier. Methods
must be performed to determine and compare the CSF/
serum ratio of virus-specific antibody to the CSF/serum ratio
of albumin, particularly for members of the Herpesviridae
family (146). Since albumin is not synthesized in the CNS,
its presence in high concentrations within the CSF reflects
the presence of contaminating serum proteins and an in-
terruption of the blood–brain barrier. Demonstration of an
intact blood–brain barrier in the presence of high levels of
detectable virus-specific CSF antibody represents intrathecal

production of antibody and is considered evidence of viral
infection of the CNS.

In the diagnosis of an infant with suspected viral con-
genital disease, measuring IgG antibody titres to the com-
mon agents rarely results in a definitive diagnosis and is more
useful for excluding infection. Detecting a single elevated
titer of IgG antibody to a specific viral agent is not useful and
testing for HSV-specific antibody is of limited value. Nega-
tive antibody titers in the mother and child also may be the
result of the mother having a primary infection of recent
onset without immediate production of virus-specific anti-
bodies. Appropriate follow-up studies are essential. Because
of the many caveats associated with serologic diagnoses of
viral infections, antibody determinations should be con-
firmed by isolation of the virus in culture or by using direct
methods of detecting viral antigens or nucleic acids. The
results should also be interpreted with careful consideration
of the patient’s symptoms and history.

QUALITY ASSURANCE AND QUALITY
CONTROL
Quality management, assurance, control, and continuous
improvement are key elements of a complete quality as-
sessment system, ensuring that all steps from specimen col-
lection to result reporting are performed correctly. The goal
of maintaining a quality system in a diagnostic laboratory is
that “the right test is performed on the right specimen, and
that the right result and interpretation are delivered timely
to the right individual.”

Quality Assurance
Quality assurance is a broad term used to describe adminis-
trative and technical procedures for monitoring quality in
the laboratory. Licensed, certified, or accredited clinical vi-
rology laboratories must comply with specific requirements
of comprehensive quality assurance programs that are issued
by regulatory and accreditation agencies. In the U.S., some
minimal requirements are supported by legislative measures.
In other countries, their scope may vary depending on local
or regional jurisdictions. Quality assurance requires active

TABLE 9 Interpretation of results for virus-specific antibodies in clinical virology

Context Result Interpretation

Immune status IgG present Past exposure or immunization
IgG absent Past exposure unlikely

Diagnosis of acute infection IgM present
IgG seroconversion
Fourfold rise in IgG titers

Primary or recent viral infection likely

Absence of IgM or IgG Excludes viral infection
IgG present, single or stable titer Past exposure

CSF infection IgM present
IgG seroconversion

Strong evidence of CNS infection

Congenital infection IgM in infant Evidence of congenital infection
Absence of IgM or IgG
in mother and infant

Suspected infection unlikely

IgG infant < IgG mother Passive antibody transfer
IgG infant = IgG mother Retesting in 1 to 2 months required
IgG infant > IgG mother Suggests congenitally or perinatally acquired infection

Immunocompromised individual IgM and/or IgG absent Possible delay in production of serum antibodies
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participation by all members of the institution. Standard
operating procedures specify how preanalytical, analytical,
and postanalytical activities are to be performed. These
procedures are revised periodically and updated when nec-
essary. Internal audits performed at regular intervals monitor
compliance. Record keeping, equipment calibration and
preventive maintenance, personnel training and compe-
tence assessment, and internal and external proficiency
testing are all part of a quality assurance program (183).
Ultimately, quality assurance leads to improvement of all
aspects of laboratory services so that patient healthcare will
benefit.

Quality Control
Quality control focuses on monitoring the testing process
itself in order to ensure test system performance. Variables
affecting the quality of results are adequacy of training of
laboratory personnel, sample type and condition, assay re-
agents, equipment performance, testing procedure deviance,
and interpretation, transcription, and reporting of test re-
sults. Key elements of quality control include a set of written
procedures specifying the elements to verify prior, during,
and after the testing process. Major issues to be considered
in this regard are documenting instrument conditions (e.g.,
temperature); calibration and use; reagent labeling regarding
receipt, storage, and use prior to expiration date; storage
of materials; hazard materials labeling and use; comparison
of new methods to prior standards; and satisfactory per-
formance of kits. Initial qualification of new lots of kits
and reagents using known standard panels and insertion of
control samples on each test run ensure that the kit, de-
vice, or equipment is performing within specifications and
that the results generated are correct. For in-house assays,
performance characteristics must be established. These in-
clude repeatability and reproducibility, cutoffs for qualitative
assays, and linearity including lower and upper limits of
quantification for quantitative and semiquantitative assays.

Monitoring test performance may allow detection of fac-
tors affecting assay quality, and ultimately reliability of results.
Analyzing data for trends can establish deviation in test re-
sults over time (e.g., drift in the performance of a manu-
factured diagnostic kit). Investigation of a faulty test or run is
facilitated when ancillary information is documented, and
thus traceable throughout the procedure. If a result is not
obtained according to procedure, or a specific instrument
or reagent has failed to meet prescribed criteria, a non-
conformity to a test procedure should be documented as well
as the corrective action that is put in place to remedy the
problem. This compilation is essential as it can identify
a weakness in assay performance that otherwise may go un-
noticed.

Analyzers and robotic platforms interfaced with com-
puters are more common now in the virology laboratory,
especially for antigen, antibody, and nucleic acid detection
assays. Bar coded clinical specimens and reagents limit er-
rors and facilitate monitoring and documentation of tests
parameters. Users have the responsibility to assess the per-
formance of these automated instruments. As test results are
required rapidly to ensure prompt medical decisions, the
diagnostics industry has been responding with point-of-care
devices or tests, such as for influenza, RSV, and HIV. These
assays are aimed to be used outside of the strictly controlled
laboratory realm and constitute a new challenge for qual-
ity control in clinical virology. Development of adequate
built-in controls may help to ensure accuracy of the kit re-
sult. However, deficiencies regarding basic documentation,

training, conformity of testing to manufacturer’s package
insert, respect of expiration dates, and knowledge of the
limits of the test may affect result quality and interpretation.
The consequences of an inaccurate result may include in-
appropriate medical decisions, unnecessary interventions,
and worry for the patient. Therefore, personnel performing
point-of-care tests should comply with documented proto-
cols for specimen collection, processing, and testing, in-
cluding adherence to established guidelines for confirmatory
testing. It may also be considered to retest negative samples
with an alternative assay when point-of-care testing is used
to support prophylactic decisions (e.g., HIV). Finally, users
should initiate corrective action when deviations or non-
conformities to established parameters are detected.

Practical aspects of quality assurance programs and quality
control in the clinical laboratory can be found in several
American Society for Microbiology documents including
Clinical Microbiology Procedures Handbook and Cumitechs
(http://www.asm.org/). The Clinical and Laboratory Stan-
dards Institute has also published guideline documents
addressing quality assurance and quality control issues for
viral culture, immunoassays, point-of-care testing, and mo-
lecular diagnostic methods (http://www.clsi.org/).

This chapter is dedicated to the memory of Michel Couillard,
our co-author in the third edition.
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The concept of “immunity” dates back to ancient Greece,
where as early as the fifth century BC, documented cases of
“immune” individuals were described who were related to
individuals who recovered from the plague (1). However, it
was not until the 10th century that specific “interventions”
were described that could induce immunity. In both China
and the Middle East, a process known as “variolation,”
consisting of purposefully exposing healthy individuals to
the contents of dried variola lesions, was actively practiced
to prevent severe infection with smallpox. In the early 18th
century, the practice of variolation was brought to Great
Britain, where the development of the first vaccine by Jen-
ner catalyzed the creation of the field of immunology. Be-
ginning in the late 19th century, major breakthroughs,
including the establishment of the “germ theory” by Koch
and Pasteur, which held that disease was caused by bacteria
or pathogens; the discovery of phagocytic cells by Metch-
nikoff; the identification of immune proteins in serum by
von Behring and Kitasato; the identification of B cells and
their regulation by Ehrlich; the discovery of lymphocytes by
Gowan; the identification of pattern recognition receptors
and innate immune activity by Janeway; and the discovery
of dendritic cells, which link the innate and adaptive im-
mune system, by Steinman, collectively gave rise to modern
immunology and our current appreciation for the host im-
mune response. This response has evolved to contain,
eliminate, and remember virtually any pathogen to which it
is exposed. This chapter reviews the components of the
immune system, focusing on the innate and adaptive im-
mune response to viral infection and how these arms of
the immune system collaborate to prevent and control viral
disease.

THE IMMUNE SYSTEM
The immune system consists of a network of highly spe-
cialized cells, tissues, and organs that work collectively to
provide protection from infection. Immune protection can
be broadly divided into three lines of defense: (1) barrier
immunity that nonspecifically protects against the invasion
of pathogens, (2) innate immunity that is comprised of
specialized networks of cells that rapidly respond, in a non-
antigen-specific-manner, to control and clear the invading
pathogen, and (3) adaptive immunity that is a slower cel-
lular response that evolves during an infection to confer

antigen-specific memory against that pathogen for life. Im-
portantly, these three lines of defense, discussed below, col-
laborate to effectively prevent, contain, and eliminate
infection via cellular communication networks, where at
each line of defense, a failure to contain the threat is com-
municated to the next line of defense to ensure that im-
munity develops rapidly to contain the invading pathogen.
The importance of these immune networks is most evident
in genetic defects that result in compromised immunity that
are often associated with severe disease (Table 1). For ex-
ample, more than 200 inherited genetic defects have been
described that affect single points within the immune re-
sponse, and only very few children can survive such abnor-
malities.

Barrier Immunity
The human body contains over 100 trillion cells. However,
only 1 in 10 of these cells is human; the rest of the cells
are largely bacterial and fungal. While the vast majority of
this microbiome is innocuous or even beneficial to the
host, some of these microorganisms would be pathogenic
if allowed to proliferate unfettered. Recently, a virome,
consisting of the collection of uncontrolled/infectious,
persistent/chronic, genomically integrated, and asymptom-
atic viruses, has been described that may play an equally
important role in both shaping the bacterial microbiome (2)
and modulating and supporting the immune system (3).
Thus, the first line of defense includes physical and chemical
barriers that cover the surfaces of the body exposed to the
environment (Fig. 1). These barriers, consisting of special-
ized cells and molecules, create a physical barricade that
viruses must traverse and include (1) the skin, (2) mucosal
membranes that line organs exposed to the external envi-
ronment, and (3) the microbiota present on these barrier
surfaces. Together, these barriers create highly complex
physical and chemical barricades to prevent infection with
incoming pathogens.

The Skin
The skin is the body’s largest organ, constituting a major
component of our first line of defense against infection.
Although there are many potential pathogens on the surface
of the skin, the skin regularly repels these invaders and is
rarely infected by direct inoculation of viruses with the ex-
ception of some poxviruses, human papilloma virus (HPV),
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TABLE 1 Clinical manifestations of genetic defects in different arms of the immune system

Immunological
pathway Defect

Immunodeficiency
or syndrome Mutated gene Key clinical manifestations

Defects in PRR Lack of TLR3, TLR7,
TLR8, TL9 signaling

UNC93B deficiency UNC93B1/UNC93B1
protein

Impaired cellular responses to IFN-a/b and -l,
increased infections with HSV and CMV

Lack of TLR3, signaling TLR3 deficiency TLR3/TLR3 Impaired cellular responses to IFN-a/b and -l, increased
infections with HSV and CMV

Impaired signaling from
TLRs except TLR3

MyD88 deficiency,
IRAK4 deficiency

MYD88, IRAK4 Invasive and severe infection with S. pneumoniae, S. aureus,
and P. aeruginosa, but normal response to other bacteria,
viruses or parasits

Impaired TLR3 signaling TRAF3 adaptor
molecule deficiency

TRAF3/TRAF 3 Impaired TLR3-dependent induction of type I IFN and IFN-l,
increased HSV infections, otherwise healthy

Lack of NFkB activity
resulting in lack of TLR
and other PRR signaling

NEMO defects NEMO Resulting in lack of intracellular signaling including
TLR signaling, lethal

Defects in
phagocytes/
granulocytes

Neutropenia WHIM syndrome CXCR4/chemokine
receptor 4

Retention of neutrophils in the bone marrow,
decreased IgGs, HPV infection

Extreme neutrophilia Leucocyte adhesion
defect/ LAD

Integrin beta2 Skin infections and poor wound healing

Absence of specific granules Neutrophil-specific
granule deficiency

CCAAT Increased pyogenic infections

Defects in
NK and T cells

Lack of SLAM-associated
signaling (SAP)

XLP syndrome 1 SH2D1A T and NK cell lymphoproliferative disorder,
dysgammaglobulinemia; severe EBV infection

Lack of SLAM-associated
signaling (SAP)

XLP syndrome 2 BIRC4/ X-linked
inhibitor of apoptosis

Reduced survival of NK cells, NK lymphopenia,
increased apoptosis of T cells,
hypogammaglobulinemia, severe EBV infection

T-cell signaling transfuction EBV-associated
lymphoproliferative syndrome

Itk/interleukin-2
inducible T-cell kinase

Absent NK cells, severe EBV infection

Defect in T-cell activity Chronic active EBV infection PRF1/perforin 1 Decreased cytotoxic T cell and NK cell activity,
hypogammaglobulinemia, severe EBV infection

Unknown/ zinc homeostatis Epidermodysplasia verruciformis EVER1,EVER2/epidermodysplasia
verruciformis 1 and 2

Decreased T-cell responsiveness, fulminant
HPV infection

Overactive T cells with lack
of T regulatory control

X-linked immune dysregulation
with polyendocrinopathy
(IPEX) Syndrome

FoxP3 Autoimmune diseases

Defects in
humoral
immunity

Impaired CD4 B-cell
interaction and
AICDA activation

Hyper-IgM syndrome Type 1: CD40L, Type 2:
AICDA, Type 3: CD40,
Type 4: downstream
AICDA, Type 5: UNG

Hypergammaglobulinemia, lack of class switching,
recurrent viral, bacterial, and parasitic infections

Defect in B-cell maturation X-linked agammaglobulinemia BTK/Bruton’s tyrosine kinase Hypogammaglobulinemia/Agammaglobulinemia, low
B cell numbers, Enterovirus infections

NEMO =Nuclear factor-kappa B essential modulator; WHIM =Warts, Hypogammaglobulinemia, Immunodeficiency, and Myelokathexis; SLAM = signaling lymphocytic activation molecule; XLP = x-linked lymphoproliferative;
AICDA =Activation-induced cytidine deaminase.
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herpes simplex virus (HSV), or polyoma viruses. While the
skin functions largely as a physical barrier, it also dynami-
cally participates in immune surveillance as it actively se-
cretes a number of compounds with antimicrobial and
inflammatory activity and is home to a multitude of effector
cells of both the innate and adaptive immune systems.

The primary function of the skin is to protect the body
from a range of environmental threats, including tempera-
ture, radiation, chemicals, and microorganisms (Fig. 1). It is
composed of two main layers, the epidermis and the dermis,
with the outer epidermis functioning as a passive barrier to
infection. The epidermis is largely comprised of terminally
differentiated keratinocytes, and by itself, the keratinized
epidermis is an impenetrable barrier to most viruses. It is only
upon injury to the skin that pathogens are able to penetrate
and infect the underlying tissues, such as in the case of burns,
which render this barrier remarkably vulnerable to patho-
gens. Thus, some viruses, such as Japanese encephalitis virus,
dengue virus, and yellow fever virus, have evolved mecha-
nisms to breach this barrier by entering the host via ar-
thropods (e.g., mosquitoes) that deposit the pathogens
directly into the underlying dermis.

The skin itself can also actively limit a potential infection
via the production of a number of compounds with anti-
microbial and inflammatory activity produced by a variety of
skin-resident cells, including keratinocytes, sebocytes, ec-
crine glands, and mast cells, as well as cells that are recruited
to the site of infection, such as neutrophils and natural killer
cells (4). Although viral skin infections are a less common
manifestation of primary immune deficiencies (PIDs),
compared to bacterial infections, severe warts due to human
papilloma virus (HPV) do emerge in some individuals with
immune PIDs. For example, epidermodysplasia verruciformis
(EV) is associated with uncontrolled HPV wart proliferation
and eventually malignant transformation due to defects in
genes involved in zinc metabolism (5). Additional gene
defects in GATA-2 and serine threonine kinase 4 (STK4)

mutations have also been linked to disseminated facial warts
due to HPV. Moreover, allergy-associated eczema and au-
toimmune psoriasis, both of which alter the integrity of the
skin barrier, have been indirectly associated with a predis-
position to viral infection.

Although the skin is home to a large number of distinct
immune effector cells discussed in more detail below, in-
cluding macrophages, natural killer cells, and mast cells, one
of the most important skin-resident immune cells is the
Langerhans cell (6). Langerhans cells are a class of antigen-
presenting cells, or dendritic cells, that act as critical gate-
keepers of the immune system and are responsible for
capturing pathogens within skin, processing foreign antigens,
and traveling to specialized immune organs (lymph nodes) to
present these antigens and instruct cells of the adaptive
immune system. The adaptive immune cells then travel back
to the site of infection to contain and clear the infection.
Ultimately, both skin-resident and recruited immune cells, as
well as the local skin cells, collaborate to clear the pathogen
and ensure that the integrity of the tissue is maintained.

Mucosal Barriers
Other tissues of the body are also directly accessible to the
environment, including the gastrointestinal, respiratory, and
urogenital tracts (7). Whereas the skin is covered with a
thick keratinized layer, these other tissues typically require
moisture to mediate their biological activities and thus are
not coated with a water-impermeable keratin, like the skin
is. Rather, these internal tissues are protected by a mucosal
barrier, that is, thinner layers of epithelial tissue that are
coated in a thick fluid known as mucus (8). However, be-
cause many microorganisms grow prodigiously on moist
barriers, these surfaces are littered with symbionts and po-
tential pathogens and are therefore often more susceptible
to infection. Similar to the skin, mucosal surfaces possess an
array of strategies aimed at protecting these vulnerable epi-
thelial barriers, including chemical barriers, the production

FIGURE 1 Three layers of immunity: physical barrier immunity, innate immunity, and adaptive immunity. 1) Physical barriers, including
the skin and mucosal membranes, represent the first level of protection against foreign invaders. Damage to this layer can lead to pathogen
access to the underlying cells. Many viruses utilize vectors to breach this barrier. 2) Innate immunity represents the nonspecific rapid response
arm of the immune system, and the first white blood cell responders help control, clear, and arm the immune response. C) Adaptive immunity
consists of the antigen-specific response that evolves to specifically clear the pathogen and to confer long-lived immunity against the
pathogen upon re-exposure.
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of immunomodulatory proteins, and a large population of
tissue-resident immune cells that are armed and ready to
respond upon infection.

A thick layer of keratin protects the skin, and a thick
layer of mucus protects mucosal membranes. Mucus is a
viscous, acidic fluid that functions to both lubricate the
tissue and protect the tissue from potential pathogens. It is
produced from specialized cells found within the mucosal
barrier (e.g., goblet cells in the intestinal mucosae) and
largely consists of heavily glycosylated proteins (e.g., mu-
cins), other glycoconjugates, and water. These components
form interconnecting lattices within the mucus that protect
the underlying epithelium via the formation of a thick (over
100 mm), dense network that pathogens must traverse to
access the underlying epithelial border. Although small
molecules can easily diffuse through the mucus, movement
through this fluid is remarkably difficult for pathogens, in-
cluding viruses that are trapped easily (9), as is evidenced by
the lack of any microorganisms in the mucus adjacent to the
epithelial barrier. Intriguingly, the epithelial-proximal mu-
cus glycoproteins are often transmembrane proteins with
large cytoplasmic tails containing multiple signaling motifs
(10). Therefore, it is possible that some mucus proteins may
function in two capacities, in limiting pathogen access to the
underlying barrier and also as sensors that may signal into
the underlying epithelium should a potential pathogen make
it through the mucous layer. This may enable the epithelial
border to secrete antimicrobial and inflammatory proteins
and alert underlying immune cells to restrict any pathogens.

As injury to the mucosal epithelium can have grave in-
fectious consequences, similar to injury to the skin, the
mucosal epithelium secretes a large number of antimicrobial
compounds that can directly kill invading pathogens or re-
cruit and activate tissue-resident and circulating immune
effector cells. These antimicrobial compounds are secreted by
specialized cells in the epithelium (e.g., Paneth cells in the
intestine) and can diffuse through the mucus, providing an
additional layer of protection from infection. Furthermore,
mucosal epithelia are lined with large numbers of both innate
and adaptive immune cells, including Tand B cells, dendritic
cells, neutrophils, natural killer cells, and macrophages.
These tissue-resident immune cells patrol for invading
pathogens and evidence of stress due to an epithelial breach
and form lymphoid aggregates that enable the rapid induc-
tion of mucosal-specific immune responses. Thus, even
though mucosal surfaces are under constant exposure to ex-
ternal threats from the air, food, and commensal microbiota,
a combination of structural, chemical, and cellular compo-
nents protects these vulnerable sites from infection.

Commensal Organisms
Although the body’s barrier surfaces are designed to prevent
infection with and control the commensal microbiota that
colonize these surfaces, it has become increasingly apparent
over the past decade that the commensal microbiota also
provide protection against potentially pathogenic microor-
ganisms (11, 12). Because the commensal microbiota sig-
nificantly outnumber the cells in our body, these
microorganisms also play a prominent role in preventing
infection both directly via production of natural anti-
microbicides and indirectly via cross-talk with the underly-
ing epithelium and immune effector cells that may render
the barrier more resistant to viral infection (13). The critical
nature of the commensal microbiome in providing protec-
tion from infection has been most clearly demonstrated in
the setting of long-term antibiotic treatment, where dis-

ruption of the natural microbiome results in the overgrowth
of pathogenic yeast and bacteria such as Candida spp. and
Clostridium difficile. Moreover, it has also been demonstrated
in some viral infections, such as influenza and HIV infection,
that particular microbial flora are critical for the evolution of
effective antiviral immunity (14, 15) and even in providing
a more fertile ground for HIV transmission at the mucosal
barrier (16). Furthermore, the use of probiotics or stool
transplantation has been shown to reverse disease associated
with pathogen colonization, clearly illustrating the critical
nature of the microbiome itself as a barrier to infection.

Moreover, beyond the microbiome, an enormous and
highly diverse population of viruses that shape immunity
coexist with humans (17). This other “microbiome” includes
viruses that cause symptomatic and nonsymptomatic infec-
tions that may infect the host and/or the microbiome, that
may coexist or integrate into the host genome, and that
can even be reactivated intermittently and cause de novo
infections. Moreover, recently it was shown that the HIV
infection-induced changes in the enteric virome, specifically
related to the expansion of enteric adenoviruses, were as-
sociated with a loss of CD4+ T-cell counts and therefore
disease progression (18). Moreover, this altered virome was
highly associated with dramatic alterations in microbial
biodiversity, pointing for the first time to a role for the en-
teric virome in driving AIDS-associated enteropathy and
disease progression.

Innate Immunity
Intertwined with physical barrier immunity, the innate im-
mune system provides an immediate response to infection
and foreign antigens (Fig. 1). The innate immune system is a
network of cells and molecules that is rapidly mobilized in
response to danger signals generated following infection.
Importantly, the innate immune system, composed of a
network of distinct effector cells (Fig. 2), is armed and ready
to respond without the need for prior antigen sensitization.
Because the innate immune system is able to fight pathogens
at the site of infection, it provides an immediate defense
against any incoming pathogens.

Effectors of Innate Immunity
The innate immune system is composed of five major classes
of immune effectors that collectively aim both to contain
the infection as well as to provide the infrastructure neces-
sary for the generation of a long-lived adaptive immune re-
sponse that can drive long-term memory against that
pathogen: (1) phagocytes, (2) granulocytes, (3) innate
lymphoid cells, (4) antigen-presenting cells, and (5) the
complement system. These innate immune cell types and
proteins, each with a highly specialized function, have
evolved to rapidly recognize, contain, and eliminate invad-
ing pathogens.

Phagocytes
Tissue-resident phagocytes are typically the first line of

defense against pathogens that have broken through pro-
tective barriers. Phagocytes are cells that protect the body
through a process by which a cell internalizes a smaller cell,
cell fragment, microorganism, or foreign particle (called
phagocytosis). While many cell types possess phagocytic ac-
tivity, the principal phagocytes in the body are macrophages,
neutrophils, and dendritic cells (discussed further below).

Macrophages are mononuclear phagocytes that mature
from blood monocytes that have left the circulation and
migrated into the tissue (19). They are relatively long-lived,
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with a lifespan of several months. Unlike other phagocytes,
which are typically recruited to the site of infection, mac-
rophages can be found in healthy, uninflamed tissue, making
macrophages critical sentinels against infection and the first
innate immune cells to respond to infections. Macrophages
and other phagocytes recognize pathogens via the use of cell
surface receptors (detailed below) that can discriminate
pathogens from self. Upon recognition of the pathogen via
these receptors the pathogen is actively engulfed and killed
by the phagocyte.

In addition to their phagocytic activities, macrophages
also play a critical role in inducing inflammation to recruit
additional immune effector cells to the site of infection.
Macrophages are constantly surveying their surroundings
for pathogens. Upon infection of the host, the activation of
macrophages leads to the rapid release of copious amounts of
proinflammatory cytokines and chemokines that arm the
immune system, recruit additional cells, and drive enhanced
pathogen clearance. This inflammatory cascade triggers the
rapid recruitment of additional waves of macrophages and
neutrophils to the site of infection. The newly recruited
macrophages are vital to the rapid clearance of dead and
dying neutrophils, as well as to the clearance of pathogens or
pathogen-infected cells, which can be rapidly processed and
presented in lymph nodes for the induction of adaptive
immune responses to promote long-lived adaptive immune
memory.

Given their critical role in the initiation of the immune
response, several viruses deliberately infect macrophages,
including adenoviruses, alphaviruses, HIV, ebola virus, and
dengue virus (20), and impair the immunological activity of

these cells from within. In the context of HIV infection, the
virally encoded proteins directly interfere with the antigen-
presenting activities of macrophages via the downregulation
of major histocompatibility complex antigens (MHC) II and
CD4. Despite this HIV-evasive activity, there is ongoing
debate whether infection of macrophages represents a criti-
cal safety niche for HIV, because once infected, these mac-
rophages can take up long-lived residence in tissues
throughout the body, including immune-privileged sites
such as the brain (21).

While macrophages are typically the first phagocyte to
respond to an infection, neutrophils are the most abundant
phagocyte in the body and first to invade sites of infection
(22). Neutrophils are short-lived (a lifespan of approxima-
tely 5 days), polymorphonuclear cells that make up the
majority of the white blood cells in the body, and their main
function is to phagocytize and destroy invading pathogens.
Unlike macrophages, however, neutrophils are not typically
found in healthy, uninflamed tissue; rather, they are rapidly
recruited to sites of infection en masse by chemokines se-
creted by macrophages and other cell types in response to
infection. Upon recruitment, they are involved in the rapid
phagocytic clearance of invading pathogens.

In addition to their role in the phagocytic elimination of
pathogens, neutrophils are also armed with a number of cy-
toplasmic granules containing enzymes and antimicrobial
peptides. Two different types of cytoplasmic granules can be
found in neutrophils, depending on their maturation state.
Immature neutrophils possess primary granules loaded with
cationic proteins and enzymes involved in protein degrada-
tion (e.g., elastase and cathepsins) and pathogen destruction

FIGURE 2 The two arms of the immune system. All immune cells develop from a common hematopoietic stem-cell progenitor that can
differentiate into a myeloid or common lymphoid progenitor (CLP). The adaptive arm of the immune system is composed of four immune cell
types, called lymphocytes, that share a CLP origin. The innate arm consists of an array of distinct cell types, most of which are derived from
the myeloid progenitor, except NK cells and plasmacytoid dendritic cells that differentiate from a CLP.
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(e.g., defensins, lysozyme, andmyeloperoxidase). By contrast,
more mature neutrophils are loaded with secondary granules
that contain enzymes that are involved in generating reactive
oxygen species.When stimulated by a pathogen, the contents
of these granules are rapidly released into the extracellular
environment, where they indiscriminately kill surrounding
cells, a process known as degranulation. Because the un-
controlled degranulation of neutrophils can lead to extensive
tissue damage, this process is tightly regulated.

While the ability of neutrophils to eliminate pathogens
via phagocytosis and the degranulation-mediated release of
antimicrobials has long been known, the third strategy em-
ployed by neutrophils to eliminate pathogens has only re-
cently been discovered. Activated neutrophils can release a
web-like DNA structure known as a neutrophil extracellular
trap (NET). These traps are comprised of a web of chromatin
and serine proteases that can snare and kill extracellular
pathogens in the absence of phagocytosis. Furthermore,
these traps can function as a physical barrier to limit the
progression of the infection.

While neutrophils are critical for immune defense against
bacteria and parasites, their role in antiviral immunity has
only begun to be elucidated (23, 24). Multiple viruses, in-
cluding influenza virus, herpes simplex virus, respiratory
syncytial virus, and cytomegalovirus, have been shown to
activate neutrophil phagocytosis, degranulation, and NET
release. Furthermore, the depletion of neutrophils results in a
compromised immunity against influenza virus (25). NET
formation and release is critical for the early control and
clearance of poxvirus infection in the liver, illustrating the
role of neutrophils in distinct tissues and against diverse
viruses. Importantly, neutrophils are not only involved in
the direct antiviral response to infection but also critically
contribute to shaping the adaptive immune response via
their unique localization and activity in the lymph node
where they are involved both in limiting antigen availability
(26) and driving enhanced T-cell proliferation (27).

Granulocytes
In addition to being a phagocyte, neutrophils are also a

member of a larger family of cells known as granulocytes.
Granulocytes are white blood cells that are characterized by
the presence of numerous granules in their cytoplasm. These
granules contain a number of antimicrobial and immuno-
modulatory compounds, and while granulocytes can have
secondary functions in antigen presentation, the principle
function of granulocytes is the release of these compounds
into the extracellular space where they can directly kill
potential pathogens, induce inflammatory cascades, and re-
cruit other immune effectors. There are two additional types
of granulocytes, eosinophils and basophils, and while not
technically granulocytes, mast cells are very similar to ba-
sophils and are discussed here.

Eosinophils are highly granular, myeloid-derived white
blood cells that are largely involved in the antiparasite im-
mune response. Following activation, eosinophils are stim-
ulated to release a number of cytotoxic cationic granule
proteins, including proteins with RNAse activity (28), an-
timicrobial reactive oxygen species, proinflammatory cyto-
kines, and potent inflammatory mediators known as
leukotrienes (29). While eosinophils are not classically
considered critical antiviral mediators, increased eosinophil
numbers have been implicated in enhanced clearance of
respiratory syncytial virus (RSV) infection (30) accumulat-
ing in the lungs of RSV infected patients (31), where eo-
sinophils appear to respond directly to the viral RNA.

However, the role of eosinophils in anti-RSV protection is
not direct; instead, eosinophils dampen inflammation and
reduce infection-associated immunopathology in the lung
tissues following viral infection (32). Thus, while eosino-
phils likely contribute to antiviral immunity, their effects are
likely largely mediated through their ability to protect the
tissues where infections occur.

Basophils are the least frequent myeloid-derived granu-
locyte in the blood, and like eosinophils, when activated,
basophils release a large number of granule proteins and
enzymes (e.g., histamine and elastase) and inflammatory
mediators (e.g., cytokines and leukotrienes) that promote
vasodilation and inflammation. Although a direct role for
basophils in the elimination of viral infections has not been
described, basophils have several secondary roles that are
important in the resolution of viral infections. First, baso-
phils produce large amounts of the cytokine IL-4 in response
to viral infection (33). IL-4 is a cytokine important for the
development and activation of particular subsets of T cells,
humoral immune responses, and innate lymphoid cells (34).
Additionally, basophils can tune dendritic cell activity to
promote specific adaptive immune responses (35) and have
been implicated as the earliest recruiters of eosinophils into
inflamed skin (36).

While not technically granulocytes, mast cells are large
granular innate immune cells that are very similar to baso-
phils (37). Mast cells leave the bone marrow in an immature
form, and they remain immature until they enter the tissue,
where they mature into highly granular cells, loaded with
preformed stores of histamines and various enzymes that are
critically involved in triggering inflammatory responses.
Thus, within seconds of an infection, mast cells are able to
release immunomodulatory compounds that rapidly initiate
an inflammatory cascade to selectively kick start the anti-
viral immune response. In particular, mast cells contain large
intracellular stores of histamine (2 to 5 pg/cell) that are
rapidly released in response to activation. Histamine is a
potent vasodilator that also increases vascular permeability,
enabling the recruitment of large numbers of innate immune
cells, such as neutrophils and macrophages, to enter infected
tissues. In addition to their role in initiating inflammatory
cascades, similar to neutrophils, mast cells are able to directly
phagocytize pathogens or infected cells, release reactive
oxygen species that can directly kill pathogens, and release
extracellular traps (38). Thus, while mast cells are most
classically known for their role in allergy, they have been
implicated in respiratory virus triggered-asthma and are
clearly critical for the early defense and arming of the innate
immune response aimed at containing viral infections.

Innate Lymphoid Cells
Unlike granulocytes, which are derived from a common

myeloid precursor, innate lymphoid cells develop from a
common lymphoid precursor cell that also gives rise to the
cells of adaptive immune system (B cells and Tcells) (Fig. 2).
Innate lymphoid cells rapidly secrete immunoregulatory
cytokines upon activation and have been broadly divided
into three groups based on the cytokines they secrete. Group
1 innate lymphoid cells typically produce type 1 cytokines
(e.g., IFN-g and TNF-a) and include cytotoxic natural killer
cells; Group 2 innate lymphoid cells typically produce type 2
cytokines (e.g., IL-4, IL-5, and IL-13); and Group 3 innate
lymphoid cells produce IL-17A and/or IL-22. With the ex-
ception of natural killer cells, the role of the various subsets
of innate lymphoid cells in infection has only recently begun
to be elucidated (39); however, given their localization
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within mucosal tissues and their ability to rapidly secrete a
wide variety of immunoregulatory cytokines, they likely play
an important role in the early immune response to infection.

Natural Killer Cells. Natural killer (NK) cells are the
only innate immune lymphocytes that survey the periphery
for stressed, malignant, or infected cells. These cells develop
in the bone marrow, where they undergo a complex educa-
tional process on cells expressing self-antigens that select for
NK cells that recognize self (major histocompatibility com-
plex, MHC) through inhibitory NK cell receptors, and
therefore can be turned off (40). Thus onlyNK cells that will
not become auto-reactive are permitted to mature and gain
cytolytic functions, in a process called “licensing” or “edu-
cation.” Importantly, the critical nature of NK cells in anti-
viral immunity is most clearly illustrated in the case of
children born with NK cell deficiencies who are highly sus-
ceptible to HSV infection (Table 1), despite the presence of
normal adaptive immune responses (41). Moreover, NK cells
have been centrally linked to spontaneous control of infec-
tion with hepatitis C virus (42) and control of HIV (43),
highlighting the essential role of this innate immune cellular
subset in antiviral immunity.

Importantly, NK cells are preloaded with cytolytic gran-
ules, and upon recognition of a stressed or infected cell,
release these granules in a highly regulated and directed
fashion. These granules contain perforins and granzymes
that generate holes in the membrane of target cells, resulting
in the lysis of or the induction of apoptosis of the target cell.
Importantly, NK cells are capable of killing any aberrant cell
without the need for antigen sensitization.

Because of their highly cytolytic nature, NK cell function
is regulated through a complex network of inhibitory and
activating receptors. Among the large array of receptors that
can be expressed on NK cells, four major receptor families
regulate NK cell function. The first family includes the killer
immunoglobulin receptors (KIRs) that interact with MHC,
expressed on all cells. The MHC proteins are involved
in presenting random samples of small segments of self-
proteins to the immune system to ensure that the cell is
healthy. However, upon infection, viral proteins are rapidly
synthesized, offering a novel array of peptides for presenta-
tion in MHC to circulating NK cells. Many viral infections,
such as HIV (44) and CMV (45), downmodulate the ex-
pression of MHC class I, to reduce viral-peptide exposure.
However, loss of MHC is sensed by circulating NK cells,
signalling that the cell is stressed or infected, and activat-
ing NK cells via their KIR receptors. Moreover, emerging
data also point to a role of viral peptides that alter the
conformation of MHC as critical ligands for KIR. Thus the
KIR family arms NK cell activation and cytolytic activity
both through a loss of MHC sensing as well as through
altered viral peptide conformational changes to MHC (46).
The second class of receptors include the C-type lectin re-
ceptors (CLRs, described below) that are involved in sens-
ing stress following the up-regulation of a class of MHC
homologues (MICA/B or ULPB) that are rapidly expressed
following genotoxic or viral infection related intracellular
stress (47).

The third class of receptors includes the natural cyto-
toxicity receptors (NCRs) involved in the rapid activation
of NK cells (e.g., by influenza) (48). Self-ligands have yet to
be defined. The final class of receptors includes FcgRIIIA
(CD16), which is involved in driving antibody-dependent
cellular cytotoxicity following the opsonization of virally
infected cells with antibodies. Thus, while additional acti-

vating and inhibitory receptors are expressed on NK cells,
together this large array of germline-encoded receptors that
are expressed stochastically on the surface of NK cells re-
sulting in a highly heterogeneous network of NK cells (49)
collectively regulate and rapidly deploy the antiviral activity
of these cells following viral infection.

While NK cells play a critical role in the nonspecific
response to infection, more recent data suggest that a novel
subset of NK cells, termed memory NK cells, may also
emerge following viral infections (e.g., lymphocytic cho-
riomeningitis infection in mice) and result in long-lived
innate memory (50). Moreover, these memory NK cells
appear to also evolve following vaccination with distinct
viral antigens (51) and can survive up to 5 years in non-
human primates following vaccination with particular viral
vectors (52). Thus, while the bulk of the NK cell response is
involved in a rapid nonspecific cytolytic control of viral
infection, a small subset of these innate lymphocytes may
emerge following infection that are aimed at conferring
long-lived memory and rapid responsiveness upon pathogen
re-encounter, suggestive of adaptive-like activity within this
unique innate lymphocyte cell subset.

Antigen-Presenting Cells. In addition to directly elim-
inating pathogens and pathogen-infected cells, the innate
immune system plays a pivotal role in priming the adaptive
immune system to induce long-lived immunity against
pathogens. This is accomplished via the collection and
display of foreign antigens to cells of the adaptive immune
system by antigen-presenting cells. Antigen-presenting cells
sample the extracellular environment either by phagocytosis
or endocytosis and then display epitopes of the sampled
proteins on their surface, where in combination with various
co-stimulatory molecules, cells of the adaptive immune
system can recognize them. While many innate immune
cells have some ability to present antigen, professional an-
tigen-presenting cells, in particular dendritic cells, are highly
specialized to present antigen in a manner that can drive
long-lived immunity (53).

Dendritic cells (DC) function as an important bridge
between the innate and adaptive arms of the immune system
(54). Their main function is to take up, process, and present
foreign antigens on their surface to T cells of the adaptive
immune system. DCs are generated in the bone marrow and
enter into the circulation and tissues in an immature form.
Immature DCs patrol the body or lie dormant in tissues
awaiting an infection. Because immature DCs have high
endocytic activity, these cells can rapidly engulf pathogens,
infected cells, or apoptotic cell debris, rapidly degrade the
material, and quickly present these antigens on their surface.
The engulfment of foreign antigens (integration of the
danger signal described below) results in the rapid matura-
tion of the DC, which results in decreased endocytic activity,
increased migratory activity, and increased immuno-
stimulatory capacity. The latter is accomplished via an in-
crease in the expression of several classes of costimulatory
receptors on the cell surface that are required for priming
effective T-cell immunity. Thus upon maturation, the DC
migrates to the lymph node where it can present the foreign
material to T cells (55). Two predominant types of dendritic
cells have been described, myeloid dendritic cells and plas-
macytoid dendritic cells, and both types play an important
role in the generation of long-lived immune responses.

Myeloid DCs (mDCs) are the principal antigen-
presenting cells in the body. While macrophages are more
abundant and can also capture and present antigens, mDCs
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are rarer, have greater T-cell activation potential, and ex-
clusively function to activate naïve T cells (56, 57). Given
their crucial role in the generation of an effective immune
response, many viruses have evolved elaborate strategies to
dampen mDC activity. Many viruses selectively infect these
cells, including lymphocytic choriomeningitis virus, ebola
virus, dengue virus, and HIV (58–60), to eliminate these
cells or manipulate their ability to induce effective T-cell
immunity, thereby evading the adaptive immune response.
For example, although HIV infection of mDCs remains
controversial, once inside, HIV expresses an infectivity
factor, named Nef, that rapidly downregulates MHC ex-
pression, thereby preventing antigen presentation to CD8 T
cells (61). In addition to directly modulating presentation of
antigen on the surface of mDCs following infection, many
viruses perturb the expression of costimulatory molecules on
the surface of mDCs, further dampening the induction of
robust T-cell immunity.

Plasmacytoid DCs (pDCs) are a tiny subset ( < 0.5% of
circulating white blood cells) that are critical for the initia-
tion of the immune response following infection. Unlike
mDCs, pDCs selectively express receptors that recognize
intracellular single-stranded RNA (TLR7) and DNA
(TLR9), making them uniquely poised to recognize viral
infections. Once activated, pDCs are the primary producer of
the inflammatory cytokines, interferon-a and -b, that deto-
nate a highly specialized antiviral immune response. A large
array of viruses can trigger the production of interferon-a
and -b from pDCs including herpes simplex virus, HIV, in-
fluenza virus, newcastle disease virus, vesicular stomatitis
virus, and sendai virus. However, in addition to interferon-a
and -b, pDCs also produce other pro-inflammatory cytokines
and chemokines that further activate the immune response
and recruit additional innate immune effector cells to the site
of an infection. This early cytokine cascade is critical for not
only potentiating the innate immune response to the virus
but also triggering the release of B cell activating and survival
factor (BAFF), a key cytokine that is required for the evo-
lution of the B cell response and generation of antibody-
secreting cells (62). Clinically, elevated pDCs have been
associated with reduced severity of dengue virus infection.
Conversely, pDC numbers are progressively depleted in HIV
infection (63), likely contributing to the compromised im-
munity observed in HIV-infected subjects (64).

The Complement System
In addition to innate cells, a crucial component of the innate
immune response to infection is driven by a cell-free net-
work of proteins known as the complement system. The
complement system consists of a network of more than 30
proteins found in the blood that can induce the direct lysis of
pathogens, the agglutination and phagocytosis of pathogens,
and the chemotaxis of macrophages and neutrophils (65).
Liver, monocytes, and macrophages synthesize the compo-
nents of the complement system as inactive proteins that are
rapidly cleaved and activated upon exposure to a pathogen.
Upon activation via one of three pathways (classical, alter-
native, or lectin pathway), a complex cascade of cleavage
events is initiated that ultimately result in the deposition of a
complex of complement proteins (known as the membrane
attack complex) on the surface of the target, which ulti-
mately lead to destruction. Importantly, many of the cleaved
by-products of this cascade are highly inflammatory and
function to increase vascular permeability and recruit addi-
tional effector cells to the site of infection, further enhanc-
ing the innate inflammatory response.

The classical pathway is triggered by antibody binding to
the target antigen. The binding of the first component of the
complement cascade (C1, itself a heteropentameric complex
of C1q, C1r, and C1s) to antigen-complexed antibody results
in the activation of the protease activities of C1r and C1s.
The active C1 can then initiate the cascade of cleavage and
activation that ultimately results in the cleavage of C5 (C1
cleaves C2 and C4, which cleave C3, which cleaves C5) and
the deposition of the membrane attack complex. Unlike the
classical pathway, the alternative pathway does not depend
on antibodies but rather is initiated after spontaneous C3
activation. Spontaneous cleavage and activation of C3 ex-
poses a reactive thioester in C3 that allows its deposition
directly onto the surface of a pathogen or cell. Upon binding
to a cell, the C3 is then able to bind to additional compo-
nents of the alternative pathway (including factor B and
factor P), ultimately leading the cleavage of C5 and depo-
sition of the membrane attack complex. Importantly, as the
alternative pathway is initiated spontaneously, normal cells
express a number of complement regulatory proteins (e.g.,
CD35, CD46, CD55, CD59) that can disarm the comple-
ment cascade that have been deposited on their surface,
preventing unwanted pathology. However, because patho-
gens, including viruses, do not express these regulatory pro-
teins and infected or dying cells have reduced expression of
these molecules, the alternative pathway can rapidly elimi-
nate infections before the production of antibodies, which
are necessary to initiate the classical pathway. Finally, the
lectin pathway is triggered in a manner similar to the classical
pathway. However, rather than triggered by antibodies, the
lectin pathway is triggered by proteins that recognize par-
ticular glycan structures (e.g., mannose-binding lectin). The
binding of these proteins to the surface of cells or pathogens
results in the activation of proteases similar to C1r and C1s,
which in turn can activate the remainder of the cascade.

All three complement pathways have been implicated in
the host immune response to many viruses, and deficiencies
in complement activation have been associated with poor
outcomes for many infections (66). For example, although
antibody-mediated neutralization has been linked to vaccine
efficacy for many clinically approved vaccines, recent data
suggest that protective antibodies, like those induced by the
smallpox vaccine, require the cooperative recruitment of
complement to mediate their antiviral activity (67). Given
the importance of complement in the control of viral in-
fections, it is not surprising that many viruses have evolved
elaborate mechanisms to evade the complement system. For
example, HIV inactivates the complement system by cap-
turing complement inhibitors (e.g., CD55 or factor H) on the
virion surface, thereby protecting itself from destruction (68).

Innate Immune Recognition of Viruses
Unlike the adaptive immune system, which recognizes
pathogen-derived antigens in a highly sequence-specific man-
ner, the innate immune system recognizes microbe-associated
molecular patterns (MAMPs; also known a pathogen-
associated molecular patterns, PAMPs) that are associated
with particular groups of pathogens. These PAMPs typically
play an essential role in the life cycle of the pathogen, such as
single-stranded RNA or components of bacterial cell walls,
and are recognized by groups of innate immune receptors,
known as pattern recognition receptors (PRRs).

Innate Immune Receptors
PRRs detect classes of molecules including nucleic acids,
proteins, lipids, and carbohydrates that are unique to
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particular classes of microbes. Thus, via the expression of
distinct classes of PRRs, innate immune cells have the ca-
pacity to specialize in the recognition of specific classes of
pathogens, contain them, and alert the immune system of
infection. Importantly, many different classes of PRRs have
been identified over the past two decades; these receptors
not only specialize in the recognition of specific ligands but
are also expressed in a highly specialized manner on and
within particular immune cell subsets, greatly optimizing
their function. Thus, PRRs can be located on the cell sur-
face, within endocytic vesicles, and within the cytoplasm
and can even be secreted to capture microbial products
outside the cell (Fig. 3).

Toll-Like Receptors
First discovered in Drosophila, toll-like receptors (TLRs)

are a unique class of highly conserved, type I transmembrane
proteins that recognize structurally conserved motifs, in-
cluding PAMPs that are exclusively expressed by pathogens
and damage-associated molecular patterns (DAMPs) that
are expressed on damaged cells (69). PAMPs include the
structural components of bacteria (e.g., lipopolysaccharides,
peptidoglycans, flagellin), bacterial DNA, and viral RNA,
while DAMPs include intracellular proteins such as heat
shock proteins and protein fragments. While these receptors
recognize an array of different ligands, all TLRs possess a
characteristic leucine-rich repeat-containing extracellular
domain and a conserved Toll/IL-1 receptor cytoplasmic do-

main that drives cellular activation and cytokine secretion
upon ligation (70).

Twelve TLRs have been characterized to date in mice
(TLR1–9 and TLR11–13), of which 10 are also expressed in
humans (TLR1–10). TLR14 is only found in the Takifugu
pufferfish. TLR2 recognizes PAMPs from Gram-positive
bacteria, including lipoproteins, lipomannans, and lip-
oteichoic acids. TLR3 recognizes double-stranded RNA,
which occurs during replication of some viruses, and TLR4
recognizes lipopolysaccharides. TLR5 recognizes bacterial
flagellin, and TLR7 and TLR8 recognize single-stranded
RNA. TLR9 recognizes unmethylated DNA motifs, which
are frequently found in bacteria, and the agonist for TLR10 is
unknown. Because TLRs are able to heterodimerize, they can
extend their individual specificities to target additional
PAMPs; for example, the heterodimer of TLR2/6 can further
target diacylated lipoproteins and TLR2/1 can bind to tri-
acylated lipoproteins. Moreover, the extended range of li-
gands that the heterodimers can recognize is coupled to
enhanced cellular functionality via the increased number
and diversity of intracellular adaptors and accessory mole-
cules that interact with the heterodimers, resulting in a fur-
ther tuning of innate functionality. The cellular localization
of TLRs within the cell further aids in specializing TLR
function. Specifically, TLR1, 2, 4, 5, 6, and 10 are expressed
on the cell surface, whereas TLR3, 7, 8, and 9 are exclusively
expressed in endocytic vesicles (Fig. 3). This unique cellular
localization may aid in concentrating these innate sensors at

FIGURE 3 Innate immune receptors. Four types of pattern recognition receptors exist that drive a rapid response to foreign pathogens
including 1) extracellular secreted receptors such as mannose-binding lectin, 2) cell surface toll-like receptors or c-type lectin receptors, 3)
endosomal TLRs, and 4) cytosolic pattern recognition receptors such as RigI. The secreted and surface-bound PRRs recognize extracellular
pathogens whereas the endosomal and cytosolic PRRs recognize pathogens that have entered into different cellular compartments within
the cell.
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locations within cells where their respective ligands are most
likely to be detected and where the TLRs themselves are
least likely to drive immunopathology. For example, TLRs3,
7–9, which recognize nucleic acids associated with patho-
gens, are located within endocytic vesicles. This enables
these TLRs to more effectively recognize viruses or bacteria
that have already infected a cell. Thus, TLR3, 7/8 and 9 play
a critical role in sensing viral infections and the initiation of
the antiviral immune response.

While TLRs are critical for early nonspecific innate
recognition, these receptors are expressed on cells of both
the innate and adaptive immune system. On innate immune
cells, TLRs rapidly program innate immune activity to drive
a “pathogen-appropriate” immune response. Thus, depend-
ing on the TLR or combination of TLRs triggered, the in-
nate immune system integrates this information to discern
whether a bacterium-, parasite-, or virus-specific response
would be most effective. Accordingly, fundamentally dif-
ferent immune cascades may be deployed for the contain-
ment of bacteria (largely extracellular organisms) compared
to the purging of viruses (largely intracellular organisms).
Moreover, these innate immune programs additionally also
qualitatively tune the evolving adaptive immune response
via the secretion of cytokines or the ligation of co-receptors
that provide information regarding the type of invading
pathogen aimed at promoting more effective immunity.
However, adaptive immune cells themselves can also express
TLRs, where they likely play two distinct roles: (1) tuning
the primary immune response in a pathogen-specific manner
and (2) rapidly promoting more effective reactivation of
memory immune responses. Thus, in the adaptive immune
system, TLRs synergize with the receptors of the adaptive
immune system to adjust pathogen-appropriate responses.

C-Type Lectin Receptors
Every organism is composed of four essential building

blocks: protein, lipids, carbohydrates, and nucleic acids.
Amino acids and nucleic acids are the most conserved across
all organisms, but lipids and carbohydrates are more variable
and vary wildly both in structure and composition across
bacteria, parasites, viruses, and humans (71). Additionally,
carbohydrates and lipids also vary extensively in human
disease, such as cancer, resulting in the production of glycan-
based antigens such as the carcinoembryonic/oncofetal type
neoantigens (72). Thus, the immune system has evolved a
unique set of innate immune receptors, known as C-type
lectin receptors, that are able to specifically survey for car-
bohydrate-based antigenic variation. Because most patho-
gens are covered in unique glycans such as high levels of
mannose on viruses and fungi and high levels of fucose on
bacteria and helminths, C-type lectin receptors play a crit-
ical role in both host immune defense and in the clearance
of aberrantly glycosylated material. Importantly, among the
C-type lectin receptors, distinct cellular functions may be
elicited, including endocytosis or signaling to drive distinct
effector functions. This qualitative tuning is dictated by the
signaling adaptors for each C-type lectin receptor and is
driven by both the receptor itself as well as additional cos-
timulatory signals that are received through other pattern
recognition receptors (including TLRs). Two very broad
families of C-type lectin receptors have been described,
mannose receptors and asialoglycoprotein receptors.

Mannose Receptors
Humans utilize mannose widely in protein glycosylation,

but few glycoproteins within our bodies are decorated with

simple mannose structures or terminally manosylated struc-
tures (73). In stark contrast, oligomannose structures deco-
rate the surface of many viruses (HIV, hepatitis C, Ebola
virus, etc.) and fungi. Themannose receptor family recognizes
these terminal mannoses (as well as other glycan structures)
on the surface of pathogens or infected cells, and is predom-
inantly expressed by macrophages and dendritic cells. Surface
mannose receptors recognize terminal mannose, N-acetyl-
glucosamine, and fucose residues attached to proteins and
induce phagocytosis of the pathogen. Similarly, the secreted
mannose-binding lectin (MBL), which recognizes mannose
and fucose, cooperates with members of the complement
pathway to drive the rapid endocytosis and arming of innate
immune cells for pathogen destruction and inflammatory
activation. Moreover, studies during the severe acute respi-
ratory syndrome coronavirus (SARS-CoV) outbreak re-
vealed an association of enhanced SARS-CoV infection
among individuals with a polymorphism resulting in low
MBL expression, thus highlighting the importance of this
PRR in the control and prevention of viral infection (74, 75).

Asialoglycoprotein Receptors
Asialoglycoprotein receptors are a broad superfamily of

C-type lectin receptors that are involved in the rapid
clearance of glycoproteins that are not terminally sialylated
(76). Receptors in this family include macrophage galactose-
type lectin, DC-SIGN, langerin, dectins, and macrophage-
inducible C-type lectin. These receptors collectively
recognize unique glycan variants specific to distinct patho-
gens or improperly glycosylated host proteins, driving rapid
clearance and immunological activation only in the setting of
coligation with TLRs or other pattern recognition receptors.

Cytoplasmic Sensors
Because some pathogens are able to invade host cells

without activating extracellular or endocytic recognition
pathways, additional pattern recognition receptors have
evolved to sense infection within the cytoplasm. These in-
tracellular cytoplasmic pattern recognition receptors are able
to recognize PAMPs or DAMPs via the formation of oligo-
mers that activate rapid degradation and intracellular sig-
naling to arm the immune response against the invading
pathogen. Two broad classes of cytoplasmic pattern recog-
nition sensors have been identified: NOD-like receptors and
RIG-I-like receptors.

NOD-like Receptors
NOD-like receptors are a family of over 20 cytoplasmic

pattern recognition receptors that can be broadly divided
into four classes based on their N-terminal domain, NLR-A
(Nod-like receptor A; “A” for acidic transactivating domain
[e.g., CIITA]), NLR-B (“B” for baculovirus inhibitor of ap-
optosis protein repeat [e.g., NAIP]), NLR-C (“C” for caspase
activation and recruitment domains (CARDs) [e.g., NOD1
and NOD2]), and NLR-P (“P” for pyrin domain [e.g.,
NALP1–14]) (77). NOD-like receptors recognize PAMPs
and DAMPs, likely via their LRR domains, and ligand
binding induces their oligomerization. These oligomers can
then both activate inflammatory caspases like caspase 1,
which is necessary for the maturation of proinflammatory
cytokines like IL-1, and activate the signaling pathways
necessary for the production of pro-inflammatory cytokines.

NODs
NODs belong to the NRLC family of NOD-like receptors

and recognize peptidoglycans from Gram-negative bacteria
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(NOD1) or muramyl dipeptides found in both Gram-positive
and Gram-negative bacteria (NOD2). In addition to the
recognition of bacterial ligands, NOD2 has also been shown
to respond to several viruses, including respiratory syncytial
virus, parainfluenza virus, influenza virus, and vesicular sto-
matitis virus (78). The recognition of these ligands results in
rapid oligomerization and signaling through recruited serine/
threonine protein kinases (e.g., RIP2), which ultimately re-
sult in the production of proinflammatory cytokines.

NALPs
NALPs belong to the NLRP family of NOD-like recep-

tors, which are characterized by their N-terminal PYD do-
main. To date, 14 NALPs have been identified, and NALPs
are activated in response to a wide range of ligands, including
muramyl dipeptides (like NOD2), anthrax toxin, whole
bacteria, bacterial RNA, and pore-forming toxins. Addi-
tionally, a number of viruses have been shown to activate
specific NALPs, including Kaposi’s sarcoma, herpesvirus,
vaccinia virus, adenovirus, influenza virus, measles virus,
hepatitis C virus, and HIV (78). Importantly, NALPs are
necessary for the formation of several different types of in-
flammasomes, which are multiprotein complexes containing
caspase 1 that plays an important role in the activation of the
antiviral inflammatory cytokines IL-1b and IL-18.

RIG-I-like Receptors
The RIG-I-like receptor family is composed of three

proteins: RIG-I, MDA5, and LGP2 (79). This family rep-
resents a unique class of cytoplasmic RNA helicases that
recognize intracellular double-stranded or single-stranded
RNA, resulting both in the production of interferons a and
b, which functions to limit viral replication, induce the
apoptosis of infected cells, recruit additional effector cells to
the site of infection, and activate the inflammasome. A
number of viruses have been shown to be recognized by
RIG-I and/or MDA5, including Japanese encephalitis virus,
hepatitis C virus, ebola virus, polio virus, and HIV (80). The
critical nature of RIG-I-like receptors in antiviral immunity
is highlighted by the evasion strategies developed by RNA
viruses to subvert this potent antiviral activity. For example,
two proteins encoded by hepatitis C virus (HCV) block a
key step in the intracellular signaling cascade activated by
RIG-I signaling. Similarly, the HIV-1 protease has been
shown to degrade an important signaling node in the RIG-I-
induced cascade.

Induced Innate Immune Responses to Infection
Following activation of PRRs, a complex network of signals
leads to both the immune-mediated clearance of the PAMP/
DAMP-covered material and the rapid activation of the
immune system via the induced release of cytokines and
chemokines. Cytokines are small proteins that are released
by various cells in the body in response to cellular activation
(81). Over 40 cytokines have been identified to date, and
these cytokines are often classified into families based on
their structure or the receptor to which they bind. Im-
portantly, each cytokine binds to a distinct cytokine recep-
tor, differentially expressed on the surface of cells of the
body, enabling a highly specialized responses to take place
depending on the cytokine cascade. Along these lines, fol-
lowing immune recognition of a pathogen, networks of cy-
tokines are rapidly released by infected cells and innate and
adaptive immune cells present at the site of infection. These
cytokines establish the “quality” of the inflammatory milieu
and both provide instructions for the elimination of the

pathogen but also can signal for the recruitment of addi-
tional cell subsets that are required for enhanced pathogen
clearance.

Interferons
Among the first cytokines produced following viral in-

fection are a family of cytokines known as interferons. The
interferon family plays an essential role in the earliest host
immune response to infection, particularly with viruses, by
placing infected cells and neighboring uninfected cells in an
anti-viral state. The sensing of double-stranded RNA, which
is a common intermediate in the replication cycle of many
viruses, induces interferon production by infected cells. In-
terferon signaling in neighboring uninfected cells triggers
the expression of multiple defense mechanisms aimed at
interfering with viral replication, increasing antigen pre-
sentation to aid in the adaptive immune elimination of in-
fected cells, and activating recruited adaptive immune cells
(82). Three families of interferons have been described, Type
I, Type II, and Type III, and these families play distinct roles
in the innate response to viral infection (83).

Type I IFNs
The Type I family of interferons includes IFN-a and IFN-b
(84). Type I interferons are among the first cytokines pro-
duced by an infected cell, as among others cytoplasmic nu-
cleic acid stimulate their induction through the TBK1/
STING/IRF3 pathway. While two types of IFN-b (b1 and
b2) exist, 13 subtypes of IFN-a with different activities have
been identified in humans. Virtually any cell in the body can
produce Type I interferons. Importantly, type I IFN signaling
cascades induce the expression of a number of host restric-
tion factors that rapidly recognize and restrict viral infec-
tions, including the enzyme oligoadenylate synthetase,
protein kinase R (PKR), members of the tripartite motif-
containing protein (TRIM) family, members of the apoli-
poprotein B mRNA editing enzyme, catalytic polypeptide-
like 3G (APOBEC) family, and tetherins. For example,
oligoadenylate synthetase activates intracellular RNAses,
including RNAse L, which degrades all RNA, both host and
viral, within the cell. Similarly, activation of PKR inhibits
protein translation within the cell, preventing further viral
propagation. The TRIM family of proteins contains over 50
different members with distinct functions, including many
with antiviral functions (85). For example, TRIM5a rec-
ognizes motifs in retroviral capsid proteins and interferes
with viral uncoating, while TRIM22 inhibits transcription
from retroviral promoters and blocks the assembly and
budding of newly formed virions. APOBEC proteins, a
family of evolutionarily conserved cytidine deaminases,
drive the attenuation of retroviruses by editing viral genomes
present in nascent virions, inducing their rapid degradation
(86). Tetherins function to prevent the release of viral par-
ticles from the surface of cells (87) and have been linked to
the inhibition of HIV budding in the absence of Vpu (88).
Furthermore, tetherin has been shown to play a role in lassa
and Marburg virus infection (89).

Type II IFNs
IFN-g is the only member of the Type II family of interferons
(90). While IFN-g is thought to be more of an adaptive
cytokine, released by Tcells, several classes of innate immune
cells, including natural killer cells, monocytes, and dendritic
cells, also produce IFN-g. IFN-g is highly pleiotropic, in-
ducing very broad effects, including increasing the cytotoxic
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activity of NK cells, improving antigen presentation to
promote more effective killing by cytotoxic Tcells, increasing
nitric oxide synthesis in neutrophils, promoting more class
switching to more potent antibody subclasses in B cells, pro-
moting T-cell differentiation, activating phagolysosomes in
macrophages after CD4 T-cell antigen recognition, and pro-
moting cellular adhesion and extravasation that collectively
restrict, control, and promote clearance of viral infection.

Type III IFNs
The Type III family of interferons is relatively poorly char-
acterized, although four family members have been identi-
fied, IFN-l1–4 (91). Type III interferons are thought to play
an important role in the innate response to viral infection.
Many viruses have been shown to induce the expression of
Type III interferons, including respiratory syncytial virus,
influenza virus, Sendai virus, and HCV. While almost any
cell type appears capable of expressing Type III interferons,
dendritic cells, both myeloid and plasmacytoid, appear to
produce the most. Unlike Type II interferons, Type III in-
terferons induce a generalized antiviral state in cells exposed
to them. This antiviral state is very similar to the state in-
duced by Type I interferons, and in fact, many of the genes
that are upregulated in response to Type I interferons are also
upregulated in response to Type III interferons. One key
difference, however, is that although the changes in gene
expression following exposure to Type I interferons tend to
be rapid and short lived, the gene expression changes fol-
lowing exposure to Type III interferons are slower but more
prolonged. Intriguingly, receptors for Type III interferons are
highly expressed in the liver, lung, and intestine, and poly-
morphisms in the interferon l locus have been shown im-
portant in the response and clearance of HCV (92).

Pyrogenic Cytokines
One of the important networks of cytokines that is released
in response to viral infections is a group of cytokines that
have fever-inducing, or pyrogenic, activity (93). During the
initial days of infection a cytokine cascade, or storm, is ini-
tiated that drives rapid and general immune activation (94).
The main cytokines with these effects are IL-1, IL-6, and
TNF-a, which are all released by tissue macrophages rapidly
after recognition of a pathogen. Collectively, these cytokines
can act directly on the brain to raise the thermoregulatory
set point in the hypothalamus. The increased tempera-
ture simultaneously restricts the replication of invading
pathogens, because most pathogens grow better at lower
temperatures, and increased temperatures also improve im-
mune function, as cells of the adaptive immune response are
more active at increased temperatures. These cytokines also
have important secondary systemic effects as they can in-
crease the activity of the complement cascade via the acti-
vation of the acute-phase liver response, increase neutrophil
production and egress from the bone marrow, and induce the
migration of dendritic cells to the lymph nodes where they
can stimulate the adaptive immune response. In addition to
these systemic effects, these cytokines also mediate local
effects, including increasing vascular permeability, activating
T cells, B cells, and NK cells, and increasing the cytotoxic
activity of macrophages.

Chemokines
Chemokines are cytokines that are centrally involved in
driving cell movement or chemotaxis (95, 96). These pro-
teins are structurally similar with four cysteine residues that

give these proteins their characteristic structure. They are
involved in immune regulation at several levels, in the ho-
meostatic control of cell migration, in tissue development, as
well as in the rapid recruitment of immune cells during in-
fection. Importantly, chemokines act by attracting cells to
the source of the chemokine, trafficking through the body
along a gradient. Thus, upon infection or immunological
priming, innate and adaptive cells are instructed to express
particular chemokine receptors that enable them to sense
particular chemokine gradients located within target tissues.
These cells then leave their resident tissues and patrol the
body for the highest concentration of the particular che-
mokine, taking up residence where the cells may perform
their designated function. Following recognition of a path-
ogen, infected cells or neighboring uninfected cells are
therefore stimulated to produce a network of chemokines to
recruit additional effector cells of the innate and adaptive
immune system. For example, stimulation of dendritic cells
by TLR3, TLR7, TLR8, or TLR9 has been shown to induce
the expression of CCL4 (also known as MIP-1b) and CCL5
(also known as RANTES). CCL4 and CCL5 recruit several
players of the immune system including macrophages, NK
cells and T cells. Therefore, the recognition of a pathogen
can induce the expression of an elaborate network of che-
mokines, inducing the trafficking of a diverse range of im-
mune cells to the site of infection, where they can mediate
their protective activities.

SUMMARY
Overall, the innate immune system composed of physical
barriers, commensals, effector proteins, and an array of dis-
tinct immune cells collectively act with near instantaneous
speed to protect us from infection. However, beyond its role
as our first line of defense, the innate immune system is also
poised to set the stage for the adaptive immune system that
establishes long-lived memory that enables us to rapidly re-
sist future infections with the same pathogens.

Adaptive Immunity
The adaptive immune response is mediated by a network of
lymphocytes that, following infection, acquire specificity
through an evolutionarily unique set of antigen-specific re-
ceptors, providing protection from infection with the same
or similar pathogen. This antigen-specific immune response
is mediated by two major families of lymphocytes (T cells
and B cells) that express a T-cell receptor (TCR) or B-cell
receptor (BCR), respectively (Fig. 2). These adaptive im-
mune responses are programmed through an elaborate pro-
cess that begins with the generation of a large array of naïve
TCR and BCR variants that then further mature, evolve,
and gain enhanced specificity for pathogen-derived antigens
in specialized secondary and tertiary lymphoid organs. With
the influence of the innate immune response, qualitatively
unique adaptive immune responses, able to provide the
greatest level of pathogen-specific protection, are elicited.

T-Cell-Mediated Immunity

Introduction
T cells are lymphocytes that play a central role in cell-
mediated antiviral immunity. Tcells express a heterodimeric
T-cell receptor (TCR; CD3) on their cell surface, which
distinguishes them from other lymphocytes, including NK
cells and B cells. Their name originates from the observation
that a critical portion of T-cell maturation occurs in the
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thymus, where T cells undergo an elaborate educational
process that selects for highly effective, nonself-reactive T
lymphocytes. Two major types of Tcells exist, CD4 and CD8
T cells, each with distinct roles in the immune response to
viral infections (Fig. 2). While CD4 T cells have been im-
plicated as major orchestrators of the overall adaptive im-
mune response through the release of cytokines that
qualitatively tune immunity, CD8 T cells are generally re-
garded as the effectors of the immune system, poised to di-
rectly or indirectly eliminate infected cells.

The selection of effective CD4 or CD8 T-cell responses
hinges on the “priming” process, whereby naïve T cells that
recognize viral antigens on the surface of antigen-presenting
cells (APCs). APCs present antigens to T cells via a unique
class of cell-surface proteins known as the MHC (or Human
Leucocyte Antigen (HLA) in humans) that present selected
segments of digested proteins to TCRs. MHC class I gener-
ally presents cytosolic peptides to CD8 T cells, while MHC
class II presents endosomal peptides to CD4 T cells. Thus,
the processing, presentation, and recognition occurs through
specialized machinery in distinct cellular compartments and
ultimately lead to the activation and generation of highly
specialized antigen-specific antiviral immune responses.

T-Cell Development
T cells originate from hematopoietic stem cells (HSCs)
present in the bone marrow that populate the thymus as
lymphoid progenitors (97, 98). Once in the thymus, these
thymic lymphoid progenitors (or thymocytes) pass through
a series of distinct selection processes that collectively ensure
that only functional, nonautoreactive T cells survive and
exit as mature naïve Tcells (99). Roughly 4% of thymocytes
survive this positive selection process giving rise to equiva-
lent numbers of CD4 and CD8 T cells.

At the start of the selection process, thymocytes do not
express any typical T-cell markers and are CD3 negative, as
well as CD4 and CD8 negative (called double-negative
cells). The majority (95%) of the double-negative T cells
acquire an ab TCR (100), while the remainder of T cells
develop to express a gd TCR. Antigen-specific TCR gener-
ation occurs via a process known as VDJ recombination
where two (for the TCR a chain) or three (for the TCR b
chain) gene segments are randomly recombined. For ab
TCRs, the process begins with recombination and expression
of the TCR b chain (101, 102). Following successful rear-
rangement, the nascent TCR b chain can associate with a
germline encoded, common pre-TCR a chain, resulting in a
survival signal. Cells that fail to successfully rearrange their
b-chain are eliminated. The expression of the pre-TCR then
signals developing thymocytes to halt b-chain rearrangement
and to undergo a proliferative burst. This results in CD4 and
CD8 receptor expression and initiates a-chain rearrange-
ment. At the end of this process a functional a chain effi-
ciently pairs with the b chain, and the thymocyte is ready to
be “tested” as to whether it is suitable as a mature naive T
cell. Newly rearranged TCR-expressing Tcells then undergo
a positive and negative selection process aimed at selecting
newly formed TCRs that are able to recognize self MHC
molecules with foreign antigens (positive selection) but not
self-antigens (negative selection). This process is critical to
prevent the selection of self- or autoreactive T cells (103).

Positive Selection
Immature thymocytes move into the thymus cortex where
thymic cortical epithelial cells present self-antigen on MHC
molecules. During this interaction, only thymocytes that

interact with MHC-I or MHC-II receive a “survival signal”
(104, 105). Although thymocytes express both CD4 and
CD8 receptors at this point, thymocytes that interact well
with MHC class II molecules eventually become CD4+ T
cells, whereas thymocytes that interact well with MHC class
I molecules mature into CD8+ T cells (106). A T cell be-
comes a CD4+ cell by downregulating expression of its CD8
cell surface receptor. If the cell does not lose its MHC class II
binding signal, it will continue downregulating CD8 and
becomes a CD4+, single positive cell. But, if the signal is
interrupted, the cell stops downregulating CD8 and switches
over to downregulating CD4, and instead eventually be-
comes a CD8+, single positive cell. All other cells that bind
either too weakly or too strongly die by “neglect” in the
absence of a survival signal (107). Roughly, 34% of thy-
mocytes survive positive selection process giving rise to
equivalent numbers of CD4 and CD8 T cells.

Negative Selection
The surviving positively selected thymocytes migrate to-
wards the boundary of the cortex and medulla in the thymus
where medullary thymic epithelial cells (mTECs) express
major “self” proteins (so called “tissue-specific self-antigens,”
TSAs) (108). The expression of these “self” TSAs, from a
wide selection of organ specific genes, is regulated by the
autoimmune regulator (AIRE). Thymocytes that bind
strongly to self-antigens rapidly undergo apoptosis (via
negative selection). This overall process of selection against
TSAs is critical to prevent autoimmunity, and thus the ac-
tivity of AIRE reduces the threat of the occurrence of sub-
sequent autoimmunity by allowing for the elimination of
autoreactive T cells that bind antigens not traditionally
found in the body (109). One exception is the development
of thymically derived T regulatory cells (nTregs). While T
cells that receive strong positive selection signals undergo
apoptotic cell death and cells that receive low signals sur-
vive. Tcells that receive intermediate signals become nTregs
and upregulate the Treg transcription factor FoxP3 (110),
which is epigenetically modified to maintain open FoxP3
gene expression. Overall only about 2% of all T cells sur-
vive the selection process and exit the thymus as mature
naïve T cells.

Triggering CD4 and CD8 T-Cell immunity
Once naïve CD4 and CD8 T cells have completed their
development in the thymus they recirculate between blood
and peripheral lymphoid tissues until they encounter their
specific antigen. A naïve CD4 T cell recognizes specific
peptides in the groove of MHC class II by its TCR (Fig. 4).
The CD4 receptor binds to the b2 domain of the MHC class
II molecule D4, amplifying the signal generated by the TCR
by recruiting the tyrosine kinase Lck, which is involved in
the TCR signaling cascade (111). In contrast, naïve CD8 T
cells recognize their specific antigen in the context of MHC
class I through their TCR, while the CD8 receptor binds to
the a3 domain of the MHC class I molecule (112).

CD8 Tcells play a more direct role in antiviral immunity
via the recognition and lysis of virus-infected cells. Thus,
MHC class I is ubiquitously expressed on all cell types, aimed
at persistently sampling cytoplasmic proteins to monitor for
viral infection. Conversely, while CD4 T cells can also
contribute to direct cytolysis, these cells are often involved
in orchestrating and shaping the adaptive immune response,
qualitatively directing CD8 T-cell and B-cell immunity.
Thus MHC class II is only expressed on a number of cells
termed “professional” APCs that are poised to activate the
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master CD4 T-cell immune regulators. MHC class II pref-
erentially presents antigens endocytosed from the extracel-
lular matrix.

Antigen Processing and Presentation
MHC class I and II genes, located on chromosome 6, are the
most polymorphic genes of humans, providing an evolu-
tionary advantage over many different diseases. MHC class I
is composed of an a chain that consists of three domains,
a1, a2, and a3. Structurally, the a1 domain sits on a unit of
the non-MHC molecule b2 microglobulin (Fig. 4). The
transmembrane a3 domain anchors MHC class I to the cell
membrane, while the a1 and a2 domain form the peptide
binding groove of the three major MHC class I genes (HLA-
A, HLA-B and HLA-C), of which HLA-B is the most
polymorphic allele. Each human possesses 2 sets of each of
the 3 HLA class I alleles totaling up to 6 distinct HLA class I
alleles that are able to present peptides to CD8 T cells.

Conversely, MHC class II is formed of two chains, a and
b, each with two domains (a1/a2 and b1/b2). Each domain
possess independent transmembrane domains anchoring the
MHC class II molecule to the cell membrane. The a and b
domains collectively form the peptide binding groove. There
are three major MHC class II genes: HLA-DP (a-chain
HLA-DPA and b-chain HLA-DPB), HLA-DQ (a-chain
HLA-DQA and b-chain HLA-DQB) and HLA-DR (a-
chain HLA-DRA and four b-chains HLA-DRB1, DRB3,
DRB4 and DRB5). However, because a and b chains freely
heterodimerize, heterozygous humans can have between 4
and 12 different MHC class II isoforms. Thus, there are over

10,000 potential combinations of HLA class II allele ex-
pression (113).

In addition to classical HLA alleles, a number of non-
classical MHC alleles also exist (HLA-DM and—DO) that
are not exposed on the cell membrane but are involved in
antigen presentation. In humans there are at least three
additional nonclassical HLA class I alleles termed HLA-E, F,
and G. The role of these nonclassical HLA class I alleles is
less clear. HLA-E is by far less polymorphic than the other
HLA class I alleles but is critically linked to NK cell rec-
ognition/activity. Yet, some virus-specific CD8 T-cell re-
sponses can also recognize HLA-E-restricted epitopes (114,
115) and have been recently linked to enhanced simian
immunodeficiency virus (SIV) control and clearance in
nonhuman primates vaccinated with a cytomegalovirus-
based vaccine expressing SIV genes (116).

Unlike the other HLA class I alleles, HLA-F is located in
the endoplasmic reticulum, and only a small amount appears
on the cell surface. Interestingly, HLA-F often contains an
immature oligosaccharide component and associates with at
least two proteins involved in the MHC class I pathway,
calreticulin and TAP. The third nonclassical HLA class I
allele is HLA-G, which is thought to have an immuno-
modulatory role. Specifically, although HLA-G does not
present peptides, HLA-G interacts with at least four differ-
ent inhibitory receptors blocking the activity of NK cells, T
cells, and B cells as well as some APCs. HLA-G plays an
important role in pregnancy, where it inhibits the rejection
of the fetal graft as a result of its expression on cytotropho-
blast cells of the placenta.

FIGURE 4 Comparison of the structure of the major histocompatibility complexes (MHC) I and II. While class I molecules are composed
of a polymorphic a chain noncovalently attached to the nonpolymorphic b2 microglobulin, class II are composed of a polymorphic a chain
noncovalently attached to a polymorphic b2 microglobulin. While the peptide binding cleft of MHC I is closed, allowing only little sequence
variation, the binding groove of MHC class II is open, even allowing tertiary structures.
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In addition, homologues of MHC proteins exist, includ-
ing the major histocompatibility complex class I-related
chain (MIC) proteins, MICA, and MICB. Although these
molecules do not bind peptides, they are selectively induced
upon cellular stress, such a genotoxic stress, and serve as
stress-inducible ligands for the NKG2D receptor on NK cells
and on some T cells.

MHC Class I
The MHC (HLA) class I molecule presents cell-derived
peptides of specific dimensions within a tight groove with
closed ends. Peptides that are able to bind must form critical
bonds with invariant residues in the MHC class I binding
groove. Both the MHC class I pocket shape and peptide
bonds restrict peptide selection to peptides that are 8 to 12
amino acids in length that are not antagonized by groove
residues. Additionally, two to three pockets exist at the
bottom of the groove that act as anchor residues that ac-
commodate a highly restricted set of amino acids. Thus
stabilized peptides possess a select set of anchor amino acid
residues, usually located at position 2 and position 9 (117).

The importance of MHC class I peptide selection is
clearest in the setting of viral evolution and escape from T-
cell recognition. For example, HIV viral escape at anchor
residues is often associated with T-cell evasion via a loss of T-
cell recognition of the evolved virus. However, MHC class I
escape is often accompanied by compromised viral replica-
tive fitness, which has been observed for HIV and HCV
(118, 119), thus viruses struggle with both advantages and
disadvantages of T-cell escape to maintain infection. How-
ever, the critical importance of MHC class I targeting of
viruses is most clearly illustrated by the clinical effect of
particular MHC class I alleles on disease progression. For
example in HIV infection the MHC class I allele HLA-B*57
has been associated with slow disease progression and con-
trol of HIV viremia via the presentation of highly conserved
regions of the viral genome (120), while HLA-B*35px has
been associated with rapid disease progression and, there-
fore, poor prognosis due to enhanced peptide presentation
from variable domains of the virus (121). Similar observa-
tions have been made for MHC class I alleles in association
with clearance of HBV and HCV infection.

Loading Peptides into MHC Class I Alleles
By hijacking intracellular host machinery, viruses use

infected cells to replicate and generate new virions. This
process produces copious amounts of foreign peptides that
are processed and presented by MHC class I or class II. Most
viral peptides are derived from defective ribosomal products
(DRiPs) (122, 123), which are rapidly degraded forms of
newly synthesized proteins. In some instances the incoming
virus also brings in sufficient quantities of viral proteins for
antigen presentation. However, professional APCs can also,
in some instances, transfer phagocytosed virions or viral
proteins to the cytosol from their lysosomal compartments,
to enable viral protein processing and presentation of “ex-
ternally” derived material within the “internally” produced
material that is typically presented in the MHC class I
pathway. This process is called “cross-presentation.”

Degradation is largely mediated by a large multi-
catalytical protease complex called the proteasome (124,
125). The proteasome is composed of several units including
a 20S protein and 2x 19S proteins on either side of the 20S
that form a donut-shaped molecule with a hollow core in
which proteins are degraded. The protein degradation by the
proteasome is a multistep process: (1) ubiquitination and

targeting, (2) unfolding and translocation, and (3) prote-
olysis. In the first step a series of three enzymes (E1, E2, E3)
facilitate the ubiquitination of the protein targeted for deg-
radation. However, before it is recognized by the proteasome,
the target protein must be labeled with at least four ubiquitin
monomers in the form of a polyubiquitin. After a protein has
been ubiquinated it is recognized by the 19S protein of the
proteasome and enters the 20S protein, where it contacts the
proteolytic active site (step 2). Because the 20S protein is
narrow the protein needs to be partially unfolded, a process
called translocation, which occurs after deubiquitination. In
the last step the b-subunits of the chamber of the 20S pro-
tein start the proteolysis.

Cellular chaperones (e.g., TCP-1 ring complex, TRiC)
protect new peptides emerging from the immunoproteosome,
preventing further cytoplasmic degradation of these peptides.
Although proteasomes can generate the precise peptides
presented by MHC class I molecules, many of the peptides
may be longer than the MHC class I groove and are trans-
ported into the ER irrespective of groove-binding capacity.
While the carboxy-terminal region of the peptides is defined
by the catalytic activity of the proteasome in the cytosol, long
peptides can be further trimmed by the aminopeptidases
within the endoplasmic reticulum. Among the aminopepti-
dases, the endoplasmic reticulum aminopeptidase associated with
antigen processing (ERAAP) has been identified as a key
contributor to trimming long peptides within the ER (126,
127). Interestingly, many of the components involved in
antigen processing within the immunoproteasome are rapidly
upregulated by interferon (IFN). The immunoproteosome
improves cleavage of polypeptides at hydrophobic residues
(and decreases after acidic residues), which results in an in-
creased binding in MHC class I residues and therefore more
effective MHC presentation to alert the immune system of
infection.

Peptides are continually transported from the cytosol into
the ER by the transporter associated antigen processing-1
and -2 protein (TAP-1, TAP-2). In the ER newly synthesized
MHC class I a chains assemble with the membrane-bound
chaperone protein calnexin to retain the MHC class I mol-
ecule in a partially folded state. Once b2 microglobulin binds
to the a chain, calnexin dissociates (128) enabling the MHC
complex to bind to the peptide-loading complex (PLC) in-
cluding the proteins tapasin, ERp57, and calreticulin. The
PLC assists in this binding event, with the peptide and MHC
class I complex. The binding of the peptide releases the PLC
and MHC class I can now be presented on the cell surface.

MHC Class II
While the MHC class I binding groove is closed, restricting
peptide access, the MHC class II binding groove is open at
both ends allowing for much greater heterogeneity in pep-
tide length, permitting the association with peptides that
hang loosely outside of the binding groove. The peptide
segments that bind to MHC class II consist of about nine
amino acids, which are termed the peptide binding register.
The typical anchor residues of HLA class II alleles are at
positions P1, P4, P6, and P9 of the peptide register and
interact with residues in the pockets of the MHC molecule.
Due to the variable length of the bound peptide, peptides
can adopt different conformations and can even form ter-
tiary structures on top of the HLA class II allele.

Loading peptides into MHC class II alleles
MHC class II-peptide complex assembly, peptide loading,

and transport are different and slightly more complicated
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than MHC class I peptide loading (129). MHC class II
largely presents peptides generated in endocytic/lytic vesicles
of macrophages, immature dendritic cells, B cells, or other
antigen-presenting cells (APCs). Protein-derived peptides
that are digested in vesicles, such as lysosomes, are trans-
ported into the ER. In the ER, premature MHC class II
binding is prevented by the MHC class II-associated in-
variant chain (Ii or CD74) that binds and regulates MHC
class II loading. Specifically, the Ii prevents peptide binding
to the MHC class II molecule, and also diverts MHC class II
molecules from the trans-Golgi network to an endolysoso-
mal compartment. Here Ii is cleaved by cathepsins, in such a
way that only a fragment called CLIP (class II invariant-
chain peptide) remains in the MHC class II binding groove.
CLIP loaded MHC class II molecules are then transported to
a specialized antigen processing compartment, the class II
containing compartment (MIIC). Here, the molecule HLA-
DM stabilizes the empty class II molecule and prevents its
aggregation, while it also catalyzes the release of the CLIP
fragment, permitting the binding of other peptides to the
MHC class II molecule (130, 131). It also catalyzes the re-
moval of unstably or weakly bound peptides to allow other
peptides to replace them. Within B cells, dendritic cells, and
thymic epithelial cells another molecule, HLA-DO, is in-
volved in the peptide loading of MHC class II molecules.
HLA-DO serves as a negative inhibitory regulator of HLA-
DM. It is unclear why HLA-DO is only found in selected cell
subsets. Once MHC class II is associated with a peptide, the
complex is transported to the cell surface for presentation to
CD4 T cells.

Although MHC class II presents peptides from lysosomal
compartments derived largely from extracellular antigens,
there are exceptional circumstances when MHC class II can
also present cytosolic peptides. For example, a significant
number of self-peptides presented by HLA class II molecules
are derived from cytosolic proteins. The most likely mech-
anism by which cytosolic peptides are processed for antigen
presentation through the MHC class II pathway is during the
natural uptake or removal of damaged organelles or proteins
that are degraded in lysosomes. This process is called au-
tophagy, the natural cellular catabolic process of degrading
and recycling unnecessary or dysfunctional cellular proteins
through lysosomes (132–134). However, because autophagy
is increased during cellular stress, this permits cells to process
more intracellular proteins, including cytosolic viral proteins
present during viral infection, for MHC class II presentation
to CD4 T cells. This process is critical during Epstein-Barr-
virus (EBV) infection of B cells, resulting in the induction of
cytolytic CD4 T cells (135). Similarly, this process may also
play a critical role in driving cytolytic CD4 T-cell responses
against HIV-infected CD4 T cells, shown to associate with
slower HIV disease progression (136). However, the fact that
infected CD4 T cells can present to other CD4 T cells via
MHC class II loading of viral peptides highlights a unique
exception to the MHC class II-peptide presentation dogma,
whereby activated CD4 or CD8 T cells can express HLA
class II molecules in humans, which has not been observed
in rodents. The biological significance of class II-restricted
presentation by activated T cells in humans however is still
unclear.

Viral Evasion of MHC
Given the selective antiviral pressure mediated by T cells,
many viruses have evolved approaches to evade immune
recognition through MHC peptide presentation including
mechanisms that modify the maturation, assembly, and ex-

port of MHC class I and II molecules. While the mechanisms
are very different, the outcome of all these evasive strategies
essentially achieves the same endpoint: the downregulation
of MHC class I or II molecules on the surface of infected cells
and thereby reduced antigen presentation of viral proteins.
Herpes simplex virus 1 (HSV-1) and cytomegalovirus (CMV)
both possess a protein that specifically blocks peptide entry
into the ER (137). While the ICP47 molecule of HSV-1
blocks peptide binding to TAP, CMV encodes two proteins:
the US6 molecule which directly inhibits TAP, and the US3,
which blocks tapasin function of the peptide-loading com-
plex (138, 139). Likewise, adenoviruses (AdV) have evolved
an E19 protein that blocks the same proteins. Conversely,
Nef, encoded by HIV, binds to MHC class I, driving rapid
endocytosis and thereby evading CD8 T cell recognition.
While many other evasion strategies have been exploited by
viruses, the wide array of evasion strategies described here
provide an example of the different strategies utilized by
different viruses to avoid the antiviral pressure of T cells.

Similarly, many viruses have evolved a myriad of strate-
gies to evade CD4 T-cell immunity. Viral mechanisms that
interfere with MHC class II expression mainly affect MHC
class II transcription or post-translational modification.
Adenoviruses and CMV both affect the signaling cascade of
MHC class II transcription. In contrast, the US2 protein of
CMV translocates the DRa and the DMa chain into the
cytosol, resulting in proteosomal degradation. Conversely,
HPV influences MHC class II viral peptide expression by
blocking acidification of Ii and thus altering vesicle traffic
and endocytic machinery.

Antigen Recognition
CD4 and CD8 Tcells recognize their antigens through their
T cell receptors (TCRs), which are the same molecules on
both cell types. However, due to the differences in cor-
eceptor (CD4 or CD8) utilization and function, T-cell sub-
sets respond quite differently (Fig. 5). While the CD8-a
interacts with the a3 portion of the Class I MHC molecule,
increasing the avidity of the TCR bond, CD4 binds to b2 of
MHC II, increasing the TCR signaling via the activation of
the Lck pathway.

The TCR is a disulfide-linked membrane-anchored het-
erodimeric protein in 95% of the T cells consisting of the
highly variable a and b chains, which is expressed as part of a
complex with the invariant CD3 chain molecules. As
mentioned above, a minority of T cells express a gd TCR.
Each of the a and b chains are composed of two extracellular
domains: variable (V) region and a constant (C) region
(140). The constant region is proximal to the extracellular
membrane, followed by a transmembrane region and a short
cytoplasmic tail, while the variable region binds to the
peptide/MHC complex. The variable domain of both the
TCR a-chain and b-chain each have three complementari-
ty-determining regions (CDRs), whereas the variable region
of the b-chain has an additional area of hypervariability
(HV4) that does not normally contact antigen and therefore
is not considered a CDR. As with antibodies, the variable
region is linked to the constant region following genetic re-
arrangement, with additional combinatorial diversity gener-
ated in the CDR3 regions (as with antibodies, located at the
junction of variable constant regions) by the insertion of one
(for a chains) or two (for b chains) additional small seg-
ments. Thus, as with antibodies, most of the diversity in the
TCR occurs in the CDR3 region, which typically is in direct
contact with the peptide bound by the MHC molecule. The
other CDR regions contact the a-helices that form the ridges
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of the MHC peptide-binding pocket. This provides the
structural basis for the phenomenon of MHC restriction.

Unlike the BCR of B cells, T cells do not alter the con-
stant region of the TCR. The TCR does not undergo so-
matic mutation during the course of an immune response.
Thus, while the number of responding T cells increases
during an immune response, the quality of the response can
apparently be altered only via the recruitment of novel
clonal T-cell populations (clonotypes).

Generating a T-Cell Response
Naïve T cells recirculate between lymphoid tissue and pe-
ripheral blood. During this process they bind transiently to
DCs, which enables them to survey the MHCs on DC in
many different organs every day. Mature DCs bind naïve T
cells efficiently through interactions with LFA-1 or CD2 on
the T cell with several different adhesion molecules in-
cluding ICAM-1, ICAM-2, and CD58. This transient
binding and surveillance is crucial to provide Tcells the time
to sample several MHCs on the surface of any given DC.
Once the T cell encounters its antigen presented as a pep-
tide:MHC complex on a DC, it stops circulating and the T-
cell response is initiated. The activation and differentiation
of naïve T cells is termed “priming.” The priming of CD8 T
cells usually generates cytotoxic CD8 T cells, while CD4 T
cells can develop into effector CD4 T cells with a diverse
array of functions. The recognition of the peptide leads to a
conformational change in the LFA-1 molecule, which sta-
bilizes the T-cell and DC interaction and the Tcell forms an
immunological synapse (IS) (141). The association of naïve
T cells and DCs persist for several days, during which time
the T cell differentiates into effector cells and proliferates.
The DC feeds the naïve Tcell with three distinct signals that
drive T-cell activation, T-cell survival, and T-cell differen-
tiation. The T-cell activation signal is the recognition of the
appropriate peptide:MHC complex. The survival signal of-
ten comes through the ligation of CD28 with B7 molecules
on the APC, which are necessary for the optimal clonal
expansion of T cells. Antigen recognition and CD28 sig-
naling triggers interleukin-2 (IL-2) cytokine secretion,
which is the first step in the differentiation of T cells into

effector cells (142). Furthermore, CD28 signaling also leads
to a stabilization of IL-2 mRNA, which would otherwise be
rapidly degraded. IL-2 is a g-chain cytokine like IL-4, IL-7,
IL-9, IL-15, and IL-21, and combinations of other g-chain
cytokines can replace the IL-2 signal but confer slightly
different biological functions. For example, under certain
circumstances IL-15 can have similar effects as IL-2, which is
secreted by monocytes and other immune cells. The result-
ing effect of IL-2 or IL-15 consecutively is not identical
however, and the immune system uses them in a discrimi-
nating manner to optimize T-cell activation, apoptosis, Treg
activity, and memory. This autostimulation drives T-cell
proliferation and allows a single T-cell clone to expand to
thousands of cells all bearing the same TCR. However, these
Tcells also become addicted to IL-2 because removal of IL-2
results in their death, which is a mechanism exploited by
Tregs to control T-cell immune responses.

The key function of IL-2 in the induction of an immune
response is has been utilized in several immunotherapies that
aim to suppress T-cell immunity (e.g., cyclosporin A, tar-
colimus). The activation and survival signals for T cells also
drive the expression of additional proteins that can modify
and fine-tune the immune response. These include CD28-
related proteins such as inducible costimulatory (ICOS),
cytotoxic T-lymphocyte associated factor-4 (CTLA-4), or
TNF-receptor family proteins such as CD27, 4-1BB, CD40L,
and Ox40 (143). ICOS binds to ICOS ligand which is
critical for the induction of T follicular helper (Tfh) cell
development, while also regulating the expression of other
cytokines such as IL-4 and IL-21. Similarly, Tfh CD40L
binding to DC or B cell CD40 provides a bidirectional signal
that leads to rapid and enhanced T- and B-cell maturation.
In the absence of costimulatory signals, T cells can enter a
state of anergy, which is critical for the prevention of auto-
immunity (144). Since the thymus cannot possibly present
every self-peptide, T-cell recognition of a peptide in the
absence of APC activation and upregulation of cos-
timulatory receptors renders the T cell refractory to subse-
quent stimulation even by professional APCs. Like many of
the costimulatory signals, the signals of this interaction are
bidirectional, resulting in APC anergy. While all T cells

FIGURE 5 CD4 T-cell subsets. The various functional CD4 T-cell subsets are depicted, their associated main transcription factors, the
cytokines they secrete, and their main effector functions.
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possess a common need for IL-2 survival signaling (signal 2),
the additional differentiations (3) that are required to induce
various T-cell populations are distinct and therefore de-
scribed in the context of their respective function.

Effector T-Cell Subsets

Cytotoxic CD8 T cells. While TCR/MHC recognition
and costimulation of naïve CD8 T cells are crucial, these
interactions alone do not determine the fate of specific CD8
T-cell clones. Additional signals such as the degree of anti-
genic activation, contact time with antigen-presenting cells,
asymmetric division, and cytokine availability are forces
that determine the development of CD8 T cells into phe-
notypically, functionally, anatomically distinct populations.
Importantly, these qualitative features of the CD8/APC in-
teraction also impact the long-term survival of the evolving
CD8 T-cell response (145).

Among the key signals that drive strong CD8 T-cell re-
sponses, in vitro studies have shown that APC derived IL-12
can drive the proliferation and development of cytotoxic
CD8 T cells. In addition, combined IL-12 and IFNa induce
high levels of the cytolytic proteins, perforin and granule
associated enzymes (granzymes: A-M), inside CD8 T cells
that are required for in vivo antiviral activity. A specific set of
transcription factors, called T-box transcription factors tbet
and eomesodermin, are responsible for the cytolytic program
of CD8 T cells (146, 147). Another transcription factor,
Blimp-1, determines the effector function of CD8 T cells.
Originally first identified in B cells, Blimp-1 is important in
restricting and focusing the CD8 T-cell response. While
more virus-specific CD8 T-cell responses are generated in
the absence of Blimp-1 (148), the responses are less efficient
in killing, have lower granzyme B levels, and are unable to
fully differentiate into effector T cells.

The major role of CD8 Tcells is to rapidly and efficiently
kill virally infected cells through lysis. Target cell lysis occurs
in several steps, beginning with the recognition of a foreign
peptide in the groove of an MHC class I molecule on the
surface of a target cell. This interaction leads to a rapid
arming of the T cells that is preceded by the ligation of
coreceptors and adhesion molecules including LFA and
ICAM-1, that collectively create a mature adhesive immu-
nological synapse, also called the supramolecular activation
complex (SMAC) (149). The SMAC importantly creates a
tight seal around the interacting TCR/MHC complexes that
allows for a reorientation of the cytoskeleton and the cal-
cium-dependent release of cytotoxic granules into the target
cell. Cytotoxic granules are loaded with perforin, granulysin,
and granzymes within lysosomes coated with lysosomal-
associated membrane protein (LAMP)-1/-2 (CD107a/b).
Perforin acts as a delivery molecule, poking holes in the
target cell, through which granzymes and granulysins can
enter. The granzymes trigger apoptosis in the target cells by
activating caspase 3 involved in caspase proteolytic activity,
leading to the activation of the caspase-activating desoxy-
ribonuclease (CAD) (150). This nuclease acts as a DNAse
and degrades the target cell DNA. Furthermore granzymes
also activate the BH3 interacting domain (BID) that dis-
rupts the mitochondrial outer membrane, driving cellular
apoptosis. Additionally, beyond direct cytolysis, a small
fraction of CD8 T cells can also kill their targets via the
induction of apoptosis through the interaction of Fas-ligand
(Fas-L) on the CD8 T cells and Fas on the target cell.

In addition to their role in cytolysis, CD8 T cells also
secrete several proinflammatory antiviral cytokines, includ-

ing IFNg and TNFa, which indirectly contribute to the
antiviral host response. As mentioned above, IFNg can
regulate MHC class I expression, activation of TAP, increase
lysosomal activity, upregulate TRIM5a, APOBEC, and
tetherin. TNFa is also a chemoattractant and plays an im-
portant role in the activation of macrophages that may
contribute to the clearance of apoptotic debris. However,
TNFa can also bind to TNFR-I expressed on some target
cells and thereby drive direct killing.

In addition to cytotoxic CD8 T cells, a small subset of
CD8 Tcells evolve with regulatory T-cell activity. Regulatory
CD8 T cells are characterized by the expression of the
transcription factor FoxP3 and express CD122 and are CD28
low. While these cells are largely involved in limiting auto-
immune disease by the reduction of T-cell proliferation by
secretion of IL-10, for example, they have also been impli-
cated in limiting chronic immune activation in chronic viral
infections caused by viruses such as HCV, HIV and EBV to
prevent to immune-induced tissue damage (151, 152).

CD4 T-Cell Help for CD8 T-Cell Immune Responses.
Although potent primary CD8 T-cell responses can be in-
duced in the absence of CD4 T-cell responses, the estab-
lishment of long-lived, functionally robust memory CD8 T-
cell activity requires the presence of CD4 T-cell help (153).
Specifically, CD8 T-cell responses generated in the absence
of CD4 T-cell help may remain in an effector-like state, as-
sociated with the constitutive expression of the transcription
factor T-bet (154). These “unhelped” CD8 T cells develop a
spectrum of functional defects such as compromised cyto-
kine-producing capacity and diminished proliferative activ-
ity, often referred to as exhaustion (155). However, the
precise pathway by which CD4 Tcells help program CD8 T-
cell memory is not fully understood. In addition, it has been
shown that secretion of CCL3 and CCL4 by CD4 Tcells can
promote CD8 T-cell migration towards DCs (156). More-
over, CD4 T cells also appear to be essential in “licensing”
DCs via CD40L-CD40 interactions to provide optimized
signals to CD8 T cells during the priming process (157).
Third, CD4 Tcells also secrete IFNg, CXCL9, and CXCL10
required to direct CD8 Tcells to the site of infection, which
has been shown to play a role in HSV infection (158).

Furthermore, CD4 T cells also promote more effective
CD8 T-cell activity directly via the secretion of both IL2 and
IL21 (159, 160). While IL2 provides growth, survival, and
differentiation signals to responding CD8 T cells, IL21 has
been implicated in increasing the antiviral potency of CD8
T cells and increasing the production of granzyme and per-
forin. The importance of IL2 and IL21 signals in driving
more effective T-cell immunity has been shown in many
human viral infections, including HCVand HIV (161, 162).
Indeed, in LCMV infection of mice, it has been demon-
strated that CD8 T cells cannot control infection in the
absence of IL21 secretion by CD4 T cells (159, 160).

CD4 T Cells. While the initial steps of antigen recog-
nition by CD4 T cells through the TCR:MHC class II is
similar to that of CD8 T cells, CD4 T-cell differentiation
following activation is more complex because of the large
array of distinct differentiation pathways that exist for this
subset of T cells. Interestingly, CD4 T-cell differentiation is
tightly linked to APC interactions. APCs not only present
foreign antigens to CD4 T cell, but also produce cytokines
and express costimulatory molecules that ultimately pro-
gram CD4 T-cell differentiation, aimed at shaping CD4 help
in a pathogen- and tissue-specific manner. Thus APCs that
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integrate information through their innate immune receptors
can then selectively skew the lineage commitment of CD4
Tcells. There is evidence, however, that the commitment of
CD4 T cells to one effector function is not necessarily set in
stone and that under certain circumstances CD4 T cells can
revert to a different CD4 T-cell effector function, suggesting
that there is some plasticity in lineage development (163).
Yet among the CD4 T-cell lineages, at least seven distinct T-
cell subsets have been identified, each defined largely on the
basis of the transcription factors that define their lineage and
the cytokines that they secrete (Fig. 5).

TH1 CELLS. Th1 cells are induced in the presence of DC-
derived IL-12 andDCorNKcell-derived IFNg. The signature
cytokine of Th1 cells is IFNg, but they also secrete IL-2 and
TNFa. Th1 driven-IFNg secretion further potentiates the
Th1 profile, and autocrine IL-2 secretion promotes effective
T-cell proliferation. Th1 cells are further characterized by the
expression of the transcription factor t-bet (164). While Th1
cells are mainly involved in the control of intracellular/in-
travesicular bacterial infections, almost all viral infections
induce a strong Th1 CD4 T-cell response. Indeed, IFNg and
TNFa secreted by CD4 Th1 cells potentiates CD8 T- cell
immunity and contributes importantly to shaping the anti-
viral milieu. For example, it has been demonstrated that
influenza virus infection is less severe in the presence of pre-
existing Th1 CD4 T-cell response (165), and HCVand HIV
disease outcomes are improved in the presence of broad virus-
specific Th1 CD4 T cells (166, 167).

TH2 AND TH9 CELLS. The absence of IFNg signals and
the presence of IL-4 drives Stat6 expression and the devel-
opment of Th2 CD4 T cells. Stat6 specifically induces the
expression of the main Th2 transcription factor GATA3,
which is responsible for the activation and expression of Th2
cytokines including IL4, IL5, and IL13 (168). These cyto-
kines further upregulate GATA3 expression and thus rein-
force the Th2 lineage commitment bias. While the initial
source of IL4, required to drive the initial lineage commit-
ment is still unclear, basophils, eosinophils, and mast cells
can all produce IL-4 and have all been implicated as po-
tential catalysts if activated soon after infection. Critically,
Th2 cells are important for the immune response against
large extracellular pathogens and may play a role in the de-
velopment of antibody responses against some viral infec-
tions. Similarly, Th9 cells are directed against large
extracellular organisms and in particular against helminths.
This newly described subset is induced in the presence of IL4
and IL9 and characterized by the expression of the tran-
scription factor PU.1 and cytokine secretion of IL-9 (169).
Th9 cells have no known role in antiviral activity.

T FOLLICULAR HELPER CELLS. An important component in
the antiviral immune response is the humoral immune re-
sponse, mediated by B cells. A specialized subset of CD4 T
cells provide the help and instructions required to generate a
robust B-cell response upon infection, the T-follicular helper
(Tfh) cells. Tfh have a key role in the formation of germinal
centers within lymph nodes, the affinity maturation of B-cell
response, and the establishment of memory in the antibody
responses (170). Tfh cells are the only subset of CD4 Tcells
that are defined based on their location within the B-cell
follicle; although the cardinal cytokines produced by Tfh
cells is IL-21.

The differentiation process of Tfh cells occurs in three
phases: (a) initial differentiation towards the Tfh-lineage,

(b) migration into B-cell follicles where the cells interact
with B cells, and finally (c) maturation within germinal
centers. In the presence of DC-derived IL-6, IL-27, and IL-
12 (in humans), naïve CD4 T cells upregulate the tran-
scription factor BCL-6 and cMaf, which drive the expression
of the chemokine receptors CXCR5, ICOS, and IL-21. Tfh
cells now follow the chemokine gradient CXCL13 and re-
position themselves at the B-cell/T-cell border of the B-cell
follicle. Here, interaction with the cognate antigen pre-
sented on the B cell drives the further development of Tfh
cells. Tfh cells and B cells engage in a bidirectional inter-
action involving an array of receptors including CD40-
CD40L, ICOS-ICOSL, SLAM receptor family, PD1- PDL1,
and others to tune B-cell activity. During this process Tfh
cells further develop into germinal center (GC) Tfh cells
that secrete IL21 and express the transcription factor Bcl-6.

Potent, long-lived, antigen-specific antibody responses
hinge on the evolution of an effective GC reaction that
enables the selection of high affinity B-cell responses to target
foreign antigens. Within the GC, Tfh cells instruct B cells to
undergo somatic hypermutation (SHM) that drives affinity
maturation of the antibody response. CD40L and IL21 are
required for B-cell survival, proliferation, class switching, and
differentiation intomemory B cells. Second, they activate the
activation-induced deaminase (AID) enzyme that drives
both SHM and class switch recombination (CSR).

TH17 CELLS. Under specific inflammatory conditions, a
subset of IL17-producing CD4 T cells, Th17 cells, are in-
duced that regulate neutrophils, epithelial, and endothelial
cells (171). Th17 cells are induced in the presence of IL6,
TGFb, and IL1b, which drive the upregulation of the tran-
scription factor RAR-related orphan receptor g (RORg).
Th17 cells play a critical role in the maintenance of the
gastrointestinal tract microbial flora and control of bacterial
infections, but their role in viral immunity has been dis-
puted. However, while these cells may not contribute to
antiviral immunity directly, Th17 CD4 T-cell responses play
a critical role in dampening the immunopathology associated
with HIV, CMV, HCV, and likely other viral infections.
Specifically, following the extinction of nearly all mucosal
CD4 Tcells following acute HIV infection, elevated levels of
Th17 cells are associated with enhanced gut epithelial in-
tegrity, reduced immunopathology, reduced microbial trans-
location, and therefore lower systemic immune activation.
Additionally, Th17 cells may also contribute to antiviral
immunity via the maintenance of the microbiome that in-
directly shapes the immune response (172).

T REGULATORY CELLS. Regulatory T cells (Tregs) are a
suppressive subset of CD4 cells important for the regulation
of immune responses and a direct opponent of Th17 cells
(173). Two types of Tregs have been described: (1) naturally
occurring Tregs that are generated in the thymus (tTreg)
with a TCR repertoire biased towards self-peptides, and (2)
induced Tregs that emerge at later stages of infection (iTreg).
Thymus-derived Tregs require CD28 costimulation, TCR
engagement, and g-chain cytokines, such as IL2, critical for
the expression of FoxP3. However, IL-15, a second g-chain
cytokine, can also drive Treg generation. In contrast, iTregs
are induced following the release of TGFb and IL2.

Tregs are characterized by the demethylation of the Treg-
specific demethylated region (TSDR) in the FOXP3 locus,
high expression of the IL2 receptor (CD25), and low ex-
pression of the IL7 receptor (CD127). High IL2 receptor
expression permits Tregs to soak up most of the IL2 in the
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peripheral circulation, thereby competing with newly
primed or memory T cells for survival factors. However in
addition to this indirect regulatory activity, Tregs also secrete
IL10, TGFb, and IL33, which directly act to reduce in-
flammation and immune activation. Interestingly, while the
role of Tregs in antiviral immunity is unique to each virus,
Tregs play a key role in HSV infection in blocking virus-
specific CD8 T-cell mediated immunopathology and di-
rectly blocking excessive tissue immunopathology.

CYTOLYTIC CD4 T CELLS. Despite the dogma that CD4 T
cells are “helper” cells, a novel subset of CD4 T cells were
recently described that mediate direct antiviral effects. The
conditions under which CD4 T cells upregulate cytolytic
functions are not fully understood. Yet in mice, it has been
described that high levels of IFNa or the ligation of Ox40
and 41BB can drive the induction of a cytolytic CD4 T-cell
program similar to that of CD8 Tcells. Cytolytic CD4 Tcells
have a more terminally differentiated phenotype, with high
expression of CD57 and KLRG1, but their profiles are dis-
tinct from Th1 cells (174). Cytolytic CD4 Tcells seem to be
less potent than CD8 Tcells, but kill virally infected cells in
a similar fashion as CD8 T cells. Importantly, cytolytic CD4
Tcells have been implicated in protective immunity against
several human viral infections including influenza, EBV,
HCV, and HIV (175).

Humoral Immunity

Introduction
With the observation that immunity could be transferred
using cell-free blood components the importance of anti-
bodies discovered (176). It was postulated that the humoral
immune system is able to generate an infinite number of
antibodies with unique specificities that provide long-term
protection from reinfection.

B Cells
Cells are lymphocytes that develop in the bone marrow

from a common lymphoid progenitor. While still in the bone
marrow, the cells undergo VDJ recombination, resulting in
the rapid rearrangement of a set of genes in the variable
region of the immunoglobulin, encoded in the immuno-
globulin heavy (chromosome 14) and light (k-chain chro-
mosome 2 or l-chain on chromosome 22) chain loci (Fig.
7). During the rearrangement of the BCR, the heavy chains
are rearranged to contain 1 of 44 different V-gene segments,
27 different D-gene segments (similar to TCR b chains, only
the heavy chain contains D-gene segments), and 6 different
J-gene segments. The random selection of distinct segments,

linked to the stochastic and random repair mechanisms that
bring segments together, gives rise to an enormous diversity
within the B-cell repertoire. Importantly, failure to select
segments that produce a functional BCR or that generate
autoreactive antibodies results in the death of the B cell.
Conversely, successfully rearranged B cells can exit the bone
marrow as pre-B cells once they begin to express their im-
munoglobulin as a transmembrane IgM receptor and IgD
receptor.

Similar to Tcells, B cells circulate through the blood in a
resting inactive state, either as antigen-naïve B cells or an-
tigen-experienced memory B cells. However, upon en-
countering their cognate free-floating or APC-presented
antigen through their BCR, a unique transcriptional pro-
gram is turned on in the B cell, driving B-cell survival,
proliferation, maturation, and in some instances terminal
differentiation into antibody-secreting cells, which occurs
inside the GC. However, like Tcells, BCRs collaborate with
additional coreceptors to tune B-cell activation, including
CD21, which tunes the activation threshold of the BCR.

Both T-dependent and T-independent B-cell responses
can be induced during an immune response. T-dependent
antigens largely consist of protein antigens that are processed
by B cells after they capture antigens with their BCRs from a
specialized set of APCs, called follicular dendritic cells
(FDCs). B cells process antigens and then present them on
MHC class II to CD4 Tfh cells in the lymph nodes. Fol-
lowing Tfh recognition of peptide-MHC complexes on B
cells, T cells deliver survival and activation signals to B cells
by the ligation of coreceptors (CD40L) and the release of
cytokines like IL-21 and IL-4, which further drive B-cell
proliferation and survival. B cells that fail to present antigens
recognized by CD4 Tfh perish due to a lack of survival sig-
nals. Activated B cells differentiate into activated memory B
cells that cycle within the GC where they undergo extensive
clonal expansion, class switch recombination, and affinity
maturation to give rise to optimized BCRs that recognize and
clear the pathogen with greater efficacy (Fig. 8). This ex-
tensive maturation process gives rise to hypermutated high-
affinity antibodies that are thought to be critical in the
evolution of neutralizing antibodies that prevent many viral
infections. Additionally, through interactions with Tfh,
successful memory B cells receive signals to exit the GC as
long-lived memory B cells or bone-marrow destined plasma
cells that secrete copious amounts of antibodies for life. In
contrast, T- independent antigens are largely polysaccharides
that induce B-cell responses in the absence of Tcells through
extensive BCR cross-linking (largely by repeating antigens
on polysaccharide bacterial walls) and in conjunction with
the activation of danger signals such as TLRs. While T-

FIGURE 6 The IgH locus. The human immunoglobulin locus consists of two regions that give rise to either 1) the variable domain (Fab) or
the 2) the crystallizable/constant domain (Fc).TheFab is generated following the rearrangement and selectionof aV, aD, anda J segment that are
assembled and tethered to the Fc region, which is also selected following gene rearrangement and selection of a single constant gene segment.
Gene rearrangement requires the cutting out of excess DNA and religation of DNA ends, generating irreversible changes in the IgH locus.
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independent responses are lower affinity and are associated
with bacterial or parasitic pathogens, these responses are
induced rapidly and may play a critical role in the early
recognition and control of highly glycosylated viral glyco-
proteins, including HIV and Ebola virus envelope glyco-
proteins.

Importantly, antibodies circulating in the blood are pro-
duced by either long-lived plasma cells or short-lived plas-
mablasts (177). While long-lived plasma cells establish
lifelong residence in the bone marrow, where they are able to
secrete over 2,000 antibodies a second (178), short-lived
plasmablasts are only generated immediately after B-cell

FIGURE 7 The germinal center reaction. The germinal center reaction begins with an initial contact between B cells and cognate Tfh cells
through an array of different receptors such as PD1-PDL1, CD40-CD40L, ICOS-ICOS-L, and TCR-MHCII. This promotes extensive
proliferation of antigen-primed B cells. The GC cycle is thought to form two microanatomically distinct regions: the T-cell zone-proximal dark
zone (which contains proliferating centroblasts) and the T-cell zone-distal light zone (which contains centrocytes, follicular dendritic cell [DC]
networks and antigen-specific gcTFH cells). The expansion of antigen-specific B cells in the dark zone is accompanied by B-cell receptor
(BCR) diversification through somatic hypermutation and class switch recombination. Loss of binding through this process leads to apoptosis,
and only the best “binders” receive positive signals and enter the cycle again until they leave the GC as plasmablasts or memory B cells.

FIGURE 8 Distinct Fc-receptor expression profiles on distinct innate immune cells. Differences in Fc receptor expression profiles on
distinct innate immune cell subsets enable these cells to respond to antibody-opsonized material differently to promote control and clearance
of pathogens. Specifically, while NK cells and neutrophils largely express a single Fcg-receptor, FcgR3a, on NK cells and FcgR3b on
neutrophils, macrophages express nearly all Fc receptors including the two activating FcgR2a and FcgR3a receptors, as well as the sole
inhibitory FcgR2b receptor.
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activation and differentiation and are aimed at rapidly
generating large waves of antibodies to contain and/or clear
the infecting pathogen.

Antibodies
Antibodies consist of two antigen-binding domains (vari-
able domains, Fv) and a constant domain (crystallizable
domain, Fc). The presence of two identical variable domains
ensures higher avidity binding to the antigen of interest, and
the Fc domain provides instructions to the innate immune
system on how the targeted antigen should be destroyed.

Antibody Function
For most of the clinically approved vaccines, the generation
of antibodies able to block, or neutralize, the pathogen are
considered the correlate of protective immunity. This neu-
tralizing antibody property is mediated by antibodies that
can block key infectious units on the pathogen (i.e., viral
envelope proteins) or opsonize the pathogen in such a way
that infection may be sterically hindered. However, beyond
neutralization, antibodies mediate a remarkably broad array
of additional functions, including the classically defined
recruitment of innate immune responses. These include
antibody-dependent cellular cytotoxicity (ADCC) by the
recruitment of NK cells, antibody-mediated cellular phago-
cytosis (ADCP) by the recruitment of macrophages or
neutrophils, and complement-mediated killing by the re-
cruitment of the classical complement pathway.

Antibody Evolution
While the antibody that is produced early in the immune
response functions to immediately protect cells from subse-
quent waves of infection and begin to eliminate the path-
ogen, B cells have the capacity to undergo additional
genomic changes to produce antibodies with significantly
higher affinity for pathogens. This affinity maturation oc-
curs in the germinal center and results in the generation of
waves of lineages of B cells that produce closely related
antibodies with ever increasing affinities. Importantly, both
the Fab and Fc domains of the antibodies can be indepen-
dently optimized.

Somatic Hypermutation
During affinity maturation of B-cell responses, the vari-

able domain is diversified and optimized via a process known
as somatic hypermutation. The GC is a site of rapid B-cell
proliferation, and during this proliferation the immuno-
globulin locus undergoes a high degree of mutation, typically
at rates that are over a million times greater than the rates
seen in other genes. Although the genes and regulatory
signals involved in controlling somatic hypermutation have
not been completely identified, several components, in-
cluding the DNA editing enzyme activation induced cyti-
dine deaminase (AID) and several DNA structural elements,
have been shown to be necessary for efficient somatic hy-
permutation. Given the size of the variable region of the
antibody and the mutational rates, somatic hypermutation
typically results in the acquisition of a single amino acid
change per cell division, while the B cell remains in the GC.
Coupled with the rapid cell division that B cells undergo in
the GC (dividing every 6 to 8 hours), this results in the rapid
accumulation of additional mutations in GC B cells. Im-
portantly, because antigen-loaded APCs are present in only
limited numbers in the GC, each subsequent wave of so-
matically hypermutated B cells must compete for binding to
antigen and the resulting stimulatory signals (Fig. 8). B cells

in which mutations that negatively impact antigen binding
are rapidly eliminated via apoptosis because they can no
longer compete with other B cells for antigen binding. Not
surprisingly, GCs are sites of massive apoptosis, and these
apoptotic B cells are cleared by lymph node–resident mac-
rophages. However, when mutations that increase affinity
for a target antigen are introduced, the resulting B cells are
strongly positively selected, resulting in the outgrowth of
progeny cells with increased affinity for the antigen of in-
terest. These progeny cells can, in turn, undergo further
somatic hypermutation, increasing the affinity for the anti-
gen even further. Following multiple rounds of B-cell se-
lection and somatic hypermutation, large clonal repertoires
of B cells that target the pathogen with increased affinity are
generated, and these cells can exit the GC to become an-
tibody-secreting cells or memory B cells. Importantly, while
affinity maturation is required for the development of all
protective antibodies against all viral infections, neutralizing
antibodies against HIV emerge only in a fraction of infected
individuals because of the unusual characteristics of the
antibodies that are able to protect against this rapidly
evolving viral pathogen.

Constant Domain (Fc) Diversification
While somatic hypermutation diversifies the variable

domain of the antibody, increasing the affinity of the anti-
body for antigen, the constant (Fc) domain of the antibody
can also undergo diversification. This constant domain di-
versification is achieved via two modifications to the anti-
body Fc domain: (1) selection of one of four distinct Fc
isotypes (IgM, IgG, IgA, and IgE) or one of four IgG sub-
classes (IgG1, IgG2 IgG3, IgG4), and (2) variation in the
glycosylation of the antibody in the Fc domain. These
modifications alter the affinity of antibodies for various
classes of innate immune receptors (e.g., Fc receptors on the
surface of all innate immune cells or complement), thereby
altering the bioactivity of the antibodies against the infect-
ing pathogen.

Class Switch Recombination
Although the variable and constant (Fc) domains of the

antibody have distinct functional roles, their diversification
is tightly regulated and coordinated through a common
network of signals. For example, the enzyme, AID, is criti-
cally involved in somatic hypermutation of the variable
domain, as mentioned above, but it is also critical in CSR
that enables a B cell to select for different antibody isotypes
and subclasses, with each isotype and subclass possessing
different functional activities.

Upon B-cell activation, naïve B cells, which express an
IgM/IgD BCR, can select a different subclass or isotype by
the directed cleavage and recombination of constant region
segments in the IGH locus (179). In the human IGH locus,
the isotypes and subclasses are arranged in a particular se-
quence: IgM, IgD, IgG3, IgG1, IgA1, IgG2, IgG4, IgE, and
IgA2 (Fig. 7). Each subclass and isotype gene segment is
preceded by a unique switch region, which is the target of
the recombination machinery during CSR. When a partic-
ular isotype or subclass is selected, the recombination ma-
chinery loops out and permanently deletes all of the
intervening gene segments between the variable domain and
the targeted constant domain sequence. For example, when
the B cell transits from IgM/IgD to IgG2, all the gene seg-
ments encoding IgM/D/G3/G1 are all spliced out of the IGH
locus in that specific B cell. In this example, while this
particular B cell can never go back to produce an IgG3
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antibody, it does still retain the capacity to further produce
IgG4, IgE, or IgA2 antibodies.

CSR is a highly regulated process controlled by cytokines
and helper signals (180). While the precise signals are un-
known, IL-4 may selectively induce CSR to produce IgG4
and IgE (181, 182), whereas IL-10 induces CSR towards
IgG1 and IgG3 (183, 184). Moreover, beyond cytokines
alone, IgG subclass selection varies by infection and is re-
lated both to the inflammatory state induced by a pathogen
and the location of the pathogen (e.g., intra- vs. extracel-
lular) (185). Along these lines, HIV-specific IgG3 antibodies
have been proposed as biomarkers of acute HIV infection,
because of their enrichment during the first few weeks of
infection (186). IgG3 antibody levels decline quickly over
the first few weeks of infection and are rapidly followed by a
robust wave of IgG1 responses that dominate the chronic
phase of the disease (187). Most of the antibody responses to
viral antigens appear to be dominated by IgG1 and IgG3
antibodies, and IgG3 has been shown to mediate most ef-
fective virus neutralization among the IgG subclasses (188),
likely related to the long hinge region found in IgG3 anti-
bodies (189). Moreover, the protective nature of IgG3 re-
sponses has been repeatedly observed against intracellular
pathogens including malaria (185) and RSV (190). How-
ever, the importance of IgG3 in antiviral immunity was most
clearly illustrated in the first moderately protective HIV
vaccine trial, RV144 (191), which pointed to a critical role
for IgG3 responses in reducing the risk of HIV acquisition
(192, 193).

The order of the antibody subclass and isotypes is likely
not coincidental but potentially evolutionarily programmed
to allow for the selection of the most functional antibodies
(e.g., IgG3 and IgG1) early in an immune response, followed
by less inflammatory antibody subclasses in subsequent
waves of the immune response (e.g., IgG2 and IgG4). For
example, within the IgG antibodies, affinity for FCGRs, and
therefore immune function, follows the same order as is
encoded within the IGH locus with IgG3 harboring the
highest affinity for FCGRs, then IgG1, then IgG2, and fi-
nally IgG4, which demonstrates negligible FCGR-mediated
biological functionality. This enables new B cells to select
the most functional antibody subclass earliest in an immune
response and switch these out if they are ineffective.

FC GLYCOSYLATION. Although all antibody isotypes and
subclasses are glycosylated, the functional consequences of
IgG glycosylation have been the most well characterized. All
IgG antibodies are glycosylated at a single asparagine residue
(N297) within the CH2 domain of the Fc domain, and
modulation of the antibody glycan rapidly and potently al-
ters the inflammatory profile and effector functions of the
antibody (194). This complex, N-linked glycan, consists of
differing levels of four sugar moieties (galactose, sialic acid,
fucose, and N-acetylglucosamine) attached to a biantennary
core glycan structure. Particular glycan structures have been
shown to differentially affect the binding of the antibody to
various innate immune receptors, thereby modulating the
functional activity of the antibody. For example, antibodies
in which the glycan lacks additional galactose residues
(known as G0 antibodies) have been associated with in-
creased inflammation in HIV (195, 196) and chronic au-
toimmune conditions (197) and are known to drive
enhanced complement binding and activation (198). In
contrast, the presence of higher levels of galactose provides
the scaffold for the addition of terminal sialic acid residues,
which have been shown to have antiinflammatory activity

via binding to lectin-like receptors (199). Furthermore,
changes in the fucose and N-acetylglucosamine content play
a critical role in modulating antibody effector function,
whereas a lack of fucose (200) or the addition of the N-
acetylglucosamine (201) increases ADCC activity. Yet, be-
yond these well-characterized glycan structure:function re-
lationships, over 30 different glycan structures have been
identified in naturally produced antibodies, each with the
theoretical capacity to drive distinct effector functional
profiles.

Fc Receptors
All innate immune cells express Fc receptors, which al-

low antibodies raised by the adaptive immune system to
provide these cells with specificity to kill pathogens or in-
fected cells. In humans, Fc receptors (FcRs) exist for indi-
vidual antibody subclasses including FcaR (IgA), FcER
(IgE), and FcgR (IgG), with multiple family members be-
longing to each class of receptors. The broadest family of Fc
receptors include the FcgR family, with six different FcgRs
identified in humans. These FcgRs having various affinities
for IgG (high-affinity FcgRI, and low-affinity FcgRII and
FcgRIII), with several variants among the low-affinity re-
ceptors, including an activating FcgRIIA, the inhibitory
FcgRIIIB, a rare activating FcgRIIC, a transmembrane-
activating FcgRIIIA, and a GPI-anchored FcgRIIIB protein.
Moreover, within the activating FcgRIIA and FcgRIIIA
receptors, polymorphisms exist that confer increased affinity
to IgG molecules, including the 131H/R FCGRA variants
(the H variant has higher affinity) and the 158F/V FCGR3A
SNP (the V variant has higher affinity) recognized for their
ability to affect the clinical efficacy of monoclonal thera-
peutic intervention strategies (202). Importantly, the ex-
pression of these receptors is relatively restricted among
innate immune cell subsets, providing a level of regulation of
the specific innate immune effector cells that are able to
respond specifically to antibody targets. For example,
FcgRIIIA is expressed nearly exclusively on NK cells,
whereas FcgRIIIB is expressed predominantly on neutro-
phils. Conversely, monocytes, macrophages, and dendritic
cells express FcgRIIA and can upregulate FcgRIIIA ex-
pression upon activation. The expression of FcgRIIB is more
restricted and is highly expressed on B cells and dendritic
cells, aimed at regulating the activity of these cells.

Interestingly, in the context of infections, FcgR poly-
morphisms have been linked to both susceptibility and re-
sistance to several infectious diseases (203). Indeed,
differences in FcgRIIIA polymorphisms have also been
linked to differential risk of infection following vaccination,
including elevated risk of infection in the low-risk vaccine
category in the HIV vaccine trial, VAX004, in which the
158VV FcgRIIIA genotype was associated with enhanced
risk of infection (204). Yet, despite the effects of these po-
lymorphisms, FcgR expression is tuned rapidly during an
immune response to increase expression on innate immune
cells (205). These rapid changes allow innate immune cells
to respond instantaneously to pathogen-specific antibodies
to drive rapid clearance and control of infection. Although
neutralizing antibodies, able to block viral infection, are
largely considered the correlate of protection against most
viral infections, non-neutralizing, Fc-mediated antibody
functionality also contributes to antibody-mediated con-
trol against West Nile virus (206), HIV (207), and ebola
virus infections (207). In some instances, however, non-
neutralizing antibody effector functions can also potenti-
ate disease through the delivery of infectious particles to
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macrophages via immune complex uptake through Fc-
receptors, as has been shown for antibody dependent en-
hancement (ADE) in the setting of dengue virus infection.
Thus antibody Fc-effector functions represent a double-
edged sword that are critical for viral clearance but can also
be hijacked by viruses to enhance their capacity to gain
entry into the host. As we gain a deeper appreciation into
the antibody Fc-functions that provide the greatest levels of
protection, future vaccination strategies may be rationally
designed to selectively drive protective functional antibody
profiles that avoid any antibody-enhancing effects.

Summary
The innate immune system composed of physical barriers,
commensals, effector proteins, and an array of distinct im-
mune cells collectively act with near instantaneous speed to
protect against infection as well as set the stage for adaptive
immune responses. The adaptive immune system, composed
of T- and B-cell responses, represents an evolutionary marvel
that permits the generation of nearly an infinite number of
possible perpetually evolving, antigen-specific adaptive im-
mune cells able to recognize, control, clear, and destroy any
foreign antigen the immune system may encounter. How-
ever, the induction of this network of antigen-specific cells is
heavily influenced by the innate immune system that clearly
qualitatively shapes the functional activity of this arm of the
immune system. Thus, the two arms of the immune system,
the innate and adaptive arms, are intimately intertwined to
ensure the evolution of the most effective immune response
to ensure both the survival of the host following primary
infection but also long-lived memory to rapidly clear and
eliminate the pathogen upon reinfection.

Conclusion
Over the course of human evolution, we have developed
elaborate mechanisms to defend ourselves from the persis-
tent threat of viruses. Although many of the primordial
mechanisms evolved in humans still persist today as com-
ponents of our innate immune response to viruses, we have
developed more elaborate means to protect ourselves
through the evolution of the adaptive immunity. Thus the
collaboration of the innate and adaptive arms of the immune
system provides life-long immunity against these opportu-
nistic pathogens.

Immunity to viruses is still incompletely understood and
new cellular responses, innate sensing, and host restriction
factors are identified every year. However, several layers of
the antiviral immune response have been identified and
briefly summarized here:

1. The most superficial part of the antiviral defense sys-
tem is a layer of commensal microbacteria followed by
physical barriers that include keratinocytes of the skin,
mucus on mucosal surfaces, and several layers of mu-
cosal membranes that can sense invading pathogens
through PRRs. These layers are categorized as barrier
immunity.

2. Intertwined with the barrier immunity is the innate
immunity that senses invading pathogens based on
PAMPs that are unique to microbes. Several PRRs
have been discovered, including TLRs, NLRs, RIG-Is,
and CLRs, and it is likely that there are several more
still undiscovered. The sensing of the PAMPs happens
either extracellularly or intracellularly in phagocytes
(mDCs, pDCs, neutrophils, macrophages, etc.). These
cells respond to the respective PAMPs accordingly and

attract further cells of the innate and adaptive immune
system or trigger the upregulation of host restriction
factors such as TRIM5a, APOBEC, or tetherin.

3. A subset of the innate immune response, the NK cells,
can also recognize specific antigens of invading viruses
and are on the border of the adaptive immune re-
sponse, exhibiting memory.

4. The innate immune response shapes adaptive immu-
nity that consists of CD4 T and CD8 Tcells as well as
B cells. The development of adaptive immunity is
complex but the resulting immune responses are highly
specific for the invading pathogen and can form
memory that will protect against a secondary re-en-
counter of the pathogen.

5. CD8 Tcells are the main cell subset involved in killing
intracellular pathogens such as viruses, but CD4 Tcells
can also acquire this ability as well. However, CD4 T
cells are largely involved in generating a host of dif-
ferent functions required for the overall orchestration
of the immune response to any infection.

6. Simultaneously with the development of CD4 and
CD8 T cells, virus-specific B-cell responses develop
aimed at generating copious amounts of antibodies
that can attack the incoming pathogen. The matura-
tion and characteristics of these antibodies are dictated
in the GC by Tfh cells, aimed at generating both high-
affinity as well as functionally relevant antibodies.

7. Antibodies can have many different functions. Besides
neutralizing the agent, they can also recruit cells of the
innate and adaptive immune systems, via Fc-receptors,
to drive rapid control and clearance of pathogens. The
activity of antibodies is dictated by the constant region
of the antibody and may be exploited by vaccination
strategies.

Thus, with our evolving understanding of the immune
response to viruses, the opportunities to rationally develop
novel therapeutics and vaccine strategies to prevent infection
and/or disease are endless. Thus biomedical research efforts
must continue to dissect the remarkably rich complexity of
our immune response to viral infections and to provide in-
sights for the development of medical interventions to end
morbidity and mortality caused by these pathogens.
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Vaccines against viral infections are perhaps the greatest of all
biomedical achievements for preventing disease and im-
proving the public health. The most notable example is the
success of smallpox vaccination. The practice of variolization
(mechanical attenuation and intentional low-dose infection)
to reduce the virulence of subsequent smallpox infection was
started more than 1,000 years ago in India and China.
However, smallpox vaccination was first performed by Jenner
in 1796. This event marked the beginning of modern vaccine
development and the first clinical test of vaccine efficacy. An
expansive, sustained world health effort with global cooper-
ation and leadership in combination with creative ap-
proaches, like the ring vaccination campaign, resulted in the
1980 WHO declaration that naturally occurring smallpox
had been eradicated. Numerous other vaccines have had a
significant impact on the severity and frequency of viral dis-
eases, and many previously common viral illnesses are rarely
encountered in modern clinical care (Table 1). In particular,
vaccines against hepatitis A and B, poliovirus, measles,
mumps, varicella, and rubella have markedly reduced the
frequency of these infections in developed countries. Un-
fortunately, many of these infections remain major health
problems, particularly in communities who choose to opt out
of standard childhood immunizations (1) and in the devel-
oping world. A description of viral vaccines available for use
in the United States is shown in Table 2.

Effective immunization safely induces a vaccine-specific
host immune response capable of either preventing infection
or attenuating illness. Historically, viral vaccine immu-
nogens were created by either inactivating or attenuating
whole virus and were tested empirically with a rudimentary
understanding of basic viral pathogenesis or protective im-
mune responses. Newer generations of viral vaccines often
involve a detailed understanding of the virology and im-
munology specific to the pathogen and utilize molecular
biology approaches to produce vaccine antigens. This
chapter will review current viral vaccine practices and
concepts and indicate future directions for vaccine research
and development.

GOALS OF VACCINATION
The goal of immunization against viruses is to improve both
individual and public health by preventing or modifying
virus-induced disease in a person and preventing or reducing

the spread of infection in a population. When individuals do
not participate in vaccination efforts against epidemic dis-
eases, there are potential consequences for the person but
greater consequences for public health (2). Vaccination is
one of the few opportunities for a personal health benefit to
be amplified as a benefit to the greater population.

Prevention of Infection or Disease

Active and Passive Immunization
Immunization is defined as induction of an antigen-specific
host immune response by exposing the host to antigens
representing, or comprised of those in, the wild-type
pathogen. “Active immunization” to a virus can be induced
by natural infection or by vaccination. The term implies an
induction of immunological memory. “Passive immuniza-
tion” refers to a transfer of temporary immunity to the host,
which will not provide immunologic memory, but provides
transient immune-mediated protection from infection or
disease. The most common example of passive immunization
is the transfer of disease-specific immunoglobulins into a
host (3). In the cases of rabies and hepatitis B exposure, both
passive (immunoglobulin) and active (vaccine) immuniza-
tion are commonly used together to induce both rapid and
long-lasting protection. Currently, there is only one mono-
clonal antibody (mAb) approved and in widespread use
against an infectious disease. Palivizumab is used to prevent
severe disease from respiratory syncytial virus (RSV) in
premature infants. There are mAbs targeting HIV, West Nile
virus, Ebola virus, and other infections in development and
are likely to be used in future clinical practice for therapy or
prevention of specific viral infections.

Prophylactic Vaccination
Most vaccines are designed to prevent virus infection in the
individual. Inmost circumstances vaccine-induced immunity
does not completely block infection but prevents disease by
aborting or rapidly clearing infection through blocking
transmission of virus to the target organ or preventing the
indirect consequences of virus infections. Incomplete pro-
tection from infection has no clinical consequences for vi-
ruses that are typically self-limited and do not persist. For
example, the inactivated polio (Salk) vaccine prevents dis-
semination of the virus to the anterior horn cells but does not
prevent replication and shedding of poliovirus in the gut. The
licensed hepatitis B virus (HBV) and human papillomavirus
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(HPV) vaccines have a major goal of preventing a delayed
clinical consequence of viral infection, liver cancer, or cer-
vical, vulvar, vaginal, and anal cancers, respectively (4, 5).
For viruses like HSV, HCV, or HIV that can become per-
sistent or latent, vaccine-induced immunity to control or
prevent virus infection needs to be more stringent and be
achieved as soon after virus exposure as possible to prevent
or minimize the viral reservoir. This is one of the great
challenges in developing vaccines against these types of
viruses.

Postexposure Vaccination
In some cases, vaccines can be effective even when ad-
ministered after exposure to the pathogen, as for rabies and
hepatitis B. Notably, individuals can be protected against a
fatal outcome if vaccinia virus vaccine is administered up to
four days after variola exposure, despite the relatively rapid
progression of smallpox. For postexposure immunization to
work, the vaccine must be highly immunogenic, and success
is more likely when the pathogenesis involves a relatively
long incubation period between infection and disease onset.

Vaccination to Control Viral Reactivation
Some vaccines can also be used therapeutically after long-
term virus infection has become established in the host.
This could be done to bolster immunity and prevent re-
activation of latent infection or to induce additional im-
mune effector functions in order to control persistent
infection. The only licensed vaccine for postinfection pro-
phylaxis is targeted against herpes zoster reactivation that
may happen in persons with prior varicella infection as im-
munity wanes. Immunization of elderly adults with live-
attenuated varicella-zoster virus (VZV) vaccine during
latency reduces disease burden, the incidence of herpes
zoster, and postherpetic neuralgia (6, 7). Diseases such as
HSV-1, HSV-2, HCV, or HPV, which produce latent or
persistent infection with periodic clinical flares or long-term
clinical consequences, are candidates for therapeutic vaccine
development, although achieving new responses to clear
persistent virus in the setting of preexisting immunity is still
an unproven concept. HIV-1 is also a target for therapeutic
vaccine development, but the task will be more difficult for
viruses like HIV that cause immunological impairment as a
direct result of infection. Even for viruses like human pap-
illoma virus (HPV), for which there is an effective prophy-
lactic vaccine, the efficacy of therapeutic vaccination to
either clear persistent virus or to treat cervical cancer will be
difficult to achieve and will require a fundamentally different
approach.

Herd Immunity
As an increasingly large fraction of a population is immu-
nized against a particular pathogen, an indirect beneficial
effect occurs that is greater than anticipated relative to
vaccination rates. “Herd immunity” occurs as both trans-
mitters of virus and susceptible persons are reduced in the
population, and fewer incident cases of infection occur in
the unprotected portion of the population. This results in a
greater than expected decrease in the prevalence of infection
and also means that if only a few individuals are not im-
munized, they will benefit from the immunity of those
around them. This is an important consideration in the
protection of individuals who have impaired immune sys-
tems and may not have the capacity to respond to vacci-
nation. Rubella immunization is a practical example of herd
immunity. The major goal is to prevent fetal abnormalities
caused by intrauterine infection. Therefore, both males and
females are immunized in the United States even though
immunization has little direct benefit to males other than
prevention of a relatively mild illness. Another type of herd
immunity can occur when persons receiving live virus vac-
cines (e.g., oral poliovirus vaccine) transmit the attenuated
vaccine strain to other susceptible contacts (8, 9). While
this type of spread can improve vaccine coverage, depending
on the stability of the attenuating mutations, if vaccine virus
reverts to wild-type it could also have untoward con-
sequences. Understanding the concept of the basic re-
productive number (R0) of a pathogen in a population helps
to explain the concept of herd immunity. R0 is the number of
new infections that occur through transmission from a single
individual. If R0 is > 1, then epidemics will expand, and if R0
is < 1, epidemics will contract. If vaccinees are protected
from infection or if infected vaccinees have a shorter period
of shedding, the number of transmission events from each
infected person will drop. A rule of thumb to estimate the
percentage of protected individuals in a population needed
to achieve herd immunity is (1—(1/ R0)) · 100.

Disease Eradication by Vaccination
The ultimate goal of vaccination is to achieve disease
eradication. This is theoretically possible for viruses (like
variola) that have no animal reservoir, do not cause persis-
tent or latent infection, do not undergo major antigenic
change, and exhibit distinctive clinical signs of disease to
enable reliable recognition. Polio and measles meet these
criteria, and stuttering progress has been made in ongoing
efforts to eradicate these diseases through vaccination. Be-
yond those two, there are no viral diseases that are imme-
diate candidates for eradication. With the ever increasing

TABLE 1 Impact of licensed vaccines on annual prevalence of selected viral diseases reported in the United States

Viral disease Peak year(s) Peak prevalence Modern prevalence Percent reduction

Hepatitis A 1971 59,606 1,781a,b 97
Hepatitis B 1985 26,654 3,050a,b 88.6
Measles 1958–1962 503,282 187a,b > 99.9
Mumps 1967 185,691 584a,b 99.7
Polio 1951–1954 16,316 1a,b > 99.9
Rubella 1966–1968 47,745 9a,b > 99.9
Congenital rubella 1966–1968 823 1a,b 99.9
Smallpox 1900–1904 48,164 0 100

ahttp://www.cdc.gov/mmwr/preview/mmwrhtml/mm6253a1.htm
b2013 data.
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TABLE 2 Vaccines licensed in the United States for use against viral diseases

Vaccine Type Route Cell substrate Trade name/sponsor Commentsb

Adenovirus Live Oral Human diploid
fibroblasts

Barr Labs Inc Types 4 and 7 approved for
military personnel 17
through 50 years of age
and recommended by
DoD for military recruits
entering basic training

Hepatitis A Inactivated IM Human diploid
fibroblasts

Havrix/GSK
VAQTA/Merck
Twinrix (Hep A & B
combination)/GSK

Hepatitis B Recombinant
subunit

virus-like
particles

IM Yeast Recombivax HB/Merck
Energix-B/GSK
Twinrix (Hep A & B
combination)/GSK

Booster: in specific
circumstances (see ACIP
guidelines)

Human
papillomavirus

Recombinant,
virus-like
particles

IM Yeast
baculovirus

Gardasil/Merck
Gardasil 9/Merck
Cervarix/GSK

Types 6, 11, 16, 18
Types 6, 11, 16, 18, 31, 33,
45, 52, and 58

Types 16 and 18
Influenza
A H1N1 2009
Monovalent
Vaccine

Inactivated IM Embryonated
chicken eggs

No trade name/CSL
Limited

No trade name/
MedImmune LLC

No trade name/ID
Biomedical Corporation
of Quebec

No trade name/Novartis
Vaccines and Diagnostics
Limited

No trade name/Sanofi
Pasteur, Inc.

Influenza A and B Inactivateda

or live
IM or
intranasal

Embryonated
hen eggs

Insect cells

FluLaval/ID Biomedical
Corp of Quebec

Fluarix/GSK
Fluvirin, Agriflu, Flucelvax/
Novartis

Fluzone/Sanofi
Flumist (live)/MedImmune
Vaccines

Flublok/Protein Sciences
Corporation

Specific H3N2, H1N1, and
B strains selected
annually; trivalent and
quadrivalent compounds

Influenza H5N1 Inactivated IM Embryonated
hen eggs

No trade name/Sanofi Based on the Vietnam
Strain of H5N1; for
National Stockpile only

Japanese
encephalitis

Inactivated SQ Mouse brain

vero cell

JE-Vax/Research
Foundation for Microbial
Diseases of Osaka
University

Ixiaro/Intercell Biomedical

Booster: one year or more
from previous dose

Measles Live SQ Chicken embryo
fibroblasts

Attenuvax/Merck
M-M-R II (measles, mumps,
rubella combination)/
Merck

Proquad (measles, mumps,
rubella, varicella
combination)/Merck

(Continued)
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capability in genome sequencing and molecular biology,
even if a virus can be eradicated from nature, there will be
full-length genome sequences (e.g., polio) and laboratory
reservoirs (e.g., variola) that will remain.

IMMUNOLOGIC BASIS OF VACCINATION
AGAINST VIRAL DISEASES
Innate immune responses are an important component of
the immune system and provide an early, rapid-onset defense
against pathogens (see Chapter 16). These responses do not
require previous exposure, are generally not antigen specific,
and are not thought to confer immunologic memory. The
innate immune system is universal, and all cells possess some
inherent capacity for protection. In contrast, adaptive im-
munity is antigen specific and requires an activation and

amplification phase as it responds to a primary antigen ex-
posure. This is accomplished primarily through specialized B
and T lymphocytes and is characterized by immunologic
memory with the capacity for rapid, specific effector re-
sponses upon reexposure to a previously recognized antigen.
Many aspects of innate immunity intersect with elements of
the adaptive immune response by providing mechanisms for
recognizing threats, strengthening the engagement and ac-
tivation of adaptive responses, and even sharing effector
mechanisms.

Antiviral immunity is mediated by both innate and
adaptive immune responses. However, vaccine-induced im-
munity depends on immunological memory, which is an in-
herent property of adaptive immune responses. Vaccination
establishes preexisting antibody and memory populations of
Tand B cells that change the next encounter of a host with a

TABLE 2 Vaccines licensed in the United States for use against viral diseases (Continued)

Vaccine Type Route Cell substrate Trade name/sponsor Commentsb

Mumps Live SQ Embryonated hen
eggs and chicken
embryo fibroblasts

M-M-R II (measles, mumps,
rubella combination)/
Merck

Proquad (measles, mumps,
rubella, varicella
combination)/Merck

Poliovirus (IPV) Inactivated SQ Vero monkey
kidney cells

IPOL/Sanofi Serotypes 1, 2, and 3

Booster: offered for travel to
at-risk areas

Poliovirus (OPV) Live Oral Monkey kidney cells N/A No longer distributed in the
US

Rabies Inactivated IM or ID Human diploid
fibroblasts

Chicken fibroblasts

Imovax/Sanofi

RabAvert/Norvartis/GSK

2 formulations in US.
Purified chick embryo
cell culture (PCEC)
formulations are
contraindicated in egg
allergy patients

Booster: recommended for
at-risk populations

Rotavirus Live Oral Vero monkey
kidney cells

RotaTeq/Merck
ROTARIX/GSK

Bovine, pentavalent
vaccine attenuated
human virus vaccine

Rubella Live SQ Human diploid
fibroblasts

M-M-R II (measles, mumps,
rubella combination)/
Merck

Proquad (measles, mumps,
rubella, varicella
combination)/Merck

Smallpox, live Live ID scarification Vero monkey
kidney cells

ACAM2000/Sanofi

Varicella Live SQ Human diploid
fibroblasts

Varivax/Merck

Yellow fever Live SQ Embryonated
hen eggs

YF-Vax/Sanofi Booster: 10 years

Herpes zoster Live SQ Human diploid
fibroblasts

Zostavax/Merck

GSK=Glaxo SmithKline Biologicals; Merck=Merck & Co.; Novartis =Novartis Vaccines and Diagnostics Ltd; Sanofi =Sanofi Pasteur, SA; IM= intramuscular;
ID= intradermal; SQ= subcutaneous.

aInactivated influenza vaccine is administered intramuscularly.
bDurability and Booster information sourced from CDC.
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particular virus. Pre-existing antibody can reduce the initial
number of infected cells and pace of viral replication, re-
sulting in an attenuated disease course. An anamnestic re-
sponse refers to the rapid increase in serum antibody that
occurs after infection in a preimmune individual, indicating
the presence of B cells that can rapidly expand as plasma-
blasts to produce antibody. A higher precursor frequency of
virus-specific Tcells can also attenuate disease through subtle
changes in the timing and magnitude of responses. Vaccine
design, formulation, and delivery will influence the specif-
icity, quality, and location of T-cell responses and change the
clinical expression of a subsequent virus infection.While it is
the effector mechanisms of the adaptive immune response
that are responsible for directly mediating vaccine-induced
antiviral immunity, innate immune mechanisms are relevant
to the pattern and quality of virus-specific responses that are
predestined during the time immediately after vaccination.

Innate Immunity

Pathogen Recognition
Janeway predicted that the immune system had mechanisms
to recognize molecular patterns associated with pathogens
and coined the term PAMPs (pathogen-associated molecular
patterns) (10). That hypothesis has been validated through
the discovery and description of toll-like receptors (TLRs)
that recognize a variety of molecules typically associated
with microbial pathogens (11) (Fig. 1). Some of these TLRs
appear to have specifically evolved to recognize molecules
within endosomes associated with viruses including double-
stranded RNA (TLR-3) and single-stranded RNA (TLR-7
and TLR-8). Other pathogen recognition receptors (PRRs)
have evolved to recognize dsRNA in the cytosol such as the
RNA helicases, retinoic acid-inducible gene (RIG)-I, and
melanoma differentiation-associated (MDA) gene 5, or
protein kinase receptor (PKR) (12). TLRs have also been
noted to detect viral proteins such as the TLR-4 recognition
of the RSV F glycoprotein (13). Triggering TLRs and other

PRRs leads to an integrated set of responses by antigen-
presenting cells (APCs) through interferon regulatory fac-
tors (IRFs) and NFkB transcription factors that control the
induction of genes involved in the antiviral response. The
process of pathogen recognition is an important consid-
eration when designing the adjuvant and delivery vehicles
used in vaccine formulations (e.g., AS04 in Cervarix tar-
geting HPV [14–16]). These activating stimuli prepare the
immune system for recognizing specific antigenic sites on the
virus that can be targeted by adaptive immune responses.

Antigen Presentation
The principle antigen-presenting cell for initiating adaptive
immune responses are dendritic cells (DCs). The function of
DCs varies as they progress through successive stages of
maturation, the immature state generally being better for
phagocytosis and the mature state better for antigen pre-
sentation. In addition, there are subpopulations of DCs that
have distinct properties. In the future it may be possible to
engage selected DC subpopulations and direct the patterns
of immune activation. For example, plasmacytoid DCs
(pDCs) express TLR9 and are a major source of Type I in-
terferon (IFN) production. Activating pDCs during vacci-
nation might be expected to induce strong CD8+ T-cell
responses because of the known association of IFN-a and
memory CD8+ T cells (17). It may be possible to augment
pDC activation with CpGs, which are short palindromic
sequences in bacterial DNA that serve as a ligand for TLR9.
DCs usually first encounter antigen in tissue during an in-
flammatory event. After phagocytosis of the antigen or an
apoptotic cell that contains antigen, they become mobile
and traffic to regional lymph nodes. The mature DC in the
lymph node presents processed antigen as peptides in the
context of MHC class I or II molecules in combination with
costimulatory molecules to activate epitope-specific CD8+
and CD4+ T cells, respectively. Therefore, DCs are im-
portant for the initial immunization event and are also

FIGURE 1 Recognition of viral pathogens. Eukaryotes have evolved mechanisms to detect potential microbial pathogens as they
encounter the plasma membrane or penetrate the endosomal or cytoplasmic compartments of the cell. The molecules that interact with
microbe-derived ligands trigger signaling pathways that lead to inflammatory responses. Harnessing the coordinated regulation of immune
responses elicited by TLRs and helicases is a major focus of new adjuvant development for vaccines.
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important after exposure to a viral pathogen to rapidly carry
the viral antigen to lymph nodes to activate and expand
vaccine-induced memory T cells in response to infection.

Immune Modulation
Immune modulation refers to altering the pattern of the
immune response. This could involve the balance of re-
sponse at various levels of specificity. For example, immune
responses can be focused more on antibody or T-cell re-
sponses, CD4+ or CD8+ T cell responses, or Th1 or Th2
CD4+ T cell-responses. The patterns and characteristics of
the immune response are often determined by the milieu of
cytokines and chemokines and innate immune responses
present at the time of initial antigen encounter (18).
Therefore, vaccines are a powerful way to direct the pattern
of subsequent immune responses to viral pathogens. For
example, protein vaccines with alum adjuvants are more
likely to induce TH2 CD4+ T cells that produce IL-4,
products with oil-in-water adjuvant are more likely to
strengthen antigen uptake and activate CD4 T cells (19),
and gene-based vector vaccines are more likely to induce
Th1 CD4+ T cells and CD8+ T cells that produce IFN-g.
Similarly, combination adjuvant vaccines, i.e., TLR 7 ad-
sorbed to alum, demonstrate immune activation with high
antibody titers and Th1 induction (20–22).

Adaptive Immunity
Adaptive immunity involves the capacity for immunological
memory and for evolving improved antigen recognition and
effector functions after subsequent exposures to antigen. The
major cellular components of the adaptive immune response
include B and T lymphocytes. The relative importance of
these two arms of the immune response varies with the
particular viral infection. In general, antibodies are the
major mediator of resistance to reinfection with virus, and
CD8+ T cells are the major mediator of clearing virus-
infected cells. CD4+ T cells comprise diverse phenotypic
subpopulations. They can produce distinct cytokine and
chemokines critical for the induction of robust antibody
responses and important for “helping” CD8+ T cell re-
sponses; they also have potential for direct antiviral effector
functions.

Antibody
Antibody is the key vaccine-induced effector mechanism for
protecting against viral diseases. Antibodies are also a unique
effector element of the adaptive immune response that can
be maintained at protective levels prior to infection without
causing harmful inflammation. The importance of antibody
in protection against viral diseases has been demonstrated by
the efficacy of passively administered antibody. Successful
antibody prophylaxis has heralded subsequent vaccine de-
velopment for polio, measles, varicella, hepatitis A, and
hepatitis B. Passive antibody prophylaxis can also protect
against some diseases for which no vaccine is available such
as RSV and CMV, suggesting that active vaccination for
these infections may also be possible.

Antibodies are generally thought to protect by “neutral-
izing” viral infectivity. Neutralization specifically refers to
the property of reducing the number of infectious virus
particles. Viruses are neutralized in vitro by antibodies using a
wide variety of mechanisms. Antibodies can cause viral ag-
gregation to effectively reduce the number of infectious units,
inhibit virus attachment to cells, inhibit virus entry after
attachment by inhibition of virus-cell fusion, or inhibit the
release of newly formed virions from infected cells. Both

quantitative and qualitative features of antibodies affect neu-
tralization potency. These include concentration, antibody-
to-virus ratio, valency, state of polymerization, affinity,
avidity, isotype, ability to bind the polyimmunoglobulin
receptor (pIgR), ability to fix complement, and specificity
for a particular antigenic site (23). Additionally, antibodies
may control infection by mechanisms such as antibody-
dependent cell-mediated cytotoxicity (ADCC) where an
infected cell displaying viral antigen on the surface binds the
antigen-specific Fab region of the antibody. This allows the
Fc region of the antibody to bind to Fc receptors of ADCC
effector cells, classically CD16 on natural killer cells, re-
sulting in death of the infected cell. Supporting this, in vivo
studies of neutralizing antibody protection against simian-
human immunodeficiency virus (SHIV) suggest that the
presence of the Fc receptor is needed for optimal virus
neutralization and may be more important than complement
binding (24).

Ideally, vaccine-induced protection will be mediated by
antibody that has the right functional properties, magnitude,
and specificity to completely neutralize virus and provide
“sterilizing” immunity. Antibody is especially effective when
the target organ for disease is distinct from the initial site of
infection. For example, in measles, polio, hepatitis, or viral
encephalitis, where viremia is required to cause significant
clinical disease, vanishingly small amounts of preexisting
antibody can protect. However, it is rarely possible to elicit
sufficient antibody through vaccination to fully prevent viral
infection. As an example, respiratory virus infections are not
fully prevented through sterilizing immunity. Typically, re-
sponses to natural infection or vaccination limit infection to
the upper airway and diminish disease severity but do not
fully prevent infection. Therefore, vaccines that can induce
both antibodies and virus-specific CD8+ Tcell (cytotoxic T
cells) to rapidly eliminate residual virus-infected cells pro-
vide an extra measure of certainty that virus-mediated dis-
ease will be attenuated.

Specific antigen bound to the B cell receptor triggers
the B cell to proliferate and differentiate into antibody-
producing plasma cells. Initially, about 5 to 7 days after
antigen encounter, plasmablasts can be transiently found in
blood. Some plasma cells take up residence in bone marrow
where they can survive and maintain virus-specific antibody
in serum for years (25). B cells can also undergo differ-
entiation to become long-lived memory B cells. While these
memory cells do not secrete significant amounts of antibody,
they reside in the germinal centers of lymph nodes and ex-
press surface immunoglobulin that allows them to quickly
respond to a subsequent encounter with a specific antigen.
These subsequent encounters are responsible for initiation of
affinity maturation of the antibody response accomplished
through the process of somatic hypermutation.

Immunization can influence antibody-mediated im-
munity in many ways. First, by increasing the repertoire and
the frequency of immunoglobulin receptors on memory B
cells capable of recognizing a particular antigen, the kinetics
of antibody production on subsequent exposure will be more
rapid. Second, somatic hypermutation and B-cell selection
in lymph node germinal centers results in antibody that has
evolved from the original germline sequences. Therefore,
repeated virus infections or immunization can lead to affinity
maturation of antibodies. Consequently, multidose vaccine
regimens or vaccination prior to primary infection can im-
prove the affinity, magnitude, and duration of antibody
persistence. Third, immunization with a vaccine formulation
that promotes IFN-g production will increase the production
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of IgG1 and IgG3 subclasses. Complement fixation is
mediated by the CH2 region of the antibody Fc domain of
IgM, IgG1, and IgG3, and complement binding can some-
times improve the neutralization potency of antibody. In
contrast, IL-4 promotes IgE and IgG4 production, which are
less desirable responses and are also associated with allergic
reactions. Fourth, repeated immunization can improve the
breadth of antibody responses to a particular virus by re-
cruiting new responses to different antigenic regions. For
example, there are five major antibody binding domains in
influenza H3 hemagglutinin (HA) involved in virus neu-
tralization, and repeated exposures to HA are generally
needed to induce optimal antibody to all domains (26).

Some pathogens, particularly those with genetic varia-
bility, can misdirect the antibody response, including that to
vaccines, as a mechanism of immune evasion. This has been
characterized as “original antigenic sin” in the case of anti-
bodies to the receptor-binding domain of influenza (HA)
(27). B cells induced by past strains of influenza that rec-
ognize the rim of the sialic acid binding pocket can be
preferentially expanded by new drifted strains because of
their high precursor frequency, even though binding affinity
and neutralizing capacity may be limited. This delays the
induction of high-affinity antibodies that can neutralize the
new strain and emphasizes the importance of the initial
antigen priming event for the pattern and effectiveness of
subsequent immunity. Immunodominance is another phe-
nomenon that can prevent optimal antibody responses.
There are examples of this in antibody responses to HIV env
glycoprotein, gp160, associated with conformational states,
where the most immunogenic sites are not neutralizing tar-
gets, and antibodies associated with broad neutralization are
more difficult to achieve. Another example is influenza, in
which antigenic sights in the head domain of HA are the
most immunogenic but elicit antibodies that tend to be
subtype specific. Responses to the HA head dominate re-
sponses to the HA stem domain, which has epitopes that are
more conserved between subtypes and is associated with
eliciting broadly reactive herterosubtypic antibodies (28–
30). Therefore, identifying approaches that can induce more
durable responses to subdominant stem epitopes may reveal
strategies for developing a more “universal” influenza vac-
cine (31, 32).

CD8+ T Cells
T-cell responses (cell-mediated immunity) are essential
components of a successful immune response for many
pathogens, especially for viruses. T cells express T-cell re-
ceptors (TCR), which recognize specific peptide epitopes
bound to major histocompatibility complex (MHC) proteins
on the surface of antigen-presenting cells (APCs). The
cytotoxic lymphocyte (CTL) TCR recognizes a short 8 to
10 amino-acid peptide derived from an endogenously pro-
duced viral protein in the context of the MHC class I b2-
microglobulin heterodimer. Virtually all cells express MHC
class I molecules and can be recognized by CTLs if they
become infected by a virus. However, not all cells are
equipped to effectively initiate a CTL response. For vaccine
induction of virus-specific CD8+ T cells, the antigen con-
taining the relevant epitopes must be present in the cytosolic
compartment of a dendritic cell that can process the antigen,
be liberated by proteolysis, and the peptide be transported
into the endoplasmic reticulum where it can associate with
the appropriate MHC class I molecule. Antigen presentation
must then be accompanied by costimulatory signals that can
activate T cells with relevant TCRs to proliferate and dif-

ferentiate into effector and memory cells. The process is
facilitated by the cytokine milieu produced by the local in-
flammatory process and the APCs and can be attenuated by
the influence of CD4+ FoxP3+ regulatory T cells (Tregs).

The importance of CTLs in recovery from viral infection
is witnessed by the frequency of severe viral infections as-
sociated with cellular immune deficiencies, and by the di-
verse strategies viruses use to escape CTL killing (33).
Herpesviruses, poxviruses, and lentiviruses in particular have
evolved mechanisms for interfering with antigen pre-
sentation or effector molecules required for CTL activity.
The influence of CD8+ CTL memory on the outcome of a
subsequent virus exposure can be subtle and may depend on
the absence or presence of other components of the immune
response. The impact of the CTL response is critically de-
pendent on the timing of response and the efficiency and
specificity of cytolytic activity. The immune response gains
advantage in cases where virus replication and spread is
slower or when the immune response is accelerated. More
targeted, rapid killing of virus-infected cells and less by-
stander killing will reduce immunopathology and generally
improve the clinical outcome.

No vaccine based primarily on induction of CTL has
been licensed, and this is generally a secondary goal to an-
tibody induction in vaccine development. Advances in
polychromatic flow cytometry (34, 35) and other tech-
nologies such as CyTof (36, 37), Fluidigm (38), single-cell
evaluation by functional studies (39), and sequencing (40)
have made it possible to define functional subsets of T cells
with more precision (41) and may provide the necessary
tools for effectively targeting CTL induction in the future.
Preclinical studies and early-phase clinical trials have dem-
onstrated the potential for effectively inducing T-cell
memory with effector functions sufficient for protection
against viruses such as simian immunodeficiency virus
(SIV), hepatitis C virus, and Ebola (42–45). In addition to
memory phenotype, TCR specificity, and avidity, there are
other CD8 T-cell properties that may make them more likely
to contribute to effective immunity. For example, some
CD103+ CD8 T cells, termed tissue-resident memory cells,
remain in barrier tissues at mucosal surfaces and are poised to
rapidly recognize and clear virus-infected cells at the site of
initial inoculation (46). Also, high magnitude CD8 T-cell
effectors can be maintained against some epitopes in a
process termed “memory inflation” when induced by cyto-
megalovirus (CMV) vectors that can become latent and
sustain intermittent antigen expression (47). This provides a
pool of effector T cells that can rapidly respond to new in-
fections and could be exploited for vaccinating against
pathogens that require T cell-mediated immunity (48).

CD4+ T Cells
CD4+ Tcells recognize peptide epitopes associated with the
ab heterodimeric MHC Class II molecules present on pro-
fessional APCs. They have been categorized into an in-
creasingly complex array of subpopulations based on which
transcriptional regulator they express, the pattern of secreted
cytokines, and other functional properties (49–52). These
include not only traditional T-helper (TH) cells but also cells
involved in regulating inflammatory cytokine responses
(TH17 cells) and T-regulatory (Treg) cells that modulate
the function of CD8 T cells. These subpopulations are im-
portant in molding the overall pattern of the subsequent
immune response to viral infection and can be influenced
by vaccine design and formulation. For example, TH1 cells
are important for creating an interferon-g (IFN-g)-rich
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environment that promotes better cytolytic activity in CTL
and switching to more potent subclasses of antibody. TH2
cells produce IL-4, IL-5, IL-9, IL-10, and IL-13, which
promote B-cell growth and differentiation but can also be
associated with allergic inflammation. Another CD4 T-cell
subpopulation critical for vaccine-induced antibody re-
sponses are follicular T-helper (TFH) cells. TFH are CCR5+
cells that produce IL-21 and express the transcription factor
Bcl6. They are required for stimulating B-cell responses in
lymph node germinal centers (53). Antigen specific TH1
and TH2 cells can be detected following vaccination (54,
55), as can antigen-specific TFH. CD4 T cells can also pro-
vide direct antiviral activity in vivo (56–59), although the
contribution is less than that of CD8 T cells, which is con-
sistent with the limited distribution of MHC class II.

CD4+ T-cell epitopes are more numerous on viral pro-
teins than CTL epitopes (60), and some responses can in-
duce a protective immune response in the absence of B cells
or CTLs (57). CD4+ T cells secrete IFN-g, TNF-a, and
other soluble factors with direct antiviral activity. Interest-
ingly, the processes involved in establishing CD4+ T-cell
memory are distinct from those involved in CD8+ T-cell
memory responses (61). Antigen processing and pre-
sentation, unlike CD8+ Tcells, occur through the endocytic
pathway, so induction can be achieved by killed virus vac-
cines or even purified proteins and does not require live virus
or gene delivery approaches for cytosolic processing. CD4+
Tcells do not proliferate to the same extent as CD8+ Tcells
during primary infection, and those producing IFN-g only do
not survive as long-lived memory cells (62). In addition,
inducing antigen-specific CD4+CD25+FoxP3+ Tregs may
dampen other components of the adaptive immune response
and diminish effector T-cell mechanism upon subsequent
exposure to virus (63). The full impact of the complex role
of regulatory T cells remains under investigation but the
immune response to viral infection and vaccination is cer-
tainly affected by Treg activity (64–67). Therefore, the
overall pattern and impact of CD4+ T cell induction is an
important consideration in vaccine design.

Mucosal Immunity
Mucosal immunity refers to the local adaptive immune re-
sponse at mucosal surfaces, including oral, upper and lower
respiratory tract, gastrointestinal tract, and vaginal mucosae.
The mucosal surface is the primary portal of entry for most
viruses, and antigen-specific humoral and cellular immune
responses can be found at those surfaces. Theoretically, when
antigen-specific immunity can be induced at a mucosal site
at risk for future virus exposure, in addition to induction of
systemic responses, overall protection should be improved
(68). The live-attenuated nasally administered seasonal in-
fluenza vaccine is based on this principle (69). Poliovirus
vaccines provide an example of how mucosal immunity in-
fluences wild-type virus replication patterns. The in-
activated (Salk) poliovirus vaccine given parenterally
produces antibody responses that block transmission of po-
liovirus from the gut via the circulation to anterior horn
cells. This vaccine is highly efficacious for preventing pa-
ralysis but does not prevent infection and replication in the
intestinal mucosa. In contrast, the live-attenuated (Sabin)
poliovirus vaccine protects against infection and prevents
wild-type virus shedding. The importance of measurable
evidence of mucosal immunity for vaccine-induced pro-
tection against other viruses is controversial.

Traditionally, the hallmark of mucosal immunity has been
considered to be the presence of IgA. Dimeric IgA present in

plasma or produced locally is trancytosed through mucosal
epithelium and when associated with J chain protein binds
the polymeric immunoglobulin receptor prior to secretion.
IgA is thought to be particularly important for defense
against pathogens limited to mucosal surfaces, and the pri-
mary immunodeficiency described as selective IgA deficiency
may generally result in an increased risk of respiratory in-
fections, diarrhea, and autoimmunity. However, IgA defi-
ciency has not been associated with increased frequency or
severity of specific viral infections. Therefore, the im-
portance of specifically inducing IgA through vaccination is
not known. IgG antibody present in the systemic circulation
is also significantly involved in protection against mucosal
pathogens if present at a protective titer. In general tran-
sudation of IgG occurs more easily in the lung than in the
nasopharynx, and the intestinal tract is even more resistant.
IgA can be present at high concentrations in mucosal fluid
and is more resistant to proteolysis in that environment. The
concept of a common mucosal immune system where mu-
cosal immunity at one site confers protection at other mu-
cosal sites has been suggested experimentally (70–72).
However, in general, directly immunizing the mucosal sur-
face at greatest risk of exposure will improve protection at
that site. Although not well understood, this phenomenon
may be related to observations that suggest some effector
cells can remain in tissue for long periods of time at the site
of a prior infection or antigen exposure (71, 73).

FORMULATION, ANTIGEN CONTENT,
DELIVERY OF VIRAL VACCINES
Most licensed and investigational viral vaccines fall into one
of seven categories: live-attenuated vaccines or chimeric
viruses, inactivated vaccines, subunit vaccines, virus-like
particles, replication-competent or replication-defective
vectors, or nucleic acid vaccines (Table 3). The type of
vaccine used for a particular viral pathogen, its formulation
or adjuvant properties, antigen selection, schedule, and
route of administration will all have profound effects on the
types of immunological effectors induced. Therefore, vac-
cine design should be informed by an understanding of the
pathogenesis and the optimal form of immunity to a par-
ticular viral pathogen.

Adjuvants
Adjuvants are used to improve the magnitude, composition,
quality, and duration of vaccine-induced humoral and cel-
lular immune responses to viral antigens. Adjuvants have
typically been empirically derived from natural products
with immunostimulating properties. For example, the classic
Freund’s adjuvant is a derivative of mycobacterial cell walls.
Analysis of Freund’s adjuvant, which is a mineral oil emul-
sion containing an undefined mixture of trehalose dymico-
late, phospholipids, and lipopolysaccharides, led to more
distilled products such as monophosphoryl lipid A (MPL)
and MF59, oil-in-water emulsions. The active component in
ISCOMS (immune stimulating complexes) derived from
extracts of the soap bark tree (Quillaja saponariaMolina) was
found in the 21st HPLC peak of the bark extract, hence the
designation QS21.

The underlying mechanism of adjuvants has not been
well understood. Traditional adjuvant concepts suggesting
the importance of particulate antigen complexes, creation of
antigen depots to prolong antigen persistence, or induction
of nonspecific inflammation have given way to a more
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precise understanding of how the innate and adaptive im-
mune responses are linked. The discovery of TLRs and their
importance in pathogen recognition and immune activation
has led to new options for vaccine formulations based on
specific TLR engagement. TLR ligands trigger signaling
pathways that change the functional state of antigen-
presenting cells and thereby control the pattern and timing
of cytokine production, mobility, and expression of cos-
timulatory molecules. Selecting individual cytokines or
costimulatory molecules as vaccine adjuvants under-
estimates the complexity of the milieu and importance of
timing involved in nascent immune responses. Using TLR
ligands as vaccine adjuvants may avoid the unanticipated
problems that arise when using individual molecular ad-
juvants in isolation (74) and provides a more authentic
stimulus for generating primary immune responses. Many
empirically discovered adjuvants are now understood to be
TLR ligands. For example, muramyl dipeptide derivatives
and monophosphoryl lipid A stimulate TLR-2 and TLR-4,
respectively. Imidazoquinoline compounds such as imiqui-
mod and resiquimod have been found to be agonists for
TLR-7 and TLR-8 that are designed to recognize single-
stranded RNA. Palindromic CpG sequences found in bac-
terial DNA are recognized by TLR-9. Using TLR ligands as
adjuvants (75) or conjugates (76) will be an important
thrust of future vaccine development (22).

Antigen Targets
The antigenic content in the vaccine confers specificity to
the immune responses. For antibody-mediated protection,
the surface glycoproteins and capsid proteins of viruses
are the primary antigens to target in a vaccine-induced im-
mune response. These are the proteins associated with tissue
tropism, attachment, and entry. Most neutralizing antibodies
recognize conformational epitopes, so generally it is im-
portant to mimic the native structure as much as possible.
When possible, displaying antigens as virus-like particles or
in ordered arrays will tend to improve antibody responses
(77). In some cases (e.g., HIV-1) induction of broadly
neutralizing antibodies to viral glycoproteins is extremely
challenging because of the need for oligomeric structures,
conformational evasion, variable glycosylation patterns, ge-
netic variation, and highly antigenic regions that are func-

tionally unimportant but divert the recognition of
functionally important epitopes (78–80). There is usually
more than one antigenic site associated with neutralization
on a virus attachment protein, and to reduce the risk of
immune evasion, antibodies should be elicited to multiple
sites. Recent advances in human monoclonal antibody
identification and structural characterization of viral surface
glycoproteins and viral particles have significantly improved
the options for atomic-level design of vaccine antigens for
the elicitation of neutralizing antibodies (81). The best ex-
ample of this comes from the fusion glycoprotein (F) of
respiratory syncytial virus (RSV). Solving the crystal struc-
ture of neutralizing epitopes on the prefusion and postfusion
conformations of trimeric F (82) guided the molecular sta-
bilization of the pre-F conformation that displays multiple
neutralization-sensitive epitopes not present on the post-F
surfaces (83). In addition, the structural information pro-
vided the basis for designing a single scaffolded epitope that
was able to elicit RSV-specific neutralizing activity (84),
establishing a proof-of-principle for structure-based vaccine
design.

Antigen selection for inducing CD8+ T-cell responses
involves a different set of considerations. Since CTLs rec-
ognize processed peptide epitopes in MHC class I molecules,
all viral proteins (surface proteins, internal structural pro-
teins, and regulatory proteins) can serve as antigens because
they are all produced in the cytoplasm and are susceptible to
proteasomal degradation. Including a large portion of the
viral antigenic content allows the APC to select the ap-
propriate epitopes for association with the host MHC class I.
Theoretically, another approach would be to build designer
proteins with a high density of CTL epitopes separated by
flanking sequences susceptible to processing. There are also
theoretical advantages to using antigens that are produced in
high abundance and early in the virus replication cycle. This
might allow earlier recognition of the virus-infected cell and
more rapid clearance. In addition, there may also be ad-
vantages to using internal viral proteins because they are
typically more conserved in viruses capable of genetic var-
iation. The principles for developing vaccines based on
CTL-mediated protection are not well established at this
time, and no vaccine has ever been licensed based purely on
its ability to induce a T-cell response.

TABLE 3 Platform technologies used to deliver viral vaccine antigensa

Vaccine type Prototypes

Induction of
protective
antibody

Induction of
CD8+ T cell
responses

Potential
for mucosal
delivery

Live-attenuated virus Sabin polio vaccine (OPV), Flumist
influenza vaccine, rotavirus vaccines

+++ ++ +++

Chimeric live virusb Recombinant parainfluenza, measles,
or vesicular stomatitis virus

+++ ++ +++

Whole killed or inactivated virus Salk polio vaccine (IPV) or conventional
influenza vaccine

+++ +/ - +

Viral protein(s), virus-like particles HBsAg—Recombivax HB, Energix-B,
Twinrix, HPV—Gardasil

+++ +/ - +

Subunit proteins FluBlok rHA influenza vaccine, VZV gEb +++ - +
Replication-defective vectorsb Recombinant poxvirus or adenovirus vectors ++ +++ +++
Nucleic acidb DNA or mRNA + ++ +

aThis table focuses on antigen delivery approaches and does not attempt to include all the licensed (alum, AS03, AS04, MF59) or unlicensed (AS01b, ISCOMS, TLR
agonists) adjuvants that could be used to modify the formulations and properties of the vaccines.

bInvestigational status in humans although licensed veterinary vaccines utilize some of these platform technologies.
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Vaccine Delivery
The location and durability of vaccine-induced immune
responses are affected by route and schedule of vaccine de-
livery. Currently licensed live-virus vaccines are given on
mucosal surfaces orally (rotavirus and polio), by intranasal
spray (influenza), by needle and syringe (measles-mumps-
rubella and varicella), or bifurcated needle in the case of
vaccinia. Delivery of vaccines by needle and syringe intra-
dermally (ID) may provide dose sparing (85–87). This
finding has been demonstrated with the licensed hepatitis B
vaccine. Large-scale safety and immunogenicity studies were
conducted by the U.S. Army to evaluate the dose-sparing
potential of intradermal delivery for the licensed HBV
vaccine. ID delivery of the HBV vaccine was safe and in-
duced humoral immunogenicity at a lower magnitude (ap-
proximately 50% reduction) and a slightly lower frequency
of immune response than traditional intramuscular (IM)
delivery (88). As new vaccine technologies emerge, new
delivery approaches may include microneedles (89) or for
DNA vaccines, needle-free injection systems such as Bio-
jector� or Powderject�, or electroporation devices that
have been reported to improve antigen expression and im-
munogenicity (90, 91).

Delivery vehicles can provide mechanisms to codeliver
mixtures of antigens and adjuvant, protect antigens from a
harsh environment, control the timing of antigen release, or
carry antigens into subcellular compartments. A number of
carriers for delivery of vaccine antigens are in development.
For example, virus-derived proteins inserted into liposomal
membranes are referred to as virosomes. Virosomes con-
taining the hemagglutinin of influenza are used in licensed
products (outside the United States) to deliver vaccine an-
tigens for influenza and hepatitis A (41). ISCOMs are 40 nm
cage-like structures composed of lipids and saponins that can
deliver viral antigens to the cytoplasmic compartment for
processing and CTL activation (92). Microparticles or
nanoparticles produced from synthetic polymers can be
formulated with viral antigens or gene-based vectors for
controlled release or delivery to selected cells (93, 94).
Conjugates with carrier proteins also allow access to the
cytoplasmic compartment of the APC.

Schedule of Immunization
The schedule of vaccine delivery and concept of boosting is
critical for establishing durable immunologic memory for
many vaccines. In general, inactivated vaccines require at
least two doses in a naïve host to establish a significant
immune response. Even live viral vaccines benefit from
booster doses (e.g., measles booster in adolescents). Boosting
prolongs the duration of the memory immune response and
it may alter the character or breadth of the response by
expanding the repertoire of antigens that stimulate an im-
mune response (54,95–98). The classic indication of mem-
ory induction of the humoral immune response is isotype
switching from antigen-specific IgM to IgG production,
detected in the serum. Antigen-specific memory T cells may
be present even in the absence of detectable antibody re-
sponse as in the case of hepatitis B vaccine nonresponders
(those with a negative hepatitis B titer following the last
vaccination in the series) (99).

Homologous boosting with the same vaccine is used for
most licensed vaccines (e.g., hepatitis A or B). Heterologous
boosting or the concept of using one vaccine approach for
priming and an alternative vaccine approach for boosting
(prime-boost) may be important in the development of

vector-based vaccines (100, 101) or for focusing the immune
response on a particular antigenic site (102). Empirically it
has been observed that as the interval between priming and
boosting increases, the magnitude of the immune response
improves (103). More recently, the importance of the length
of time between the prime and boost has been clearly
demonstrated (104–106). Considerations must be balanced
between lengthening the vaccination schedule for poten-
tially improved efficacy, and shortening the schedule for
efficiency, compliance, and earlier protection. Some insight
into the value of lengthening the prime-boost interval has
been gained by understanding the basic biology of T-cell
memory. After immune stimulation, lymphocytes evolve
through an activation phase in which cells are highly
functional but susceptible to apoptosis from excessive stim-
ulation. As the acute phase of the response resolves, a
population of memory lymphocytes is established with the
capacity for rapid expansion rather than apoptosis after an-
tigen stimulation (107). As the tools for immune assessment
improve, the rules for prime-boost interval may be better
tailored for each vaccine modality and be supported by a
stronger scientific basis.

LICENSED VACCINES FOR VIRAL DISEASES
There are now licensed vaccines for preventing disease
caused by 15 viral pathogens and over 27 viral subtypes in
the United States (Table 2). They can be divided by live
viral vaccines and nonreplicating viral vaccines. The fol-
lowing sections discuss their general properties. The reader
should also consult the pathogen-specific chapters for details
on their use.

Live Viral Vaccines
Viral vaccines that contain live or replication-competent
forms of the targeted viral agent are referred to as “live virus
vaccines.” In live virus vaccines, the infectious virus is at-
tenuated genetically, by host range characteristics, or by
route of delivery to reduce virulence. Attenuated viruses are
sometimes derived from naturally occurring isolates found to
have low virulence or altered tropism (e.g., poliovirus 2). In
most cases they are generated by performing serial passages of
the virus in cell lines from an unnatural host. The underlying
mechanism responsible for attenuating a pathogen during
serial passage is due to spontaneous mutations that are se-
lected by adaptation to the conditions of repeated passage in
embryonated eggs or cell culture. Some of these mutations
are associated with diminished pathogenicity in humans.
Another source of live attenuated vaccine viruses comes
from the “Jennerian” approach. Related viruses that have
another species as a natural host are often highly attenuated
in human hosts (e.g., rhesus or bovine rotavirus vaccines). In
the case of adenovirus, the wild-type virus with natural
tropism for the respiratory tract is delivered through the
gastrointestinal tract, thereby attenuating virulence by
avoiding the preferred tropism.

Live virus vaccines induce immune responses that closely
mimic those of the wild-type virus, including the display of
surface glycoproteins in their native conformation, the pri-
mary target of neutralizing antibodies. Live viral vaccines
typically activate all components of the immune response.
Both antibody responses and virus-specific T-cell responses
(including CD8+ T-cell responses) are induced to the
potentially protective antigens contained in the virus. The
entire antigenic content of the pathogen is delivered by the
live virus vaccine approach, and the antigen load is ampli-
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fied by replication. Another advantage of live virus vaccines
is that they can often be delivered to susceptible mucosal
surfaces and elicit mucosal immune responses. Live viral
vaccines are also associated with more durable immune re-
sponses and generally require fewer and less frequent booster
vaccinations (108, 109). While there may be immunologic
and protective advantages to the live virus vaccine ap-
proach, live vaccines may also have increased potential for
adverse events. In rare cases, live vaccines may induce a mild
or attenuated form of disease. Live virus vaccines are gen-
erally contraindicated in immunocompromised patients and
pregnant women or in patients in close contact with im-
munocompromised individuals due to the risk of viral
shedding and transmission in the postvaccination period
(110). While many live virus vaccines are generally easy to
manufacture, the production in mammalian cell substrates
could introduce unexpected contaminants, virulence prop-
erties can change, and they are more susceptible to adverse
storage conditions.

Nonreplicating Viral Vaccines
Many killed or inactivated and subunit viral vaccines have
also been licensed for the prevention of viral diseases (Table 2).
These vaccines generally require at least two doses to
invoke the optimal immune response and are generally
safe and well tolerated. The major advantage of properly
inactivated vaccines is that there is no risk of infection in
the vaccinated patient or transmission of live virus to po-
tentially immunocompromised close contacts of vaccinees.
A disadvantage of inactivated or killed vaccines is that they
typically require multiple booster injections in the primary
series or later in life to maintain a protective immune re-
sponse in the majority of individuals. Inactivated influenza
vaccines grown in eggs have been used since the 1940s.
Hepatitis A vaccine is an example of an inactivated virus
vaccine where formulations are produced by infecting hu-
man diploid fibroblast cells lines (MRC-5) with hepatitis A
virus strains that are attenuated in humans. Virus from the
infected cell line is formalin-inactivated to produce a non-
live vaccine product (111). Hepatitis B vaccine represents a
nonlive, subunit vaccine formulation. Subunit HBsAg vac-
cine is produced in yeast by recombinant DNA technology
(112). The vaccine is noninfectious but can induce transient
serum HBsAg positivity (113). The vaccine is given in a
three-dose schedule to infants, adolescents, or adults and
results in seroconversion in > 90% of patients who receive
the three-dose regimen (5). Vaccines for both HPV and
hepatitis B viruses have also been licensed utilizing virus-like
particle (VLP) technology (Engerix-B and Cervarix, Glax-
oSmithKline; Recombivax-HB and Gardasil 9, Merck &
Co.). VLPs mimic viral structure but lack genetic material
needed to allow for replication, yielding noninfectious and
efficient antigen presentation (114). A VLP-based vaccine
for hepatitis E virus has been licensed in China (115–117)
and additional research on VLPs for a broad array of viral
targets including alphaviruses is ongoing (118).

Substrates and Additives in Vaccine
Manufacturing
In the United States viral vaccines are regulated by the U.S.
Food and Drug Administration Center for Biologics Evalu-
ation and Research (CBER). Most viral vaccines are pro-
duced in cell substrates that involve mammalian, avian,
insect, or bacterial cell culture. Good manufacturing practice
(GMP) requires rigorous record keeping and validated
standard operating procedures that minimize the risk of

contaminants or adventitious agents (119). Vaccine prepa-
rations are produced in bulk and stored or formulated with
diluents, adjuvants, and preservatives before packaging.
Each step in the process in highly regulated biological
products is complex and raises many theoretical issues that
may require clinical consideration and must be balanced for
each individual against the personal and public health
benefits of vaccination. For example, the preservative thi-
merosal is an organomercurial compound used in trace or
small amounts in only a few vaccine preparations (120).
Thimerosal is metabolized to ethylmercury and has been
controversial because of the neurotoxicity associated with
methylmercury. Ethylmercury is more rapidly excreted than
methylmercury, and thimerosal has been given to animals
and humans at doses well above 1 mg/kg without evidence of
toxicity. The highest ethylmercury content in a 0.5 ml dose
of any currently licensed vaccine is approximately 25 mg, and
extensive clinical studies have not shown a causal rela-
tionship between thimerosal and neurological events (121).
However, because of ongoing unsubstantiated public per-
ception that it may be associated with neurocognitive or
neurotoxic events and diseases such as autism, and ongoing
efforts to improve vaccine safety and confidence, thimerosal
has been removed from most licensed viral vaccines, espe-
cially childhood vaccines (120).

CLINICAL MANAGEMENT
OF VACCINATION
Vaccination Schedules
The childhood and adult viral vaccine dosing schedules
are routinely updated and listed in complete form by the
US Centers for Disease Control and Prevention at http://
www.cdc.gov/vaccines/schedules/index.html and by the
World Health Organization at http://www.who.int/topics/
immunization/en/index.html.

When a vaccine regimen is given as a series of doses, the
question may arise about what to do in the case of missed or
delayed doses. In general, it is not recommended or immuno-
logically necessary to repeat or restart a vaccination regimen or
schedule. The vaccine schedule should be continued where it
was left off, regardless of the duration of time since prior vac-
cination. If there is concern regarding compliance and im-
mune response following the last dose of vaccine in a series, an
antigen-specific antibody titer can be measured in patient se-
rum to determine if the patient has developed an appropriate
immune response. For example, in the case of the licensed
hepatitis B vaccine, an anti-HBs antibody titer of ‡ 10 mIU/
mL, determined by commercially available immunoassay,
correlates with protection from infection.

Live and killed viral vaccines can be administered si-
multaneously as recommended in published vaccination
schedules (http://www.cdc.gov/vaccines/schedules/index.html).
The general recommendation for administering multiple live
vaccines is to administer them on the same day, or if that is
not possible, to separate live vaccines by at least four weeks
to allow for an optimal immune response to each vaccine.
The recommendation is based on the premise that in the
acute period of immune response to a live vaccine, addi-
tional immune responses to other live vaccines could be
diminished because of innate immunity. Combination vac-
cines, with multiple vaccines coformulated and therefore
coadministered have become increasingly common, both
for ease of administration and improved compliance. Only
licensed combination vaccine products that have been
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rigorously tested for safety, stability, and immunogenicity in
combination with other vaccine(s) should be coadministered
in a single syringe. Health care providers should follow
manufacturers’ guidance and label information and should
not prepare off-label formulations or combinations of vac-
cines by combining separate vaccines into a single syringe
at the time of vaccination. The formulations of different
vaccine products may be incompatible or antagonistic and
significantly alter the chemical and antigenic properties of
the vaccine products. This type of off-label practice could
potentially lead to adverse events or reduction of the vaccine-
induced immune response.

It is important to review the recommended vaccine
schedule on a routine basis. The recommendations change
periodically in response to outbreaks of disease or newly
available vaccine products. For example, after several years of
fewer than 300 reported cases of mumps per year, there was a
multistate outbreak in 2006 with 6,339 cases reported. These
were primarily in college age students with a median age of 21
(122). The surge in U.S. mumps cases was preceded by a large
increase in mumps in the United Kingdom in 2005. Many of
the infected persons had been vaccinated, but it is likely that
waning immunity, particularly in persons who had not re-
ceived at least two doses of MMR vaccine, was in part re-
sponsible. Adolescents should receive a booster dose of
MMR vaccine, especially if they plan to attend college or live
in settings such as dormitories where crowding may exist.
Vaccine-induced immunity is not as long lasting as immunity
induced by natural infection, and as infection dynamics
evolve, vaccination schedules and clinicians will need to
adapt. For example, although the United States declared
measles eliminated in 2000, there was a multistate outbreak
in 2014 with 668 cases from 27 states reported and 178 cases
reported in the first half of 2015 (123). The surge in measles
cases in the United States has been linked to transmission
among unvaccinated communities and was preceded by a
large increase in measles in the Philippines in 2014.

An important consideration in the resurgence of these
vaccine-preventable diseases has been the opting out of
recommended vaccination schedules. Whether based on
fears concerning autism links (124, 125), waning belief for
the need for vaccines in the face of declining incidence rates,
or general antivaccine sentiments, complacency and skep-
ticism have driven diminished protection (126–128). Out-
breaks of HiB, varicella, measles, and pertussis have resulted
from the popularity of nonmedical exemptions for vaccines
granted in many states (129–132). In response, and to pro-
tect infants, adolescents, and immunocompromised pop-
ulations, some US states have enacted restrictions to
personal belief exemptions in order to achieve immunization
specifically against childhood diseases.

Contraindications to Vaccination
Prior to each vaccination the health care provider should
assess the patient for possible contraindications to vacci-
nation, including a history of adverse or allergic reactions to
a previous vaccination, underlying illness, or allergy. For live
vaccine administration the provider should assess the pos-
sibility of immunodeficiency or the potential for patient
contact with an immunocompromised individual. Vacci-
nation is contraindicated if there is a known hypersensitivity
to the vaccine or to any of the vaccine components. Egg and
gelatin allergies are important considerations because of the
potential for reactions to vaccines that contain them and the
prevalence of sensitivity of those components. Allergy
consultation may be recommended if vaccination is neces-

sary and there is concern about a potential vaccine or vac-
cine component allergy.

Vaccination of Immunocompromised Individuals
The issue of which viral vaccines should be administered to
immunocompromised individuals is complex. Factors that af-
fect the decision include the degree and type of im-
munosuppression, the overall state of health of the patient, and
the type of vaccine to be administered. In general, the most
effective way of protecting people with immunodeficiencies
from vaccine-preventable diseases is to make sure the people
around them are well vaccinated and are not transmitters of
infection. If immunization is necessary, the focus should be on
nonreplicating vaccines. Schedules for vaccinating selected
subgroups of immunocompromised individuals can be found
on the second page of theRecommendedAdult Immunization
Schedule Table at the CDC web site http://www.cdc.gov/
vaccines by following the link to “immunization schedules.”

Live viral vaccines are generally contraindicated in im-
munocompromised patients and in some cases if the patient
has close contact with an immunocompromised person (i.e.,
smallpox vaccine). Patients undergoing chemotherapy or
radiation treatment should avoid live viral vaccines, but in
some cases (i.e., varicella) their close contacts should be
vaccinated to protect the immunocompromised patient.
Measles and varicella vaccine can be administered following
cessation of chemotherapy (> 3 months or later for measles),
if no other contraindication exists. Live viral vaccines, such
as varicella or smallpox vaccine, are contraindicated in se-
verely immunosuppressed individuals because there is a risk
of disseminated infection with the vaccine virus that can be
severe in these patients. Disorders associated with T-cell
immunodeficiency are associated with severe disease more
often than immunoglobulin disorders. An exception to this
is severe enterovirus infection (including poliovirus) in
persons with immunoglobulin deficiency.

Nonreplicating viral vaccines do not pose an increased
risk to immunocompromised individuals, although the re-
sponse to a vaccine may be diminished or absent depending
on the ability of the adaptive immune system to recognize
and respond to the vaccine antigens. For example, immune
response to influenza vaccine has been shown to be reduced
in some children with malignancy (133). Persons with renal
failure on dialysis often do not make a sufficient antibody to
hepatitis B vaccines that are otherwise extremely immuno-
genic (134). As noted, it is best to vaccinate when host
responses are intact and to otherwise follow the national
guidance for immunization of persons with selected im-
munodeficiencies.

In the case of pregnant women, guidelines suggest specific
vaccinations before, during, and after pregnancy. Tetantus,
diphtheria, and pertussis (TDaP) and influenza vaccination
are approved and specifically suggested during pregnancy,
and additional inactivated vaccines can be administered
although discussion with health care providers is recom-
mended (135).

Adverse Effects of Vaccination

Expected Adverse Events
Vaccines are an important public health measure and pro-
vide a safe and effective method to prevent infectious
disease. Occasionally, vaccines have been linked to adverse
events. Vaccine-related adverse events may be expected
with systemic or local reactogenicity, as manifested by mild
fever, myalgia, malaise, or vaccination site pain, tenderness,
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and erythema. These reactogenicity symptoms are transient
and in most cases, antibiotics, antiinflammatory agents, and
topical medications are not required.

Allergic Reactions
In rare cases, unexpected adverse events may occur, in-
cluding anaphylaxis resulting from an allergy to a vaccine
component. Potential causes of vaccine-related anaphylaxis
include reactions to residual egg or chicken protein in vac-
cines grown in chick embryo fibroblasts, or reactions to
gelatin, which is a preservative in many vaccine for-
mulations. Viral vaccines, which may contain trace amounts
of egg or chicken protein and therefore are contraindicated
in egg-allergic patients, include yellow fever vaccine and one
formulation of the rabies vaccine. Although produced in a
chick embryo fibroblast cell substrate, MMR vaccine is not
contraindicated in egg-allergic patients due to a lack of egg
or chicken residual proteins in the final vaccine product.

Measles, mumps, rubella, varicella, Japanese encephalitis,
yellow fever, and smallpox vaccines contain gelatin as a
preservative and are contraindicated in individuals with a
history of gelatin allergy. Once a patient has had an allergic
reaction to a vaccine, or combination of vaccines, further
vaccination with those vaccines or with vaccines containing
the same components should be avoided and only recon-
sidered after a careful allergy evaluation is performed. Con-
sultation with an allergist is indicated if allergy to a vaccine
or to vaccine components is suspected.

Severe Rare or Idiosyncratic Adverse Events
Related to Vaccination
The National Childhood Vaccine Injury Act of 1986 and
The Vaccine Injury Compensation Program (VICP) (es-
tablished 1988) were established by the U.S. Congress as a
“no fault” alternative to financially compensate patients or
the families of patients who suffer from vaccine-related in-
juries. Viral vaccines covered by the VICP include hepatitis
A, hepatitis B, HPV, seasonal influenza, measles, mumps,
rubella, polio, rotavirus, and varicella. The VICP Vaccine
Injury Table details the covered adverse events and time
intervals from vaccination for each of the vaccines (136).
Adverse events included in the table are anaphylaxis for
most vaccines, encephalitis for MMR, chronic arthritis for
rubella vaccine, and thrombocytopenic purpura for measles
vaccine. While rare, if these adverse events occur within a
specified time period after vaccination, and no other cause
for the event can be identified, the patient may have a claim.

Prior to vaccination, health care providers should pro-
vide the patient or their guardian with a Centers for Disease
Control and Prevention (CDC) Vaccine Information
Statement (VIS) (137). This is required under U.S federal
law for all vaccines covered by the VICP. It is strongly
recommended for all other vaccines. The CDC routinely
updates current VIS forms on the CDC website to be
printed by providers and their staff. The provider should
document the date and version of the VIS form and note
that the VIS was provided in the medical record for each
vaccination.

Severe vaccine-related adverse effects are uncommon,
but the following section highlights several examples and
the mechanisms implicated.

Smallpox
Routine smallpox vaccinations in the U.S. civilian pop-

ulation were discontinued in 1972 but were continued in the

U.S. military until 1990. Due to concerns about the possible
risks of bioterrorism attacks, the U.S. military and a portion
of the U.S. civilian population began to receive smallpox
vaccination again in the winter of 2002–2003. Although
individuals at increased risk for predictable vaccine-related
adverse events were excluded, an unexpected adverse event,
myopericarditis, was seen in approximately 1 in 12,000
primary vaccinees (usually within 30 days) following Dryvax
vaccination (138). This finding, along with previously
documented risks of adverse events, has led to multiple
contraindications for prophylactic smallpox vaccination,
including past or present atopic dermatitis, compromised
immune system (HIV/AIDS, autoimmune disease, most
malignancies, immunosuppressive medications), known or
possible coronary artery disease, cerebral vascular disease,
pregnancy, and breastfeeding. In the event of a smallpox
outbreak or exposure, these contraindications would likely
be disregarded and public health officials would make re-
vised recommendations at that time.

Respiratory Syncitial Virus (RSV)
A formalin-inactivated whole virus RSV vaccine (FI-

RSV) was studied in infants and children in the 1960s, when
Tween-ether and formalin-inactivated measles virus was still
being used. The RSV vaccine did not prevent infection and
was associated with enhanced disease that was particularly
severe in the youngest age group < 6 months (139, 140).
Both FI-RSV enhanced illness and atypical measles, an
aberrant illness caused by infection several years after vac-
cination with inactivated measles vaccine when neutralizing
antibody activity had waned, are thought to be the con-
sequence of a similar combination of immunological events.
First, enhanced illness occurred when vaccine-induced an-
tibody did not have significant neutralizing or fusion-
inhibiting activity and did not prevent infection (141).
Second, vaccine-induced antibody had complement-fixing
properties, and immune complex deposition could be dem-
onstrated in affected tissue (142). Third, there was an ex-
aggerated CD4+ T-cell response associated with eosinophilia
(139, 143). Animal models of FI-RSV and measles suggest
this was caused by a Th2 (142) biased responses, with pro-
duction of IL-4, IL-5, IL-13, and eosinophilia (144).

Rotavirus
An oral tetravalent rotavirus vaccine (Rotashield�) was

licensed for use in the United States in 1998 but was
withdrawn from use due to a possible link to intussusception
(145). The vaccine was associated with an increased rate of
intussusception of up to 1 per 2,500 vaccinees, primarily
following the first dose of vaccine (146). Subsequent epi-
demiologic studies led to a significant decrease in the esti-
mates and suggested that the early period of increase in
intussusception seen after the first dose was compensated by
lower rates after subsequent doses, resulting in no net overall
increase in the number of cases in vaccinees less than one
year of age (146). The cases occurred predominantly when
the vaccine was started in children three months of age or
older rather than in children who received the recom-
mended schedule (two, four, and six months of age) (23,
147, 148).

Influenza
Adverse events (local and systemic reactogenicity) re-

lated to seasonal influenza vaccines are generally mild, in-
cluding localized redness, swelling or mild fever, and muscle
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aches. Intranasal live-attenuated influenza vaccine can also
be associated with mild rhinitis-like symptoms, headache,
muscle aches, and fever. There have been rare moderate to
severe, unexpected adverse events associated with influenza
vaccines. In 1976 the influenza vaccine (swine flu vaccine)
was associated with Guillain-Barré syndrome (GBS) at a
very low rate (approximately 1 to 10 per one million persons
vaccinated). A causal relationship between influenza vac-
cine and GBS was not clearly identified, but due to the
historical association it is recommended that people with a
history of GBS speak to their physician before influenza
vaccination.

Yellow Fever
Yellow fever virus (YFV) vaccine is generally considered

one of the safest live virus vaccines and may be associated
with mild reactogenicity in 25% of recipients. More serious
conditions have been associated with YFV vaccine at very
low frequencies. YFV vaccine-associated neurotropic disease
has been reported in < 1 in 8,000,000 persons receiving the
vaccine. This condition is generally transient and rarely fa-
tal. A second severe, possibly fatal, but very rare adverse
event associated with YFV vaccine is yellow fever vaccine-
associated viscerotropic disease which is seen in one in
400,000 initial doses. This condition mimics fulminant
yellow fever infection caused by wild-type yellow fever virus.
This rare condition has been reported only following initial
vaccinations and has not been reported to occur following
booster vaccinations with YFV vaccine (149).

Reporting Vaccine-Related Adverse Events
Following licensure of a vaccine, adverse events that are
clinically significant or unexpected as well as events listed in
The Reportable Events Table (150) and in the manu-
facturers package insert should be reported to the Vaccine
Adverse Event Reporting System (VAERS) (http://vaers.
hhs.gov/). VAERS is a passive surveillance cooperative
program between the CDC and the FDA. Any possibly re-
lated or temporally related vaccine side effects may be re-
ported by any health care provider, patient, or patient
guardian or representative. The VAERS system is public and
represents unverified reports of possible vaccine-related ad-
verse events. The VAERS system allows public health ex-
perts to detect rare adverse events that may not be
discovered during vaccine clinical trials because of their low
rates of occurrence (151). Potential vaccine-related con-
cerns in the VAERS database are further investigated and/or
verified by the CDC, Vaccine Safety Datalink Project
(VSD) (152). Vaccine research and development would
benefit from better-defined rates of unusual or severe con-
ditions or illnesses in the general population so that occur-
rences that are temporally related to vaccine can be more
clearly compared to the general population rate (unrelated
to vaccine) (153).

LICENSED PRODUCTS FOR PASSIVE
IMMUNIZATION
When active immunization is not possible, transient pro-
tection from disease or infection can be passively acquired by
administration of human polyclonal immunoglobulin
known to have a high titer of antibody against a specific viral
pathogen or virus-specific humanized monoclonal anti-
bodies. Like vaccines, licensed immunoglobulin products for
use in humans are regulated by the U.S. Food and Drug
Administration Center for Biologics Evaluation and Re-

search (CBER). Human immunoglobulins are licensed for
use in the United States against cytomegalovirus (CMV),
respiratory syncytial virus (RSV), vaccinia, varicella zoster,
rabies, and hepatitis B virus.

Preexposure Prophylaxis
In the past, prophylactic immunoglobulin was used for
protecting travelers against hepatitis A but has been re-
placed by an effective vaccine. Currently, the only passive
antibody prophylaxis in widespread use is for RSV. RSV
immune globulin (RespiGam�) was indicated for the pre-
vention of serious respiratory disease from RSV infection
in high-risk children < 2 years of age but is no longer in use.
A humanized monoclonal antibody against the F glyco-
protein of RSV (palivizumab, trade name Synagis�) is in-
dicated for the prevention of serious respiratory disease
from RSV infection in high-risk children < 2 years of
age. Risk factors for severe respiratory disease from RSV
include bronchopulmonary dysplasia, premature birth ( £ 35
weeks), and hemodynamically significant congenital heart
disease.

Postexposure Prophylaxis
Rabies immune globulin is given to nonimmune individuals
in conjunction with active rabies vaccination following
potential or confirmed rabies exposure, such as in the case of
animal bites. The wound should be infiltrated with immune
globulin at the time of or within eight days of the first dose of
rabies vaccine. Hepatitis B immune globulin is administered
to nonimmune individuals exposed to hepatitis B as post-
exposure prophylaxis and in that setting is usually given in
association with hepatitis B vaccination. It should be ad-
ministered within 24 hours of exposure to hepatitis B by
needle stick, ocular, or mucosal exposure or within 14 days of
a potential sexual exposure. Hepatitis B immune globulin is
given to newborns of infected mothers (HBsAg positive)
within 12 hours of birth and again at three months of age.
Hepatitis B immune globulin is indicated only for prophy-
laxis and not for the treatment of hepatitis B (active or
chronic). Vaccinia immune globulin is indicated for the
treatment of smallpox vaccine-related complications, in-
cluding eczema vaccinatum, progressive vaccinia, and severe
generalized vaccinia. Varicella zoster immune globulin
(VariZIG), approved in 2012 for the prevention of varicella
infection in immunocompromised individuals exposed to
varicella zoster virus and for those for whom varicella vac-
cine is contraindicated.

Adverse Effects and Contraindications
to Passive Antibody
Human immunoglobulin products may contain trace
amounts of human IgA. IgA deficiency is the most common
cause of primary immunodeficiency diseases, affecting ap-
proximately one in 500 people, and is often undiagnosed. In
rare cases, individuals with IgA deficiency can develop IgE
against IgA and experience anaphylaxis upon exposure to
human blood products containing IgA, including immune
globulins. IgA deficiency is a relative contraindication to
receipt of human immune globulin products and this should
be considered prior to administration.

Immunoglobulin can inhibit the immune response in-
duced by some live viral vaccines. This may occur because
the presence of virus specific serum antibody binds to and
inhibits live virus vaccine replication and therefore prevents
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the intended immune response. Varicella vaccination can be
inhibited up to five months following administration of
human immune globulin containing antivaricella antibodies
and rubella vaccination can be affected up to three months
following immune globulin administration. Ideally, vacci-
nation with varicella and rubella vaccines should be delayed
by five and three months, respectively, following the ad-
ministration of immune globulin. In cases where immune
globulin is administered to a patient within three weeks after
MMR or varicella vaccination, the immune response to
those live vaccines may be blunted. In that situation, re-
vaccination after three to five months is recommended if
there are no other contraindications. Hepatitis B vaccine
can be administered at the same time as hepatitis B immune
globulin or ‡ 1 month following the administration of im-
mune globulin. The immune response to yellow fever vac-
cine does not appear to be inhibited by the presence of
immune globulin at the time of or following vaccination.

VACCINE DEVELOPMENT AND FUTURE
DIRECTIONS
Vaccine development in the 21st century promises new
paradigms for design, manufacturing, immune response
evaluation, and timelines. While empiricism will always
contribute to scientific advances, vaccine development is
now more dependent on rational design and a deeper un-
derstanding of the underlying molecular pathogenesis of
disease. One example of this is adjuvant development based
on new discoveries and understanding of TLRs. Sequencing
technology, advances in molecular virology, ease of isolating
and characterizing human monoclonal antibodies, and im-
provements in the technologies and speed of solving antigen
structures will support rapid identification of new pathogens
and atomic level guidance for vaccine antigen design. In
addition to the traditional platforms of live attenuated,
whole virion-inactivated, and virus-like particle vaccines,
there are new options for structure-guided vaccine antigen
development, and a variety of gene-based delivery ap-
proaches using DNA, RNA, or microbial vectors that will
become part of the repertoire of licensed vaccines. Vector-
based and nucleic acid vaccines using gene delivery of vac-
cine antigens have already been approved for veterinary use
for several viral diseases.

Structure-based vaccine development utilizes specific
knowledge of how human mAbs interact with viral surface
proteins and neutralize virus (82, 83, 154) and the process is
iterative. Improved vaccine antigens can be used as probes to
select B cells with specified properties for cloning antibody
genes for improved monoclonal antibodies that can be used
to better characterize vaccine antigens. In addition, an ex-
panding number of technologies have allowed the evalua-
tion T-cell responses at the single-cell level and has
prompted the development and evaluation of T-cell based
vaccine concepts in addition to the traditional concepts of
immunity based on antibody responses. Even the way anti-
body function is evaluated has evolved from ELISA and
basic neutralization assays to measurements of epitope-
specific binding and functional assays (155), multiple ap-
proaches to assess Fc-mediated functions (156, 157), and the
impact of glycoforms on antibody function (158). Rapid
advances in human genetics have created the possibility of
designer vaccines that can take advantage of certain host
polymorphisms to improve immunity and avoid others to
reduce side effects. New sequencing technologies will impact

surveillance and virus discovery, better characterize genetic
diversity and viral escape mechanisms, and the analysis of
immune response ontogenies. They will also influence vac-
cine safety by application to the evaluation of biologics
(159).

Significant biological hurdles still exist for developing
effective vaccines to prevent viral infections with large dis-
ease burdens such as HIV-1, HCV, and HSV, as well as in-
fluenza where a more durable and broader “universal”
influenza vaccine is needed. There is great effort to find
effective vaccines for these viruses using a variety of new
technologies to better understand pathogenesis and im-
munity and to design novel immunization approaches. For
viral infections with the potential for sporadic epidemics or
intentional release and high disease severity such as ortho-
pox viruses, zoonotic influenza viruses, filoviruses, and fla-
viviruses, the challenges are both biological and strategic.
The same is true for emerging pathogens with the uncertain
potential for pandemic spread like Middle East respiratory
syndrome (MERS) coronavirus. One approach for address-
ing the strategic issues involving emerging infections and
biodefense has been to establish a stockpile of available
vaccines and other prophylactic and therapeutic agents
(160). To be effective, this concept will require a level of
anticipation and significant political commitment to pre-
paredness as illustrated by the West African Ebola crisis in
2014. Additional research and development is needed to
establish platform vaccine technologies that can be rapidly
adapted and deployed against new viral pathogens that will
inevitably emerge. Innovative public and private partner-
ships will be needed to overcome the biological and logistical
hurdles of vaccine development for emerging infections.

Solving the political and social obstacles that restrict the
distribution and delivery of existing vaccines to regions of
the world where they are not widely utilized would dramat-
ically improve public health. GAVI, the Vaccine Alliance,
has significantly improved global health by distributing
new and underused vaccines to low- and middle-income
countries (LMIC) and drives innovative vaccine-financing
mechanisms. The vaccine manufacturing landscape is chang-
ing in part because of new technologies that promote more
disposable and modular equipment for good manufacturing
practice (GMP) and in part because of expanding global
capacity for vaccine development. For example, Zhu and
colleagues brought a hepatitis E vaccine to market following
a large-scale efficacy study in a general population at risk of
infection in China. The purified recombinant hepatitis E
antigen vaccine, HEV 239, trademarked as Hecolin, re-
ceived approval by China’s SFDA in December 2011 and is
manufactured by Xiamen Innovax Biotech Co. (116, 117).
More recently, a vaccine targeting rotavirus developed and
manufactured in India received licensure in 2014 and was
subsequently introduced into the country’s national immu-
nization program. The live-attenuated monovalent human-
bovine (116E) vaccine was assessed in a large scale efficacy
study of over 6,799 Indian infants and proved efficacious
and serves as an example of efficient viral vaccine devel-
opment (161). In addition, Brazil is playing a large role in
manufacturing and advanced evaluation of a dengue virus
vaccine, providing another example of the changing para-
digm. Even as manufacturing and distribution options im-
prove in LMICs, additional investigation is needed to
understand the biological basis for why vaccine im-
munogenicity is often diminished in developing country
settings.
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Chronic Fatigue and Postinfective Fatigue Syndromes
ANDREW R. LLOYD

18
Chronic fatigue syndrome (CFS) is the label most com-
monly applied to a symptom complex characterized by un-
explained, persistent, and disabling fatigue, when no clear
implication of an infective or other cause for the prolonged
illness can be inferred (1). Constitutional symptoms, in-
cluding myalgia, arthralgia, sore throat, headache, and ten-
der lymph nodes, are also common. In addition, complaints
of unrefreshing sleep, irritability, and neurocognitive ab-
normalities, like short-term memory impairment and con-
centration difficulty, are typical (1). CFS is also commonly
termed myalgic encephalomyelitis, particularly in the Uni-
ted Kingdom, based on a premise of inflammation within the
central nervous system—although this remains unproven
(2). The US Institute of Medicine recently proposed that
the condition be renamed “systemic exertion intolerance
disease” to reflect a phenomenon characteristic of the illness,
which is an exacerbation of fatigue and other symptoms after
exercise or activity, termed “postexertional malaise” (3).
However, only the name CFS has been accepted in com-
mon use internationally.

Fatigue is a subjective and nonspecific symptom, present
in at least 15 to 30% of patients in primary care settings (4, 5),
where it is predominantly associated with minor psychiatric
morbidity and transient infective illnesses (6). The rela-
tionships and boundaries between the ubiquitous symptom
of fatigue in the community, the broadly inclusive symptom
complex designated as CFS, and the more discrete entity of
postinfective fatigue syndrome, are often blurred. Patients
with postinfective fatigue represent a subset of those with
CFS, although the size of this subgroup is uncertain as many
acute infections are subclinical, are not investigated, and the
causative agent for an apparent infective trigger for a fatigue
syndrome is often not identified. In addition, the interna-
tional case definition for CFS stipulates six months or more
of disabling illness (1). Although many postinfective fatigue
states are comparable in both symptom profile and func-
tional impairment to CFS, the majority of episodes are of
shorter duration (7).

Individuals suffering from acute infective illnesses typi-
cally develop a constellation of systemic symptoms, includ-
ing feverishness, myalgia, arthralgia, and headache, as well
as fatigue (8). In both humans and animals, infections are
also accompanied by increased slow-wave sleep and stereo-
typed behavioral responses, including reduced motor activity,

social withdrawal, and anorexia (8). These characteristic
physical and behavioral correlates of infection result pri-
marily from the host response to the pathogen, as they are
reproduced in infections resulting from a wide range of
microbiologic agents (9). In a minority of cases, selected
symptom domains from the acute phase of the illness persist
and cause protracted ill health, marked by fatigue and dis-
ability. Prospective evaluation of such symptoms following
serologically documented Epstein-Barr virus (EBV) infec-
tion indicates that illness extending over several months,
marked by fatigue, is common (Fig. 1) (10–13).

Over several decades, both CFS and postinfective fatigue
syndrome have remained a focus of considerable research
interest, including epidemiological studies, investigations of
microbiologic, immunologic, neuroendocrine, metabolic,
and psychologic hypotheses of etiology, and treatment in-
terventions (reviewed in 14–18).

HISTORICAL PERSPECTIVE
A review of the history of the modern day phenomenon of
CFS indicates that the disorder is unlikely to be new (19).
Perhaps the earliest description comes from Sir Richard
Manningham in 1750, who described “febricula,” or little
fever, as “listlessness with great lassitude and weariness all
over the body . . .” (20). Other features included fleeting
muscle and joint pains, as well as neurocognitive distur-
bance: “sometimes the patient is a little delirious and for-
getful” (20).

The most widely known predecessor to the current label
of CFS is the disorder termed “neurasthenia,” which was first
delineated by George Beard, an American neurologist, in
1869 (21). This disorder was best described by Cobb in
1920: “Neurasthenia is a condition of nervous exhaustion,
characterized by undue fatigue on slightest exertion, both
physical and mental, with which are associated symptoms of
abnormal functioning, mainly referable to disorders of the
vegetative nervous system. The chief complaints are head-
ache, gastrointestinal disturbances, and subjective sensations
of all kinds” (22).

Despite these vivid historical references, precise parallels
cannot be drawn with any confidence between the cur-
rent label of CFS (which requires systematic clinical and
laboratory evaluations to exclude alternative diagnoses), to
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disorders such as the febricula or neurasthenia of earlier cen-
turies. The term neurasthenia, for instance, was used in a
variety of different contexts, including as a synonym for
general nervousness and evolving psychosis as the male
equivalent of hysteria in women; as an alternative label for
minor depression; and as a diagnosis of fatigue states in pa-
tients who were not apparently depressed (19).

Although even the first descriptions of neurasthenia in-
cluded a link with febrile illness, the observation that spe-
cific infectious diseases precipitated a subsequent fatigue
state came with the microbiologic revolution of the late 19th
and early 20th centuries. Notable among the infections
linked to postinfective fatigue were influenza (23), brucella
(24), and EBV (25) (Table 1). This association of a largely
subjective syndrome of chronic fatigue with discrete infec-
tions, like influenza and brucellosis, sparked considerable
controversy. Studies conducted in the 1950s provided evi-
dence that much of the continued morbidity was attribut-
able to psychological factors. Retrospective studies following
up patients after acute brucellosis failed to find bacterio-
logical evidence of chronic infection (26). However, sensi-
tive detection techniques, such as polymerase chain reaction
(PCR), to identify low levels of persistent nucleic acids of
the microorganisms, or immunoassays to identify microbial
antigens, were not available. The critical issue of whether
the fatiguing illness led to psychological disorder or, con-
versely, whether such disorder resulted from chronic ill
health, was studied in a prospective evaluation of military
personnel before the Asian influenza epidemic of 1957 (23).
This study pointed to premorbid psychological vulnerability
as an important determinant of protracted recovery after
infection, although it should be noted that the number of
cases available for this analysis was very small.

These controversies of microbiologic versus psychologi-
cal determinants of postinfective fatigue have continued to
the present. The first prospective evaluation of patients
followed from mononucleosis illnesses suggested that both
concepts are valid (10, 27, 28). In this study, 245 patients
were enrolled with either infectious mononucleosis (77%) or
upper respiratory tract infection (23%). Of these, 101 (41%)
had a fatigue syndrome associated with significant functional

impairment at the time of enrollment. The fatigue state
persisted for one month or more in 71 individuals from this
group (73%), for two months or more in 43 (43%), and for
six months or more in nine (9%). The fatigue syndrome was
most prevalent in those with mononucleosis documented to
be due to EBV infection and was shown to be essentially
independent of psychiatric diagnoses (10). By contrast, a
well-controlled longitudinal study in general practice found
that patients presenting with minor symptomatic infections,
such as gastroenteritis, were not more likely to subsequently
report chronic fatigue than patients presenting for other
noninfective reasons (29). A prospective cohort study fol-
lowing individuals from the time of onset of serologically
documented acute infection with three different pathogens
identified a stereotyped postinfective fatigue syndrome (7).
This study enrolled individuals after onset of infection with
EBV, a herpesvirus with recognized latency; Ross River virus
(RRV), a small, mosquito-borne RNA virus causing acute
illness with arthritis; and Coxiella burnetii, the intracellular
bacterium causing Q fever (7). The study documented that
of 253 subjects enrolled, 29 (12%) experienced a prolonged
illness characterized by fatigue, musculoskeletal pain, neu-
rocognitive difficulties, and mood disturbance lasting six
months or more and 28 (11%) met the diagnostic criteria for
CFS after systematic assessment to exclude alternative
medical and psychiatric explanations for the ongoing illness.
The advent of a postinfective fatigue syndrome was pre-
dicted largely by the severity of the acute illness and not by
demographic, psychological, or individual microbiologic
factors. The fatigue state was present from the time of onset
of symptoms of the acute infection and was stable in char-
acter over time, suggesting that the genesis of the post-
infective fatigue syndrome is intrinsically linked to the
host-pathogen interactions in the acute infection phase (7).

FIGURE 1 Time to resolution of symptoms in 50 patients
monitored prospectively from the time of diagnosis of serologically
documented acute EBV infection. The vertical axis indicates the
percentage of the group reporting the symptom. (Used with per-
mission by A.R. Lloyd, unpublished.)

TABLE 1 Infectious diseases putatively linked
to fatigue syndromes{

Infection, categorized by type of pathogen
implicated (1869–2015)

Viruses Bacteria Parasites

Influenza
St. Louis encephalitis
Epstein-Barr virus
Hepatitis A
Yellow fever
Varicella
Chikungunya
Coxsackie B
Cytomegalovirus
Human herpes virus-6
Ross River virus
Mumps virus
Retroviruses
Human herpes virus-7
Borna disease virus
Parvovirus
Dengue fever
West Nile virus

Typhoid fever
Streptococcal infection
Brucellosis
Lyme disease
Q fever
Leptospirosis

Malaria
Schistosomiasis
Toxoplasmosis
Giardia

{Modified from reference (157).
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EPIDEMIOLOGY AND NATURAL HISTORY
CFS is a relatively common condition in the community.
The disorder predominantly affects young adults with a peak
age of onset of 20 to 40 years, often following a documented,
or an apparent, infectious illness (30–33). CFS does not
preferentially affect individuals from upper socioeconomic
groups (contrary to the notion of “yuppie flu”), rather,
studies in both adolescents and adults suggest that fatigue
syndromes are more common in people from more socially
disadvantaged groups (31, 34–36). Estimates of the preva-
lence of CFS in the general population (7, 30, 31, 33, 37)
and studies in primary care settings (which record the cases
only among those attending medical practice and are
therefore subject to selection bias) suggest prevalence rates
ranging between 0.04 to 2.6% (31, 34, 37, 38). These dif-
ferences in prevalence result from differences in the method
of ascertainment (e.g., self-report or physician report), and,
in the case definitions used for the syndrome, notably in the
extent of the assessments undertaken to exclude alternative
medical and psychiatric diagnoses (39). Preliminary esti-
mates of the incidence of CFS suggest annual rates of ap-
proximately 0.1 to 0.3% (33, 37, 40, 41).

The long-term outcome of patients with CFS has been
evaluated predominantly in tertiary referral settings, where
the patient populations are intrinsically biased toward
chronicity and disability. In one such study, 65 of 103 pa-
tients (63%), who had long-standing symptoms and who
had been enrolled in treatment trials, reported improvement
in symptoms and functional capacity at follow-up approxi-
mately three years later (42). No alternative medical diag-
noses became evident over this period. Complete recovery
was uncommon (6%). By contrast, spontaneous recovery in
cases of fatigue of shorter duration in primary care appears to
be high (43–45). Prospective, community-based studies
suggest that the prognosis for recovery is high when the
illness is abrupt in onset (potentially indicating an infective
trigger) and of short duration (6 to 12 months), but declines
substantively when the illness has been present for several
years (46–49). Similarly, the prognosis for recovery in
postinfective fatigue syndrome is high, even after six months
of illness have passed, especially in adolescents (7, 16). Even
in those with long-standing illness, the natural history is
predominantly of stable or slowly improving status, rather
than deterioration (50, 51).

DIAGNOSTIC CRITERIA
The modern era of research in relation to CFS has been
marked by the formulation of diagnostic criteria. Initially,
Australian (52), American (53), and British (54) research-
ers separately developed consensus criteria sets for the case
definition of the disorder. In 1992 the CDC (55) then
proposed the term “chronic fatigue syndrome” to replace
numerous previous eponyms, in particular, because this
name removed the presumption of a postinfective or any
other inflammatory etiology (as was implied in the earlier
British nomenclature “myalgic encephalomyelitis”). In
1994, the CDC convened an international study group to
formulate the most widely accepted diagnostic criteria (1)
(Table 2). These criteria define persons with CFS as pre-
senting with unexplained, persistent, or relapsing fatigue of
at least six months’ duration, that is not relieved by rest,
results in disability, and is accompanied by at least four of
eight core symptoms (postexertional fatigue, impaired
memory or concentration, unrefreshing sleep, headaches,

muscle pain, multijoint pain, sore throat, and tender cervi-
cal/axillary lymph nodes). With these criteria an epidemio-
logic perspective was provided for research into fatigue
states. This perspective recognized that although prolonged
fatigue syndromes are common and are associated with in-
creased healthcare utilization, such syndromes are likely to
be heterogeneous with regard to etiology, and possibly also to
pathophysiology (56, 57). These criteria are consistent with
symptom constructs described in both population-based
samples and clinic studies (56, 58–60). A total of 20 sets of
diagnostic criteria for CFS have been published including
from the US Institute of Medicine, but it is not clear whe-
ther any offer a significant advance over the international
consensus criteria, as none has been adequately tested to
determine how well they differentiate patients with CFS
from patients with other fatigue-related conditions (3, 61).
As the symptom set of CFS is intrinsically subjective, an
important milestone in improving the diagnostic criteria
was the development of instruments to standardize assess-
ment with validated self-report questionnaires, which was
recommended by the reconvened international study group
in 2003 (62). In addition, a semistructured clinical interview
has recently been developed and validated with good sen-
sitivity and specificity in assessing fatigue-related conditions
(CFS, acute infection, post-cancer fatigue, major depres-
sion) and healthy subjects (63). Interestingly, in this study
the symptom domains of fatigue and neurocognitive diffi-
culties were shared across medical and psychiatric bound-
aries, whereas the key symptoms of major depression, such as
anhedonia, were distinguishing.

PROPOSED ETIOLOGIES
The leading hypotheses for the pathophysiological basis of
CFS include a unique pattern of infection with a recognized
or novel pathogen; an abnormal immune response to a
recognized pathogen; a psychologically determined response
to infection or other stimulus occurring in “vulnerable”
individuals; a metabolic or neuroendocrine disturbance
initiated by an unknown trigger; and a neuro-immune dis-
turbance triggered by acute infection (reviewed in 14, 15,
64). Interactions and overlaps between these alternatives are
also possible. In addition, a myriad less-extensively evalu-
ated hypotheses exist.

TABLE 2 Diagnostic criteria for chronic fatigue
syndrome (1)
A. Clinically evaluated, unexplained, persistent, or relapsing
fatigue that is of new or definite onset; is not the result of
ongoing exertion; is not substantially alleviated by rest; and
results in substantial reduction in previous levels of
occupational, educational, social, or personal activities;
and

B. Four or more of the following concurrent and persistent symptoms:
� Impaired short-term memory or concentration
� Sore throat
� Tender cervical or axillary lymph nodes
� Muscle pain
� Multijoint pain without arthritis
� Headaches of a new type, pattern, or severity
� Unrefreshing sleep
� Postexertional malaise lasting more than 24 hours
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Infection
The potential role of infectious agents in producing chronic
fatigue is the proposal that has been most closely examined.
This notion arose naturally from the historical observations
linking specific infections, such as brucellosis, to a subse-
quent fatigue state. Further support for this possibility comes
from the anecdotal histories that patients with CFS give.
These recollections typically describe a “flu-like” illness
demarcating the patient’s prior good health from the sub-
sequent chronic fatigue state. Unfortunately, these associa-
tions are frequently retrospective attributions with uncertain
validity, as the expected incidence of symptomatic viral in-
fections in the general population is approximately four
annually (65), making chance associations likely. In addi-
tion, many reported case series are confounded by the se-
lection bias of referral to specialty clinics because of the
history of an infective illness (66). Nevertheless, the pro-
spective studies following patients from the onset of acute
EBV and other infections provide clear support for the hy-
pothesis that a discrete postinfective fatigue syndrome can
be precipitated by specific pathogens (7, 10, 27, 28). Several
other viral, and some nonviral, agents have been implicated
as apparent triggers for a postinfective fatigue syndrome
(Table 1). A noteworthy inclusion in this list is the so-called
“post-Lyme borreliosis syndrome” or “chronic Lyme disease,”
which features fatigue, musculoskeletal pain, and neuro-
cognitive difficulties lasting months or years after primary
infection (67), and is unresponsive to prolonged antibiotic
therapy (68–70).

Hypothetically, abnormal persistence of the triggering
pathogen may underpin postinfective fatigue syndromes.
Several early studies examined this possibility in patients
with CFS without consideration of the (likely) heteroge-
neous nature of the triggering agents in such patient groups.
Although initial reports suggested “elevated” titers of anti-
bodies directed against organisms like EBV and human
herpesvirus-6 (HHV-6) (perhaps implying persistent anti-
genic stimulation), these findings were refuted in suitably
designed case-control studies and discordant twin studies
(reviewed in 14, 15).

However, the notion of persistence of the microorganism
as a key component of the pathogenesis of postinfective
fatigue has been supported by the report of persistent mi-
crobial nucleic acids and antigenic, but nonviable, cell
residues in patients with postinfective fatigue following se-
rologically documented and appropriately treated Q fever
(71, 72). By contrast, attempted PCR amplification of spi-
rochetal DNA from the blood of 1800 patients with post-
Lyme borreliosis syndrome was uniformly negative (73).
Although, EBV persists naturally in all subjects following
primary infection, by establishment of latency in B lym-
phocytes, the possibility of alterations in viral titer during or
following the acute illness was examined in a case-control
series of subjects with infectious mononucleosis who devel-
oped a postinfective fatigue syndrome in comparison to those
who recovered promptly—no difference in cell-associated
viral load in the peripheral blood was detected at any time
point (74). Thus, there is a growing body of evidence against
the role of ongoing, active infection with the triggering
pathogen in postinfective fatigue syndrome.

In relation to CFS, the possibility of reactivation of latent
HHV-6 infection as a driver for an ongoing immune re-
sponse, and hence ongoing symptoms, has been examined in
several studies, with inconclusive results (75–78). The ini-
tial positive report based on viral cultures, augmented by

immunofluorescence and PCR detection, demonstrated the
presence of HHV-6 in peripheral blood mononuclear cells in
a substantially greater proportion of patients than control
subjects. However, other case-control studies using both
serologic and PCR techniques have yielded conflicting ev-
idence for HHV-6 reactivation (including specific exami-
nation of HHV-6A and B) in patients with CFS. Similarly,
an association between persistent detection of the entero-
viral antigen, VP1, and of enteroviral RNA in muscle bi-
opsies of a subset of patients with CFS (79, 80) was refuted in
subsequent reports, including one from the same research
group (81–83).

Similarly, searches for a novel pathogen, including ret-
roviruses (84–87) and Borna virus (88, 89), in patients with
CFS have been fruitless, with initial positive findings failing
to pass the subsequent hurdle of independent confirmation.
The most recent example of this novel-pathogen hypothesis
was initiated by a report describing the detection of se-
quences of Xenotropic Murine Leukemia Virus-related Virus
(XMRV), a gamma retrovirus, as well as putative infectious
virus, in the blood of a majority of patients with CFS (67%),
compared to a small proportion (3.7%) of healthy individ-
uals (90). Multiple subsequent studies failed to replicate the
finding (91–94), which was ultimately shown to be a chi-
meric retrovirus generated by passage of human tissue in
mice (95).

Given the diversity of specific infections now clearly
linked temporally with the onset of CFS, and the essentially
negative findings for occult pathogens to date, it is highly
unlikely that any single infectious agent will be identified as
the cause of CFS.

Immunologic disturbance
The clinical course of most acute infections ranges from
asymptomatic, to severe, incapacitating illness. This spec-
trum of disease is at least partially due to the magnitude of
the immune response induced to control the invading or-
ganism, rather than to a direct effect of microbial replication.
Cytokines, such as the interleukins (IL)-1, IL-6, tumor ne-
crosis factor (TNF)-alpha, and the interferons, are released
in a cascade of cellular activation induced by microbial
antigens (see Chapter 14). In the context of acute infection,
the classical sign of this host response, that is fever, has been
shown to be induced by the action of pro-inflammatory
cytokines on receptors within the brain (8). Similarly, the
severity of the neurobehavioral manifestations of the acute
sickness response, including fatigue, musculoskeletal pain,
anorexia, somnolence, and mood disturbance, was shown
to correlate with production of pro-inflammatory cyto-
kines (96).

Accordingly, the immunologic hypothesis for post-
infective fatigue syndrome has proposed that an aberrant and
persistent cellular immune response to precipitating infec-
tious agents results in chronic cytokine production, which
may directly mediate protracted symptoms (97). Studies of
cellular immunity in patients with CFS have produced
widely varied results (reviewed in 98). The most consistent
findings are of alterations in T-cell responses and reduced
natural-killer-cell activity, but these changes have rarely
correlated with the clinical condition. Given the diversity
of infective and other triggers for the onset and persistence
of CFS, these inconclusive findings may reflect underly-
ing heterogeneity in the condition (56, 57). A compre-
hensive examination of antigen-specific immune responses
against the pathogen documented to trigger the onset of the
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postinfective fatigue syndrome was undertaken in a longi-
tudinal case-control series of subjects followed from acute
EBV infection either into a postinfective fatigue syndrome or
to prompt resolution of clinical illness. Although minor
differences in the kinetics of both humoral and T-cell re-
sponses against latent EBV antigens were documented, these
changes did not correlate with the course of illness (74).

Numerous studies of cytokine production have been
conducted in patients with CFS, with no consistent alter-
ation detected in serum or cerebrospinal fluid cytokine levels
(99–104, reviewed in 105). The possibility of aberrant,
exercise-induced cytokine production has also been evalu-
ated with negative findings (105–107). The opportunity to
examine cytokine production in response to antigens, de-
rived from the microbe believed to have precipitated the
postinfective fatigue syndrome, has been provided by the
recognition of a post-Q fever fatigue syndrome. The initial
report suggested that increased production of IL-6 was evi-
dent in samples from subjects with post-Q fever fatigue
when compared to samples from subjects who recovered
uneventfully from acute Q fever (108). However, more
comprehensive examinations of serum levels and ex vivo pro-
duction of cytokines, in patients with postinfective fatigue
syndrome and matched control subjects who recovered
promptly after EBV, Ross River virus, or Q fever, did not reveal
any significant alterations in cytokine production in those
with postinfective fatigue (109, 110).

In summary, although there is evidence of minor immu-
nologic alterations in patients with CFS, the changes are
generally inconsistent, do not correlate with disease severity
or course, and are not associated with clinically significant
consequences, such as infection or malignancy. Cytokine
levels do correlate with the acute-phase illness manifesta-
tions, including fatigue, but there is no evidence for ongoing
cytokine production in the circulation in patients with
postinfective fatigue. The possibility of an immunologic
disturbance restricted to the central nervous system trig-
gered by the insult of acute infection has not been formally
examined.

Given these findings, there is no current role for immu-
nologic testing as a diagnostic tool in the assessment of pa-
tients with CFS (1), other than for the detection of
alternative medical diagnoses (Fig. 2 and Table 3).

Psychological Disturbance
Approximately 30 to 70% of patients with CFS also meet
criteria for the diagnosis of major depression (111–113 and
reviewed in 14, 15). This high degree of comorbidity with
depression is, in part, an artifact of overlapping symptoms
(both disorders list fatigue, sleep disturbance, psychomotor
change, cognitive impairment, and mood change as char-
acteristic features). Furthermore, major depression is a
common accompaniment of most chronic, disabling medical
disorders. Some characteristic clinical features of major de-
pression do help differentiate from CFS (if present), in-
cluding weight loss, feelings of guilt and suicidal ideation,
and observable psychomotor slowing. The mood disturbance
described by patients with CFS tends to be of irritability and
transient depression rather than the profound loss of interest
in, and pleasure from, daily activities (i.e., persistent anhe-
donia), which is the hallmark of a primary major depression
(63).

The presence of concurrent mood disturbance does not
demonstrate that depression is the cause of CFS. Studies
have therefore sought to determine the rate of premorbid
psychiatric disorder and also compared patients with CFS

with subjects suffering from other relevant psychiatric,
neurologic, and chronic medical illnesses (114). Patients
with CFS appear to occupy an intermediate status, having
more premorbid and current psychopathology than patients
with medical illnesses, but less than patients with overt
psychiatric disorders.

The most contentious area of psychiatric comorbidity
concerns “somatoform disorders” (i.e., psychological distur-
bances presenting with physical complaints). Patients with
typical somatization disorder complain of a wide range of
nonspecific medical symptoms, demonstrate a lifelong pat-
tern of excessive medical treatment, and reject psychological
interpretations of their illness. It is clear that analyses of the
symptoms presented by patients with CFS in tertiary-referral
and primary care settings suggest that a significant minority
(up to 32%) of patients have a form of somatization (56, 57,
115, 116).

In relation to postinfective fatigue syndrome, the pro-
spective cohort studies have not found a premorbid (i.e., pre-
infection) history of depression to be a risk factor for a
subsequent fatigue syndrome (10, 11). In addition, formal
psychiatric assessment of patients with postinfective fatigue
at six months after onset of infection revealed comorbid
depression to be rare (11). In combination with the studies
of CFS, these data suggest that there may be more than one
pathway into the CFS—one via infection and another po-
tentially via mood disorder. Whether the biological pro-
cesses underlying these proposed pathways are shared or
divergent is unknown.

Metabolic or Neuroendocrine Disturbances
Hypotheses of several other pathophysiological distur-
bances have been explored in CFS, including impaired
hypothalamic-pituitary-adrenal (HPA) axis activation (117–
121), primary sleep disorder (122–125), and autonomic dys-
function (126–129). In the most exhaustive neuroendocrine
study (118), lower mean urinary-free cortisol and reduced-
basal evening glucocorticoid levels were found in patients
with CFS in comparison to healthy control subjects. In ad-
dition, the patients were shown to have an increased adre-
nocortical sensitivity to administered ACTH, but a blunted
response to CRH, consistent with a mild hypothalamic de-
fect in the regulation of adrenal function. Other studies have
shown generally concordant findings (reviewed in 130). The
alterations in HPA axis performance were shown to differ
from those in patients with major depression (in whom
relative hypercortisolism and resistance to dexamethasone
suppression are evident) (117). The available evidence
suggests that these changes in patients with CFS are a
consequence of the chronic illness, rather than the cause,
as they are absent early in the course of illness and im-
prove following unrelated treatment interventions, such as
cognitive-behavioral therapy (see below) (130).

The complaint of unrefreshing sleep is a universal one in
patients with CFS, often associated with either hypersomnia
or insomnia. Accordingly, exclusion of the prevalent pri-
mary sleep pathologies, such as obstructive sleep apnea, is
clearly important before applying the label of CFS (122, 131,
132). In the absence of such diagnoses, disturbances of sleep
maintenance (i.e., frequent awakenings) are prevalent, and
circadian rhythm may also be disturbed (133). The early
report of a characteristic sleep abnormality, with the intru-
sion of high-amplitude alpha waves into the delta pattern of
stage III–IV non-REM sleep, has not been reliably demon-
strated, nor is it specific for CFS (134, 135). It remains
plausible that alterations in sleep-stage transitions and
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associated physiological mechanisms, such as heart rate
variability, may be relevant to pathogenesis (136–138 and
reviewed in 139, 140, 141).

The potential role of altered autonomic function as a
correlate or causative factor in CFS has been explored in
several studies. The initial focus was on clinically apparent,
neurally mediated hypotension and/or postural tachycardia
(126–129). In the initial report, patients were evaluated
using a three-stage tilt-table test with the administration of
isoproterenol. An abnormal response was documented in 22
of 23 patients (96%) in comparison to 4 of 14 healthy control
subjects (29%). Subsequent studies have generally confirmed
that a subset of patients with CFS also display features of
autonomic instability (142, 143). However, it is unlikely that
this phenomenon is causative in CFS, as studies in identical
twin pairs, discordant for the illness, have revealed compara-
ble evidence for altered regulation of vasomotor control in the

unaffected siblings (126). In addition, appropriate treatment
for this condition, in the form of mineralocorticoid supple-
mentation with fludrocortisone to promote salt and water
retention, is ineffective in resolving the major symptoms of
the disorder (see below) (144). Nevertheless, several case-
control studies have revealed reduced heart rate variability
in patients with CFS, reflecting reduced parasympathetic
(vagal) activity (136, 137, 141, 145, 146, and reviewed in
147). These observations have led to the hypothesis that
sensitization within the central nervous system results in
abnormally heightened perception of physiological signals
from the body in conjunction with autonomic hyper-
reactivity (reviewed in 148, 149) underpins CFS.

Genetic Predisposition
Family studies of patients with CFS have demonstrated a
higher prevalence in relatives, indicating a possible genetic

FIGURE 2 Approach to the clinical and laboratory assessment of patients with chronic fatigue. Adapted from reference (157)
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(or shared environmental) component to the disorder
(150). Twin studies also indicate a likely heritable compo-
nent (151, 152). A genealogical resource from Utah, linking
family data and medical diagnoses, revealed a higher relative
risk of development of CFS in those with a family history,
which was evident between both first-degree (relative risk
2.7) and second-degree relationships (relative risk 2.34)
(153).

Genetic polymorphisms confer variations in responsive-
ness of immunological and neurobehavioral responses (154,
155). During acute infective illnesses, the severity of the key
symptoms, including fatigue, has been correlated with the
level of production of pro-inflammatory cytokines, including
interleukin (IL)-1b and IL-6 (153). Additionally, the se-
verity of mood disturbance in this context was found to be
more strongly associated with IL-6 production, whereas fa-
tigue and pain were more closely related to the production of
IL-1b (153). These associations suggested that individual
cytokines could influence the various aspects of the symp-
tom complex in the acute sickness response to infection. In
the postinfective fatigue syndrome, both the severity of
the acute illness and the duration of postinfective symptoms

(i.e., beyond the initial febrile period) have been associated
with functional polymorphisms in the pro-inflammatory
cytokine, interferon (IFN)-g and the anti-inflammatory, IL-
10, genes (154). In particular, the high-producing allele of
the IFN-g gene and the low-producing allele of the IL-10
gene were associated with more severe and more prolonged
illness. A subsequent study, in which the symptom complex
of the acute infective illness and the subsequent post-
infective illness was divided into coherent symptom do-
mains, or “endophenotypes,” was undertaken to investigate
the possibility of individual genetic associations of each
symptom domain (155). In this analysis the high-producing
allele of the IFN-g gene was specifically associated with the
fatigue domain, whereas the low-producing allele of the IL-
10 gene was associated with increased mood disturbance and
neurocognitive difficulties. In addition, carriers of the high-
producing allele of IL-6 also had increased mood disturbance
(155). These findings await confirmation but suggest the
genetic predisposition to patterns of pro- and anti-inflam-
matory cytokine production in the acute illness may partially
underpin the susceptibility to a subsequent postinfective
fatigue illness and its phenotypic characteristics.

TABLE 3 Causes of chronic fatigue
Physiologic
Increased physical exertion
Inadequate rest
Sedentary lifestyle
Environmental stress (e.g., heat)

Drugs
Medications (e.g., b-blockers)
Alcohol dependence
Other substance abuse
Drug withdrawal

Psychosocial
Depression
Anxiety disorder
Somatization disorder
Dysthymia and grief

Pregnancy
Autoimmune disorders
Systemic lupus erythematosis
Multiple sclerosis
Rheumatoid arthritis
Vasculitides (e.g., Wegener’s

granulomatosis)
Sarcoidosis

Cardiorespiratory disorders
Chronic airflow limitation (CAL)
Cardiac failure
Silent myocardial infarction
Cardiac arrhythmias
Mitral valve disease

Hematologic disorders
Anemia
Myeloproliferative disorders

Occult malignancy
Sleep disorders

Endocrine disorders
Hypothyroidism
Hyperthyroidism
Hyperparathyroidism
Adrenal insufficiency
Cushing’s syndrome
Hypopituitarism
Diabetes mellitus

Metabolic disorders
Hypocalcemia
Hyponatremia
Chronic renal failure
Chronic liver disease

Infectious diseases
Infectious mononucleosis
HIV/AIDS
Chronic hepatitis B or C
Lyme disease
Syphilis
Tuberculosis
Subacute bacterial endocarditis
Chronic parasitic infection
Invasive fungal disease
Obstructive sleep apnea
Narcolepsy

Neuromuscular disorders
Myopathic diseases
Muscular dystrophies
Myasthenia gravis
Guillain-Barré syndrome

Syndromes of uncertain etiology
Chronic fatigue syndrome
Fibromyalgia (fibrositis)
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There have been multiple candidate gene-association
studies in case-control series of patients with CFS, including
investigation of the human leukocyte antigen (HLA) com-
plex, cytokine genes, as well as neurotransmitter pathways,
but all of these studies have been underpowered, and
none have passed the critical initial benchmark of inde-
pendent replication (reviewed in 156). Large-scale genetic-
association studies of carefully phenotyped patients with
CFS may be warranted.

CLINICAL AND LABORATORY
ASSESSMENTS
Until a reliable biological marker for the syndrome is
available, the key to evaluation of patients presenting with
chronic fatigue will continue to include a thorough medical
history, physical examination, and detailed assessment of
psychological factors (Fig. 2) (157, 158). The medical in-
terview should specifically determine i) whether the fatigue
is of recent and discrete onset; ii) the medical and psycho-
social circumstances at onset; and iii) the presence of
symptoms suggestive of an underlying medical condition to
explain the fatigue and related symptoms (e.g., documented
fever suggesting infection, weight loss suggesting malig-
nancy, or objective arthritis suggesting autoimmune disease)
(1). It is also important to distinguish the characteristics of
the phenomenon of fatigue to verify that the primary com-
plaint is not muscle weakness, somnolence, or motivational
loss. Patients with CFS characteristically describe profound
fatigue, which is precipitated by physical tasks previously
achieved with ease and is associated with a protracted re-
covery period extending over hours or even days.

The physical examination should similarly be directed at
detection of signs of unrecognized medical disorders (e.g.,
goiter, stigmata of chronic liver disease, and neurologic signs
of myopathy or multiple sclerosis). The physical examina-
tion in patients with CFS should be normal. The psycho-
logical evaluation should directly assess current mood,
cognitive function, and illness attitudes. Particular attention
should be directed towards the identification of serious and
treatable anxiety or depressive disorders. Other important
historical features include a past or family history of psy-
chiatric disorder, previous episodes of medically unexplained
symptoms and excessive healthcare utilization (suggesting a
diagnosis of somatization disorder), and excessive use of al-
cohol or other substances of abuse.

Medical causes of chronic fatigue that should be ruled out
include hypothyroidism, chronic hepatitis, anemia, sleep
apnea, and side effects of prescribed medications, although
many other causes are possible (Table 3). Patients diagnosed
with “fibromyalgia” have essentially a synonymous disorder
to CFS, differing principally in the prevalence and severity
of musculoskeletal pain (159). Psychiatric disorders that
commonly present with chronic fatigue include major de-
pression, somatoform disorders, panic and other anxiety
disorders, alcohol and substance abuse, and eating disorders.

Despite the wide range of hematologic, immunologic,
virologic, psychometric, and neuroimaging investigations
that have been conducted, no specific diagnostic test for
CFS has emerged. In fact, the clinical heterogeneity of pa-
tients diagnosed with CFS makes it highly unlikely that any
specific test could emerge (56, 57). Examples of specific tests
that do not confirm or exclude the diagnosis of CFS include
serological tests for Epstein-Barr virus, human herpesvirus 6,
enteroviruses, and Candida albicans; detection of nucleic
acids of Mycoplasma sp. or other microorganisms by PCR;

tests of immunity, including T-cell or natural-killer-cell
phenotype and functional assays; and neuro-imaging studies,
including cerebral magnetic resonance imaging scans or ra-
dionuclide studies.

The limited number of screening laboratory tests, which
are recommended, are intended for the detection of alter-
native medical conditions (Table 3) (1). These screening
tests should be uniformly negative or normal. If alternative
diagnoses are suggested by the clinical history, examination,
or screening investigations (e.g., anemia, sleep apnea, or
multiple sclerosis), then additional directed investigations
(e.g., iron studies, overnight sleep study, or magnetic reso-
nance imaging, respectively) may be warranted. Similarly, if
the mental status examination raises the issue of psychiat-
ric disorder, then referral for specialist psychiatric opinion
should be sought.

TREATMENT
A wide range of antimicrobial, immunoregulatory, neuro-
endocrine, metabolic, and antidepressant therapies have
been evaluated in randomized, placebo-controlled trials
(reviewed in 14, 15, 144, 157, 160–181). While some pos-
itive outcomes have been reported, to date, no pharma-
cologic agent has consistently demonstrated efficacy in
repeated, well-designed studies. Several trials have compared
an immunologic therapy to placebo and have failed to show
reproducible evidence of benefit, including with intravenous
immunoglobulin and transfer factor (163, 164, 166, 182),
with the possible exception of the Toll-like-receptor 3 ago-
nist, rintatolimod [Poly I: C(12)U], for which limited benefit
was evident only in those with severe disease (167, 183).
Antiviral drug trials, including with aciclovir and valgan-
cicolovir, have failed to show benefit above placebo, al-
though subjects with postinfective fatigue, which had been
triggered by well-documented EBV or other herpesvirus in-
fection, were not specifically included (160, 184). Anti-
microbial therapy for post-Lyme borreliosis also did not show
benefit (68–70). Preliminary findings of benefit in an un-
controlled pilot study of monocycline treatment for chronic
fatigue after Q-fever infection (185), await replication in an
ongoing randomized controlled trial (186). Similarly, the
positive effects of the B-lymphocyte depleting agent, ritux-
imab, await independent confirmation (187, 188).

Four placebo-controlled trials have evaluated a pharma-
cologic therapy directed at the HPA-axis disturbance by
administration of corticosteroids—fludrocortisone and hy-
drocortisone (172, 189–191). The two trials using low-dose
glucocorticoids suggested that this therapy may improve
subjective fatigue or the sense of wellness, but at the risk of
potentially harmful suppression of adrenal function and
risk of other long-term adverse effects (172, 190). The two
trials of mineralocorticoids, including one specifically lim-
ited to patients with CFS, which was associated with
documented neurally mediated hypotension (191), showed
no benefit in improving symptoms or functional outcomes
(189).

Although antidepressant therapies are commonly sug-
gested for the treatment of CFS, the empirical evidence for
their utility is very limited. None of five placebo-controlled
trials of antidepressant therapy in patients with CFS have
demonstrated a substantive or sustained benefit from the
agents studied, which included the monoamine oxidase
inhibitors, phenelzine, selegiline, and moclobemide, as well
as the serotonin reuptake inhibitor, fluoxetine (168–170,
175, 178).
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Studies in patients with the overlapping clinical syndrome
of fibromyalgia have demonstrated the benefit of a combi-
nation of a low-dose tricyclic antidepressant and a nonste-
roidal anti-inflammatory agent, where effects on muscle pain
and sleep disturbance are notable (192), arguing for a similar
therapeutic trial in patients with CFS in whom pain and
sleep disturbance are prominent. Reviews of the evidence-
base for management of fibromyalgia endorse the use of
pharmacologic agents for pain (antidepressants and centrally
active agents, such as gabapentin) and nonpharmacologic
interventions (graded exercise, heated pool), consistent with
the principles of management of CFS (193–195).

Patient cohorts in such drug treatment trials are likely to
be heterogeneous, as a simple consequence of the subjective,
prevalent, and nonspecific symptom criteria used to make
the diagnosis of CFS. Consequently, any treatment that
claims to cure the majority of patients with CFS is likely to
be acting via a nonspecific mechanism. As is true in other
chronic medical conditions, at least 30% of patients with
CFS generally demonstrate improvement in the nonspecific
treatment arm of controlled trials (196).

By contrast, numerous randomized controlled trials have
established the effectiveness of cognitive-behavioral (197–
208) and graded-physical exercise (203, 206, 207, 209–212)
in patients with CFS (reviewed in 180, 208, 213, 214).
These management approaches link the principles of good
clinical care with varying degrees of psychological interven-
tion and functional rehabilitation via graded physical and
cognitive activity. The outcomes of such multidisciplinary
interventions are best described as improvement in both
symptom severity and functional capacity but not cure (215).

Given the likelihood of spontaneous improvement in
patients with chronic fatigue, controlled-treatment trials are
essential for all proposed therapeutic modalities. Prevention
of secondary medical and psychological morbidity due to
prolonged rest and social isolation should be emphasized.
Nonspecific aspects of good clinical management are effec-
tive and include careful medical and psychological evalua-
tion, judicious use of investigations and specialist referral,
consistent and empathic interactions with the patient over
the course of the illness, and the encouragement of a reha-
bilitation approach. Irrespective of attitudes to etiology, the
patient should be encouraged to incorporate the widest
possible view of the role of medical, psychosocial, and re-
habilitative strategies to promote recovery.
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Smallpox has long been known as a severe human disease (1,
2) and was already endemic in India 2,000 years ago before
spreading to China and Japan in the east and Europe and
North Africa in the West by about 700 A.D. It was intro-
duced to the Caribbean with the African slave trade in 1518
and thence to Mexico in 1520, taking a terrible toll on the
totally nonimmune Amerindians. Repeated introductions
from Europe and, to a lesser extent, from Africa, into North
America occurred from 1617 onward. With the discovery of
vaccination by Jenner in the latter part of the 18th century
(3), the disease was brought under control first by local ini-
tiatives, which became national, and finally global. Following
the last identified case in 1977, the world was certified free of
smallpox by the World Health Assembly in May 1980 (2).
The subsequent drawdown of vaccine stockpiles and cessa-
tion of childhood vaccination programs have increased the
vulnerability of the human population to a devastating
smallpox epidemic and increased the threat of variola virus
(VARV) as a bioweapon. This unintended consequence of
the most successful vaccination program in history was ex-
ploited by the former Soviet Union, which weaponized
VARV in contradiction to the 1972 Biological and Toxin
Weapons Convention (4, 5). This occurrence raised concerns
that other rogue nations or terrorist groups could also develop
VARV or monkeypox virus (MPXV) as a bioweapon.

Monkeypox is a disease that is clinically almost identical
to smallpox. The monkeypox virus (MPXV) was discovered
as a disease-causing agent of laboratory primates in Copen-
hagen, Denmark, in 1958 (6), and it caused several other
outbreaks in captive primates before it was recognized as the
cause of a smallpox-like zoonotic disease in West and central
Africa in 1970. The incidence of monkeypox is on the rise in
central Africa (7) and caused an outbreak in the United
States. It is important to note that the names of many of the
orthopoxviruses were based on the species where disease was
initially seen and thus are not a species-specific disease. For
example, monkeypox virus and cowpox virus obtained their
names because the pox infection was first observed in
monkeys and cows, respectively.

VIROLOGY
Classification
The poxviruses (family Poxviridae) are one of the largest and
most complex of all viruses (8, 9). The subfamily Chordo-

poxvirinae (poxviruses of vertebrates) contains eleven genera
(10). Human infections have been caused by 13 poxvirus
species belonging to four genera, the majority of which cause
zoonotic infections (Table 1). The orthopoxvirus pathogens
are the best studied, and variola virus (VARV) is the most
important species, as it caused a severe human disease
known as smallpox. While variola major caused severe dis-
ease and death, a second type, called variola minor, caused
much lower mortality. Comparisons between the variola
major and variola minor genomes show that these viruses
have > 95% identity of most of the genes (one-third of the
genome is 100% identical) (11). It is speculated that the
difference in virulence is due to nucleotide additions and
deletions resulting in alterations of gene expression and
protein truncations.

Vaccinia virus (VACV) and cowpox virus (CPXV) are
related but distinct orthopoxviruses that cause human in-
fections. CPXV is the agent that Jenner used to prove the
efficacy of vaccination against smallpox; however, VACV
was subsequently used for at least the last 100 years to vac-
cinate against smallpox. Human CPXV infections are rare
and are usually acquired from the domestic cat. A VACV
ancestor may originally have been maintained in nature in
horses, as a comparative genome-sequencing study placed a
poxvirus, isolated in 1976 from a diseased Mongolian horse,
as a member of the VACV clade of orthopoxviruses (12)
with recombination events leading to the virus we call
VACV (13). In addition to vaccination and its complica-
tions, human infections with VACV result from contact
with vaccinees or domestic animals persistently infected
with VACV as a result of the smallpox eradication programs
(cantagalo and buffalopox viruses) (14–17). VACVand two
members of the genus Avipoxvirus (fowlpox virus and can-
arypox virus) have been used as vectors for the production of
novel vaccines and as oncolytics for cancer therapy (18–20).
Recently, a newly discovered orthopoxvirus (GCP2013) was
identified in the country of Georgia in a cow herder who
developed chronic painful skin lesions (21).

The remaining human poxvirus pathogens belong to
three genera: five in Parapoxvirus, two in Yatapoxvirus, and
one in Molluscipoxvirus (Table 1). Orf virus (ORFV) causes
orf (synonyms: contagious pustular dermatitis, contagious
ecthyma, and scabby mouth), a disease of sheep. Pseudo-
cowpox (PCPV; synonyms: milker’s nodule and para-
vaccinia) and bovine pustular stomatitis (BPSV) viruses

doi:10.1128/9781555819439.ch19

387



cause diseases of cattle (22). Very rarely, humans may be
infected with seal parapoxvirus (23). Recently, a newly
discovered parapox-like virus (2013_13 and 2013_37) was
identified as causing an infection in an immunocompro-
mised patient who lived in Tennessee and an immuno-
competent patient who had traveled to Tanzania (24).
While both had contact with animals, the origin of the virus
is unknown but is presumed to be a zoonosis. Tanapox virus
(TANV) and Yaba monkey tumor poxvirus (YMTV) are
rare causes of zoonotic diseases mainly in Africa. Molluscum
contagiosum virus (MCV) causes a common cosmopolitan
human disease and is the only poxvirus currently maintained
in the human population without a zoonotic host (25).

Structure of Virus
Poxvirus virions appear to be oval or brick-shaped structures
of about 200 to 400 nm in length with axial ratios of 1.2 to
1.7. The structure of VACV (Fig. 1A and D) is characteristic
of that of all the poxviruses that infect humans, except those
belonging to the genus Parapoxvirus (Fig. 1B and E). The
outer membrane of orthopoxviruses consists of tubular li-
poprotein subunits arranged rather irregularly, whereas par-
apoxviruses have a regular spiral structure. The membrane
encloses a dumbbell-shaped core and two “lateral bodies.”
The core contains the viral DNA and associated proteins.

The double-strandedDNA poxvirus genome is 130 to 375
kbp in length and codes for 150 to 300 proteins, depending on
the species (see Table 2 for examples of types of proteins

encoded by orthopoxviruses). The genomes of a large
number of poxvirus species, including 51 isolates of VARV,
have been completely sequenced (http://www.viprbrc.org).
The genomic organization of the prototypic orthopoxvirus,
VACV, is displayed in Figure 2. Orthopoxvirus virions
contain a hemagglutinin (A56R, Table 2), and estimates of
virus phylogeny based on hemagglutinin and A-type inclu-
sion body protein gene sequences agree well with those based
on restriction endonuclease maps, permitting the use of PCR
analyses of these genes as the assay of choice for identifying
orthopoxvirus species (28–30). Assignment of a poxvirus to
a particular taxonomic group is based on extensive analyses
of virus genomic sequences. The DNA sequence of strains of
an orthopoxvirus species vary by no more than 2%. The
orthopoxvirus species vary among themselves by 2 and 13%.
The species of the orthopoxvirus genus differ from species of
other genera by between 25 and 54%.

There is broad cross-neutralization and cross-protection
between viruses belonging to the same genus but little to
none between viruses of different genera; in laboratory ex-
periments genetic recombination occurs readily between
viruses of the same genus but rarely between those of dif-
ferent genera (31).

Biology

Replication Strategy
Poxviruses are enveloped viruses and thus require the viral
envelope to fuse with host cell membranes to gain entry into

TABLE 1 Poxviruses that can cause disease in humans

Genus Species Distribution Reservoir Disease in humans

Orthopoxvirus Variola virus Was worldwide Humans (before 1977) Smallpox, specifically human,
generalized disease

Monkeypox virus Central and
West Africa

Squirrels, monkeys Smallpox-like disease; a zoonosis

Vaccinia virus Worldwide Laboratory virus Used for smallpox vaccination,
localized lesions

Buffalopox virus, variant
of vaccinia virus

India (Egypt,
Indonesia)

Buffaloes, rodents Localized pustular skin lesions

Cantagalo virus, variant
of vaccinia virus

Brazil Cattle Localized pustular skin lesions

Cowpox virus Europe, western Asia Wild rodents Localized pustular skin lesions;
a rare zoonosis

Novel orthopoxvirus
(Georgia)

Country of Georgia Not yet defined Localized pustular skin lesions;
a very rare zoonosis

Parapoxvirus Orf virus Worldwide Sheep Localized nodular skin lesions;
a rare zoonosis

Bovine papular stomatitis
virus

Worldwide Cattle Localized nodular skin lesions;
a rare zoonosis

Pseudocowpox virus Worldwide Cows Localized nodular skin lesions;
a rare zoonosis

Sealpox virus Worldwide Seals Localized nodular skin lesions;
a rare zoonosis

Novel parapoxvirus
(United States)

Tennessee and
Tanzania (?)

Unknown Localized nodular skin lesions;
presumed zoonosis

Yatapoxvirus Tanapoxvirus Tropical Africa Unknown Localized nodular skin lesions;
a rare zoonosis

Yaba monkey tumor virus West Africa Unknown, possibly
monkeys

Localized nodular skin lesions;
rare accidental infections

Molluscipoxvirus Molluscum contagiosum
virus

Worldwide Humans Few or many nodular lesions;
worse in immunodeficiency
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the cell. While a number of cellular attachment factors have
been identified, a specific cell receptor(s) that initiates the
fusion event has not been identified. Many of the viral
proteins involved in attachment and entry are targets of
neutralizing antibodies. Viral membrane fusion is dependent
on a membrane fusion complex that is made up of 11 to 12
viral proteins (32). Entry can occur at the plasma membrane
or within endosomes after micropinocytosis. After entry, the
replication of poxviruses occurs in the cytoplasm, and
poxviruses encode dozens of enzymes required for tran-
scription and replication of the viral genome, several of
which [including DNA-dependent RNA polymerase, poly
(A) polymerase, capping enzyme, methylating enzymes, and
transcription factor] are carried in the virion itself (Fig. 3)
(8). The viral core is released into the cytoplasm after fusion
of the virion with the plasma or endosomal membrane.
Transcription is initiated by the viral transcriptase, and
functional capped and polyadenylated mRNAs are produced
minutes after infection. The polypeptides produced by
translation of these mRNAs complete the uncoating of the
core, and transcription of about 100 early genes, distributed
throughout the genome, occurs before viral DNA synthesis
begins. Early proteins include DNA polymerase, thymidine
kinase, and several other enzymes required for replication of
the genome.

With the onset of viral DNA replication there is a dra-
matic shift in gene expression. Transcription of intermediate
and late genes is controlled by binding of specific viral
proteins to characteristic promoter sequences. Virion as-
sembly occurs in circumscribed areas of the cytoplasm, where
spherical immature particles assembling on cellular mem-
branes can be visualized by electron microscopy. The im-
mature particle incorporates DNA and additional proteins
during morphogenesis to the mature virus. Most mature virus
remains in the cytoplasm and is released on cell death;
however, some moves to the Golgi complex, where it is
wrapped in a double membrane, transported to the plasma
membrane, and released by exocytosis with the loss of one of
the Golgi acquired membranes to produce extracellular virus
(that has an additional viral membrane) (Fig. 3). Both
mature virus and extracellular virus particles are infectious,
but extracellular virus particles appear to be important in
virus spread through the body.

Poxviruses encode a large number of proteins that en-
hance the ability of the virus to replicate efficiently and
spread within the animal host (8). A number of these gene
products are important for optimal replication in differen-
tiated and nondividing cell types, and some are involved in
the blockade of cellular apoptosis pathways (33). Others are
immunosubversive proteins that are secreted mimics of host

FIGURE 1 Structure of virions of poxviruses that cause human infections. Shown are negatively stained preparations of orthopoxvirus
virions (cowpox, monkeypox, vaccinia, and variola viruses) (A), parapoxvirus virions (ORFV, BPSV, PCPV, and sealpox viruses) (B), and
yatapoxvirus virions (TANV and YMTV) (C). The virions of orthopoxviruses and yatapoxviruses have similar morphologies, but those of
yatapoxviruses always have two membranes. Virions of the parapoxviruses are smaller and have a distinctive regular-surface structure. (D)
Diagram of the structure of the virion of VACV. The viral DNA and several proteins within the core are organized as a nucleosome. The core
has a 9-nm-thick shell with a regular subunit structure. Within the virion, the core assumes the shape of a dumbbell because of the large lateral
bodies, which are, in turn, enclosed within a protein shell about 12 nm thick—the first membrane, the surface of which appears to consist of
irregularly arranged surface tubules, which, in turn, consist of small globular subunits. Mature virus released by exocytosis (extracellular virus)
is enclosed within a second membrane (envelope) acquired from the Golgi. This membrane contains host-cell lipids and several unique virus-
specific polypeptides not found in the intracellular mature virus outer membrane. Most virions remain cell-associated and are released by
cellular disruption, without the second membrane. (E) Diagram of the structure of the virion of ORFV. The first membrane consists of a single
long tubule that appears to be wound around the particle. In negatively stained preparations (B) both sides are visible, giving a characteristic
criss-cross appearance. The second membrane is usually closely applied to the surface of the first membrane. Bar = 100 nm.
Reprinted from reference (26) with permission.
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TABLE 2 Examples of genes/proteins encoded by Orthopoxviruses

Gene name1 in
VACV strain WR

Gene name2

in VACV strain
Copenhagen Description of encoded protein3

Involved in viral DNA replication
VACWR138 A18R DNA helicase; effects elongation and termination of postreplicative viral transcription
VACWR141 A20R DNA polymerase processivity factor that interacts with D4
VACWR142 A22R a late protein essential for concatemer resolution. An E. coli RuvC-like protein with

Holliday junction resolvase activity
VACWR155 A32L putative ATPase involved in DNA packaging
VACWR174 A48R thymidylate kinase
VACWR176 A50R ATP-dependent DNA ligase
VACWR115 D10R contains mutT-like motif of NTP-phosphohydrolase for DNA repair
VACWR109 D4R uracil glycosylase that also acts as a DNA polymerase processivity factor that interacts

with A20
VACWR110 D5R DNA-independent NTPase essential for DNA replication
VACWR114 D9R contains mutT-like motif of NTP-phosphohydrolase for DNA repair
VACWR065 E9L viral DNA polymerase
VACWR056 F17R putative DNA-binding phosphoprotein in virus core
VACWR041 F2L dUTPase, expressed early, nonessential in tissue culture, involved in nucleotide

metabolism
VACWR043 F4L ribonucleotide reductase small subunit
VACWR104 H6R topoisomerase type IB
VACWR070 I1L DNA-binding core protein
VACWR072 I3L ssDNA-binding phosphoprotein
VACWR073 I4L ribonucleotide reductase large subunit
VACWR094 J2R thymidine kinase; common site to insert foreign genes by homologous recombination

Involved in viral RNA transcription
VACWR119 A1L viral late gene transcription factor (VLTF)-2
VACWR143 A23R 45kDa large subunit of viral intermediate gene transcription factor (VITF)-3
VACWR144 A24R DNA-dependent RNA polymerase subunit (rpo132)
VACWR152 A29L DNA-dependent RNA polymerase (rpo35)
VACWR120 A2L viral late gene transcription factor (VLTF)-3
VACWR124 A5R DNA-dependent RNA polymerase subunit (rpo19)
VACWR126 A7L 82kDa large subunit of viral early gene transcription factor (VETF)
VACWR127 A8R 32kDa small subunit of viral intermediate gene transcription factor (VITF)-3 used for

intermediate gene expression
VACWR116 D11L ATPase, nucleoside triphosphate phosphohydrolase-I, NPH-I; transcription elongation,

termination, release factor
VACWR117 D12L small subunit of mRNA capping enzyme; viral transcription termination factor (VTF)
VACWR106 D1R large subunit of mRNA capping enzyme; transcription termination factor (VTF)
VACWR111 D6R 70kDa small subunit of viral early gene transcription factor (VETF)
VACWR112 D7R DNA-dependent RNA polymerase subunit (rpo18)
VACWR057 E1L poly-A polymerase catalytic subunit (VP55)
VACWR059 E3L double-stranded RNA binding protein; inhibits antiviral activities of interferon; host-

range determinant; host defense modulator
VACWR060 E4L DNA-dependent RNA polymerase subunit (rpo30), viral intermediate-gene

transcription factor (VITF)-1
VACWR080 G2R late transcription elongation factor
VACWR083 G5.5R DNA-dependent RNA polymerase subunit (rpo7)
VACWR086 G8R viral late gene transcription (VLTF)-1
VACWR099 H1L tyr/ser protein phosphatase VH1, is essential for viral transcription in vivo and in vitro
VACWR102 H4L tightly associated with DNA-dependent RNA polymerase, aids early-stage transcription

preinitiation and termination (RAP94)

(Continued)
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TABLE 2 Examples of genes/proteins encoded by Orthopoxviruses (Continued)

Gene name1 in
VACV strain WR

Gene name2

in VACV strain
Copenhagen Description of encoded protein3

VACWR103 H5R viral late gene transcription factor (VLTF)-4; substrate of B1R kinase
VACWR077 I8R an encapsidated 72kDa protein, with NTPase and RNA helicase activity, essential for

early transcription
VACWR095 J3R multifunctional poly-A polymerase subunit, cap methyltransferase, and transcription

elongation factor
VACWR096 J4R DNA-dependent RNA polymerase subunit (rpo22)
VACWR098 J6R DNA-dependent RNA polymerase subunit (rpo147)
VACWR091 L4R ssDNA/ssRNA binding protein involved in early mRNA regulation

Involved in viral cytoplasmic disulfide bond formation
VACWR121 A2.5L S-S bond formation pathway; CxxxC links SH-oxidase E10R and thioredoxin G4L
VACWR066 E10R S-S bond formation pathway; sulfhydryl oxidase, substrates L1R/F9L
VACWR081 G4L S-S bond formation pathway; thioredoxin-like

Involved in formation and/or part of mature virus (MV)
VACWR129 A10L precursor p4a of core protein 4a, complexes with A4L
VACWR131 A12L core protein
VACWR132 A13L MV membrane protein; target of neutralizing antibody
VACWR134 A14.5L nonessential hydrophobic IV and MV membrane protein; deletion attenuates virus

virulence
VACWR133 A14L repression of 90 aa A14 membrane phosphoprotein arrests virion assembly prior to/at

crescent formation; interacts with A17; F10 and H1 substrate
VACWR136 A16L component of the poxvirus multiprotein EFC, soluble myristylprotein
VACWR137 A17L MV membrane protein required for morphogenesis
VACWR140 A21L component of the poxvirus multiprotein EFC
VACWR149 A26L MV protein required for incorporating MV into A-type inclusion body; involved in MV

attachment to cell surface
VACWR150 A27L MV surface protein; roles in MV-cell attachment, fusion, and microtubule transport;

target of anti-MV neutralization
VACWR151 A28L component of the poxvirus multiprotein EFC, target of neutralizing antibody
VACWR153 A30L vaccinia core protein component of the seven protein complex required for virosomal

uptake by viral crescents
VACWR122 A3L p4b precursor of core protein 4b
VACWR123 A4L 39kDa core protein complexes with core protein p4a/4a
VACWR128 A9L MV membrane protein required for morphogenesis
VACWR107 D2L virion core protein
VACWR108 D3R virion core protein
VACWR113 D8L MV membrane protein binds cell surface chondroitin; may effect viral entry
VACWR118 D13L rifampicin target associates with inner surface immature virus membrane
VACWR044 F5L membrane protein that has a role in plaque morphology in a subset of cell lines
VACWR048 F9L peripheral partner of EFC, S-S bond formation pathway; thiol substrate
VACWR079 G3L component of the poxvirus multiprotein EFC
VACWR087 G9R component of the poxvirus multiprotein EFC, myristylprotein
VACWR100 H2R component of the poxvirus multiprotein EFC
VACWR101 H3L MV heparin binding surface protein involved in MV maturation; neutralizing antibody

target
VACWR071 I2L component of the poxvirus multiprotein EFC
VACWR076 I7L viral core cysteine proteinase
VACWR097 J5L component of the poxvirus multiprotein EFC
VACWR088 L1R MVmembrane protein target of neutralizing antibody; S-S bond formation pathway thiol

substrate; myristylprotein
VACWR092 L5R component of the poxvirus multiprotein EFC

(Continued)
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TABLE 2 Examples of genes/proteins encoded by Orthopoxviruses (Continued)

Gene name1 in
VACV strain WR

Gene name2

in VACV strain
Copenhagen Description of encoded protein3

Involved in formation and/or part of extracellular virus (EV)
VACWR156 A33R EV membrane phosphoglycoprotein associates with A36R; involved in CEV-cell

adherence and actin tail formation
VACWR157 A34R EV glycoprotein involved in CEV cell adherence and actin tail formation
VACWR159 A36R transmembrane phosphoprotein that is required for EV formation, but not incorporated

into EV membrane
VACWR181 A56R EV type-I membrane glycoprotein; inhibits cell fusion and viral superinfection; also

named hemagglutinin
VACWR187 B5R EV type-I membrane glycoprotein; required for trans-Golgi/endosomal membrane-

wrapping of MV
VACWR051 F12L involved in plaque and EV formation; on IEV, not CEV, IV, or MV
VACWR052 F13L palmytilated EV membrane protein; phospholipase motif, required for IEV formation;

target of the anti-poxvirus drug ST-246
VACWR033 K2L serine protease inhibitor–like (SPI-3); prevents cell-cell fusion; host range determinant;

host defense modulator

Host range genes
no ortholog B23R host range polypeptide
no ortholog B24R host range protein
no ortholog C18L host range protein
VACWR021 C7L host range protein for growth in cell culture; possible host defense modulator
VACWR032 K1L host range gene needed for viral replication in rabbit cells and is capable of

complementing for C7L function in human cells

Viral immune evasion or proteins that interact with host proteins
VACWR158 A35R inhibits MHC class II antigen presentation
VACWR165 A40R C-type lectin-like type-II membrane protein; deletion attenuates intradermal lesion in

Vac-mouse model; host defense modulator
VACWR166 A41L secreted glycoprotein; deletion causes more severe lesion and enhanced viral clearance in

VAC-mouse skin model; host defense modulator
VACWR170 A44L hydroxysteroid dehydrogenase; deletion attenuates intradermal lesion in VAC-mouse

model; host defense modulator
VACWR172 A46R Toll/IL1-receptor [TIR]-like; suppresses TIR-dependent signal transduction; host defense

modulator
VACWR178 A52R Toll/IL1-receptor [TIR]-like; suppresses TIR-dependent signal transduction; host defense

modulator
VACWR179 A53R gene fragment, secreted TNF-receptor-like protein; CrmC, intact in some Vac strains;

host defense modulator
VACWR195 B13R serine protease inhibitor–like (SPI-2, CrmA); inhibits Fas-mediated apoptosis, IL-1

convertase, lipoxygenase pathway
VACWR197 B16R interleukin-1-beta-inhibitor; prevents febrile response in Vac-mouse intranasal model;

host defense modulator
VACWR199 B18R Interferon-alpha/beta-receptor-like secreted glycoprotein; host defense modulator
VACWR183 B1R B1 is an early ser/thr kinase needed for ongoing viral DNA replication capable of

phosphorylating the viral H5 and cellular ribosomal proteins
VACWR218 B29R chemokine-binding protein; host defense modulator [found in the ITR]
VACWR190 B8R soluble interferon-gamma receptor–like; host defense modulator
VACWR009 C11R secreted epidermal growth factor–like; binds EGF receptor [found in the ITR]
VACWR205 C12L serine protease inhibitor–like SPI-1; host defense modulator
VACWR001 C23L chemokine-binding protein; host defense modulator [found in the ITR]
VACWR025 C3L secreted complement binding protein; host defense modulator
VACWR034 K3L interferon resistance; host defense modulator
VACWR028 N1L virokine; host defense modulator

(Continued)

392 - THE AGENTS—PART A: DNA VIRUSES



TABLE 2 Examples of genes/proteins encoded by Orthopoxviruses (Continued)

Gene name1 in
VACV strain WR

Gene name2

in VACV strain
Copenhagen Description of encoded protein3

VACWR013 no ortholog interleukin-18-binding protein; host defense modulator
VACWR210 no ortholog secreted epidermal growth factor–like; binds EGF receptor [found in the ITR]

Miscellaneous
VACWR162 A38L CD47-like putative membrane protein
VACWR167 A42R profilin-like
VACWR168 A43R Conserved in all orthopoxviruses, but dispensable type-I membrane glycoprotein and not

part of EV formation
VACWR171 A45R inactive Cu-Zn superoxide dismutase–like in virion
VACWR194 B12R ser/thr protein kinase–like
VACWR049 F10L ser/thr kinase that phosphorylates viral proteins

1Gene names in VACV strain WR are named sequentially from left side of the genome to the right side (1 to 218).
VACV strain Copenhagen was the first VACV genome completely sequenced (193). The gene names are based on the HindIII restriction that digests the3200 Kbp

genome into 15 fragments. The largest fragment is A, next largest is B, etc. Gene names are then numbered within each HindIII fragment and are denoted with an L or an R
if the gene is facing to the left or the right.

2Description of protein function adapted from poxvirus.org.
3CEV, cell-associated extracellular virus; Crm, cytokine response modifier; EV, extracellular virus; IEV, intracellular extra-enveloped virus); ITR, inverted terminal

repeat; IV, immature virus; MV, mature virus.

FIGURE 2 Schematic representation of the genome of the WR strain of VACV. The genome is a linear double-stranded molecule with
terminal hairpins, inverted terminal repeats, and a series of direct repeats within the inverted repeats. Each overlapping bar indicates gene
conservation between the WR strain and all poxviruses, vertebrate poxviruses, and orthopoxviruses. The bars are color-coded according to
the percentage of gene conservation across the indicated taxa.
Reprinted from reference (27) with permission.
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ligands, regulators, or receptors. These include homologs of
epidermal growth factor and binding proteins for comple-
ment regulatory proteins C3 and C4, interleukin 1, inter-
leukin 18, tumor necrosis factors alpha and beta, and type I
and type II interferons (34–36).

Host Range
The animal host range of poxviruses that infect humans is
narrow for VARV and MCV and relatively broad for VACV,
CPXV, and MPXV. VARV has not been shown to cause
significant disease in immunocompetent animal models ex-
cept in nonhuman primates, in which lethal infections occur
under conditions not characteristic of natural infection (37,
38). Aerosol challenge of cynomolgus macaques with up to
108.5 PFU of VARV results in an inapparent infection (37),
whereas intravenous challenge with 108 PFU of VARV re-
sults in replication and the development of skin lesions, but
is usually not lethal. Lethal disease is achieved 3 to 6 days
following intravenous administration of 109 PFU. While
these models do not recapitulate the natural pathogenesis of
human VARV, which is initiated by deposition of a small
number of virions on the respiratory mucosa, followed by the
appearance of rash (10 to 12 days later), and death (20 to
22 days later) or recovery, they provide ability to test vac-
cines and therapeutics against variola virus in an animal
model (39).

The ecology of MPXV is still not completely understood
with respect to reservoir and incidental hosts (40, 41). Se-
roprevalence studies suggest that there may be several ani-
mal species serving as MPXV reservoirs in nature. For
example, two genera and six species of squirrels and five
genera and nine species of nonhuman primates have MPXV-
specific antibodies. Virus has been isolated from an animal in
nature only once, and the source was a diseased squirrel of
the species Funisciurus anerythrus (42). However, cell culture

and PCR assays demonstrated MPXV in two Funisciurus spp.
(rope squirrel), one Cricetomys sp. (giant pouched rat), and
three Graphiurus spp. (African dormouse) from a 2003
shipment of African rodents to the United States (43).
These observations suggest the natural ecology of MPXV to
be a complex interaction of reservoir hosts and incidental
species. This broad host range is a cause for concern, as it
may facilitate the adaptation of MPXV to new hosts in new
regions. Laboratory studies have demonstrated that cyno-
molgus macaques (44), prairie dogs (45), and ground squir-
rels (46) can serve as experimental hosts.

CPXV has a very broad host range in nature. The virus is
maintained in wild rodents in western Eurasia, in particular,
voles and wood mice. Short-tailed field voles have been
proven to be the reservoir host in Great Britain (47). Cows
are merely incidental hosts, as are rats, dogs, zoo animals
(elephants, lions, cheetahs, pumas, panthers, and jaguars),
and domestic cats (48, 49). The domestic cat is the frequent
liaison host of human infections (50). In the laboratory, the
mouse model is most often used to study CPXV.

VACVinfects domesticated livestock species, possibly as a
result of the smallpox vaccination campaign in which various
animals were purposely used for vaccine production or inad-
vertently infected by contact with vaccinees (51). In Holland
in 1963, 8 out of 36 outbreaks of “cowpox” in milking cows
were found to be caused by VACV, and the rest were caused
by authentic CPXV (52). In 1985, VACV was isolated from
scabs taken from pox lesions on buffaloes in five different
districts of Maharashtra State, India (53), and was also ob-
served in Egypt and Indonesia, where water buffaloes (Bu-
balus bubalis) are used as domestic animals (54). Buffalopox
outbreaks continued through 1996, with human infections
and possible subclinical disease in areas of endemicity (54).
There have been ongoing outbreaks of VACV in cattle and
dairy workers based in Minas Gerais State, Brazil (55).

FIGURE 3 Diagram illustrating the replication cycle of vaccinia virus, the prototype orthopoxvirus. IV, immature virus; MV, mature virus;
WV, wrapped virus; EV, extracellular virus.
Reprinted from reference (8) with permission.

394 - THE AGENTS—PART A: DNA VIRUSES



Similarly, in 1932, VACVappeared to adapt to a rabbit host,
causing a new disease that was highly lethal and transmissible
to contact rabbits by airborne infection (56). The isolated
agent was named rabbitpox virus, and sequencing of its ge-
nome confirmed it as a strain of VACV (57). VACV repli-
cates to various degrees in most tested animal models.

MCV has the narrowest host range of any poxvirus and
has similarities in this regard to human papillomavirus (see
Chapter 29): no experimental animals have been shown to
support its growth.

Growth in Cell Culture
Although the host range of human poxvirus pathogens can
be quite narrow, all the orthopoxviruses replicate in a broad
range of fibroblast or epithelial cell lines, including HeLa,
BS-C-1, and Vero cells. Infection causes the cell to round
and detach from the substrate, which is the basis for the
plaque assay used to measure virus infectivity. Cytoplasmic
inclusion bodies can be detected with appropriate histologic
stains. MCV appears to replicate only in the human kera-
tinocyte and has yet to be cultivated in cultured cells. MCV
from skin lesions has been propagated in human foreskin
xenografts (58, 59).

Inactivation by Physical and Chemical Agents
Poxvirus infectivity is relatively stable in the environment
compared to other enveloped viruses, and stability is mea-
sured in days or weeks, although not years (2). Since all
poxvirus species likely share similar sensitivities to physical
and chemical agents, data acquired with one poxvirus spe-
cies can be applied to another. VACV infectiousness is ad-
versely affected by both high temperatures and high
humidity. VACV (107 pock-forming units on chorioallan-
toic membrane/ml) sprayed in aerosols at room temperature
(21 to 23ºC) maintained 46 and 24% of the initial infec-
tivity in low (18 to 19%) and high (82 to 84%) relative
humidity, respectively, over a 4-h period (60). Higher tem-
peratures (31.5 to 33.5ºC) do not reduce infectivity further
at low humidity, whereas infectivity dropped from 24 to 6%
at high relative humidity. While virus on nonporous surfaces
can remain infectious for months, the same trends of de-
creased viability are seen at high humidity (61). Infectious
virus is present in scab material (62) and thus a person is
considered infectious until all scabs fall off.

Since orthopoxviruses are highly infectious, and it takes
only a small number of virions to initiate infection (40), the
physical environment occupied by a person with poxvirus
disease must be appropriately decontaminated. There are a
number of disinfectants that inactivate poxviruses. Using
the orthopoxvirus ectromelia virus, White and Fenner ex-
amined a range of chemical treatments for surface decon-
tamination (63). For example, a 10-min treatment with 2%
phenol or 40% alcohol was sufficient to destroy virus in-
fectivity completely. Sterilization of surfaces can be achieved
with formaldehyde gas or a range of commercially available
contact sterilants, including fresh solutions of 10% bleach,
Spor-Klenz, or Envirocide. Sunlight can also inactivate the
virus (64).

EPIDEMIOLOGY
Distribution
Smallpox is no longer known to exist outside of two WHO-
designated high containment laboratories.

Monkeypox is now the most frequent human ortho-
poxvirus causing serious infections (40). Because monkeypox

is clinically difficult to distinguish from smallpox, it was not
identified as a distinct disease until smallpox was no longer
endemic. Monkeypox is found mainly among the inhabi-
tants of small villages in the tropical rain forests of West and
central Africa (65), with occasional outbreaks elsewhere (31,
66–68). In 2003 and 2005 there were outbreaks in the
United States and Sudan, respectively (69, 70). The US
importation was traced to a shipment of animals from Ghana
destined for the pet trade (69). Human cowpox is restricted
to a region bounded by Norway, northern Russia, Turk-
menistan, France, and Great Britain because of the limited
ability to remain enzootic except in particular species of
rodents. Zoonotic VACV infections are currently confined
to Brazil and India, and contact infections from people re-
ceiving the smallpox vaccine are limited to countries that
vaccinate their military or first responders to infectious dis-
ease outbreaks. Some rare human infections have occurred
from contact with a recombinant VACV-based rabies vac-
cine that is used in bait to vaccinate wild animals (71, 72).

Of the remaining human poxvirus infections, ORFV has
worldwide distribution. PCPV and BPSV are maintained in
dairy herds derived from European herds in all parts of the
world. In Great Britain, PCPV infection is enzootic in cattle
and, in contrast to CPXV, persists in relatively small herds
(73). Tanapox was first observed as an acute febrile illness
associated with localized skin lesions, occurring in epidemics
in 1957 and 1962 among people living in the flood plain of
the Tana River in Kenya (74). It is endemic in this area, in
the Democratic Republic of Congo (DRC, former Zaire),
and probably elsewhere in tropical Africa (75). Molluscum
contagiosum has a worldwide distribution and is very com-
mon in certain areas.

Incidence and Prevalence

Subclinical Infection Rate
Subclinical VARV infections among vaccinated subjects
were documented in the smallpox eradication program,
which, perhaps, is not surprising (2), but their occurrence in
naïve subjects is unclear. Studies of human monkeypox in
Zaire between 1981 and 1986, after cessation of smallpox
vaccination, found that 136 (18%) of 774 unvaccinated
contacts of monkeypox patients had serologic evidence of
infection; 20% of these persons gave no history of illness,
residual skin lesions, or other changes suggestive of mon-
keypox, and therefore were classified as having subclinical
infections (66). More recent studies also provide evidence
that subclinical monkeypox infections are likely occurring
(76). A serosurvey done in 2003 of 109 children in 3 villages
in Ghana who had never received smallpox vaccination and
did not report prior monkeypox infection showed that 40
(37%) had antibodies detected against an orthopoxvirus.
These villages were studied because the rodents that were
imported into the US that caused prairie dog and human
monkeypox infections were collected in these locations.
Subclinical infections are probably universal for poxviruses,
as multiple strains of mice can be infected subclinically with
ectromelia virus and act as “silent” reservoirs of infectious
virus for contact mice (77).

Patterns of Infection

Variola
Except for VARV and MPXV infections, in which case

fatality rates range from 1 to 30%, poxvirus infections of
healthy individuals do not result in death.
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Transmission of VARV typically occurred within house-
hold contacts. For example, an investigation in Pakistan
(78) revealed a secondary attach rate of 77% of unvacci-
nated contacts (and 35% in previously vaccinated con-
tacts). From such data, the basic reproductive number (Ro,
the number of new cases that one case will generate) for
smallpox has been estimated to be between 3 and 10 (79–
81). Overall mortality from smallpox was estimated to be
30%. However, in the nonimmune, severe disease and/or
death were higher at the extremes of age. For example, in the
early 1900s in Liverpool, England, infants <2 years old
and unvaccinated adults >40 years old had death rates closer
to 50 to 60% (82). In this same study, those previously
vaccinated had nearly no death from smallpox. Even
those who were vaccinated decades earlier showed death
rates at <10%.

Monkeypox
In 1981, the seroprevalence of hemagglutinin-inhibiting

(orthopoxvirus) antibodies was 13% of West African chil-
dren (Ivory Coast and Sierra Leone) and 19% of central
African children (DRC) among 10,300 unvaccinated chil-
dren. A less sensitive but more specific radioimmunoassay
adsorption test for MPXV antibodies indicated that 17% of
the sera positive for hemagglutinin inhibition contained
MPXV-specific antibodies (66, 67). A less specific assay re-
ported similar results, with 1.7% of 994 specimens positive
for orthopoxvirus immunoglobulin M in the Likouala region
of the DRC (83).

In Africa, over 400 cases of monkeypox were diagnosed
between 1970 and 1986, the great majority in parts of Zaire
where intensive surveillance supported by the WHO was in
operation from 1980 to 1986. The case fatality rate was
about 10%. Person-to-person transmission was uncommon
but accounted for about 30% of the observed cases. Addi-
tional outbreaks were reported in the DRC between 1996
and 1998, but there were concurrent outbreaks of chick-
enpox, and investigations were hampered by an ongoing
civil war (84). In a review by the WHO in 1999, however,
it was estimated that about half of the 800 suspected cases
in the Kasai Oriental were monkeypox (85). Cases appeared
to be no more severe than in the 1980s, but the numbers
of index cases and the proportion of secondary cases
have increased in recent years (40). From November 2005
to November 2007 (7) surveillance in the DRC identified
760 laboratory confirmed cases in 9 independent health
zones, which represented an increase incidence from 0.72 to
14.41 cases/10,000 (320-fold increase). Ninety-two percent
of cases occurred in people born after mass vaccinations
ended in the 1980s. People who were previously vaccinated
for smallpox had a 5-fold lower risk of MPXVas compared to
unvaccinated (0.78 vs. 4.05 per 10,000), indicating a vac-
cine efficacy of 381% decades after prior vaccination. This
increase in human monkeypox infections in the post-vac-
cination era raises concerns about the emergence of a virus
capable of more efficient spread in humans.

In 2003 in the Midwest of the United States, a MPXV
infections occurred in prairie dogs housed in a distribution
center in close proximity to MPXV-infected African ro-
dents; the prairie dogs acted as an amplifying host for the
documented human infections. Based on the case definition
at the time, there were 35 confirmed cases and 36 probable
cases (86), although other testing techniques identified ad-
ditional cases (87). A majority of the confirmed infections
(19 of 34, 56%) occurred after close contact with MPXV-
infected prairie dogs (88), but a number of cases appeared to

result from indirect exposure to the virus through fomites or
aerosols.

Other Orthopoxviruses
The incidence of other orthopoxvirus infections is far less

than that of human monkeypox, with approximately 54
cases of cowpox reported in Europe from 1969 to 1993 (50).
Cowpox has been known in Europe for hundreds of years as a
disease of cows, manifesting as ulcers on the teats (31).
Occasionally, contact with such lesions produced pustular
lesions on the hands of milkers. The cow is an accidental and
occasional host of CPXV, but cows, cats, and zoo animals
can be infected from a rodent reservoir host. Humans may be
infected by contact with a wildlife source or with infected
animals of several species, especially domestic cats (Fig. 4).

Natural infections with VACV result from epizootics
based on virus reservoirs in buffalo and cattle. Buffalopox
virus has persisted in India since the cessation of human
vaccination (16) and is characterized by pustular lesions on

FIGURE 4 Diagram illustrating the epidemiology of cowpox and
buffalopox. Solid lines represent known paths of transmission;
broken lines represent presumed or possible paths of transmission.
(A) Identified wild-rodent reservoir hosts of cowpox include bank
voles, wood mice, and short-tailed voles in Great Britain and
probably elsewhere in Europe; lemmings in Norway; and susliks and
gerbils in Turkmenistan. The traditional liaison hosts from which
humans were infected were cows, but currently the most common
liaison hosts are domestic cats. White rats, the source of disastrous
outbreaks in animals in the Moscow Zoo in 1973 and 1974 (48),
probably acquired infection from wild-rodent-contaminated straw
or other bedding material. (B) In India, Egypt, and Indonesia, in the
days of smallpox vaccination, buffaloes were sometimes infected with
vaccinia virus from recently vaccinated humans, causing what was
called buffalopox. Buffalopox seems to have disappeared in Indo-
nesia and Egypt but is still a problem in several states of India. Since
the cessation of vaccination, infected buffaloes constitute a source of
infection of humans. It is possible that the virus can bemaintained by
serial transmission in buffaloes, but on the analogy of cowpox in
Europe, it is possible that there is an unknown rodent reservoir.
Reprinted from reference (63) with permission.
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the teats and udders of milking buffaloes; occasionally a
generalized disease is seen, especially in calves. Sometimes
humans in contact with diseased buffaloes are infected (Fig.
4); thus, lesions may occur on the hands and face of milkers.
Most strains have restriction maps somewhat different
from those of the VACV strains used in India in the days of
smallpox vaccination (53). In Brazil, a strain of VACV
maintained in cattle is similarly causing zoonotic infec-
tions (89).

Recently, a previously unknown orthopoxvirus was
identified in a herder in a very rural part of the country of
Georgia (21). While only a single case was identified and a
field investigation did not show evidence of other people or
animals that had been infected with this novel virus, a pa-
tient in 2010 in an entirely different part of the country was
infected with the same virus.

Parapoxviruses
Human infections with parapoxviruses are an occupa-

tional hazard. ORFV, PCPV, and BPSV cause the so-called
“barnyard” poxvirus infections, with ORFV infections being
the most common. The papules and vesicles on the skin of
the lips (scabby mouth) and sometimes around the nostrils
and eyes of infected animals serve as a source for human
infection. Persistence of the virus in flocks is due in large part
to the persistent infectivity of virions in scabs that fall on
pasture plants or the soil.

TANV infects both sexes and all age groups and occurs
most frequently among persons who work or play close to the
Tana River (75). There has been one case of human-to-
human transmission reported in the United States (90). The
same virus, described variously as Yaba-like disease virus,
Yaba-related disease virus, and Oregon “1211” poxvirus,
gave rise to epizootics in macaque monkeys in three primate
centers in the United States in 1966, in which some of the
animal handlers were infected (91). YMTV was first re-
covered from subcutaneous tumors that occurred in a colony
of rhesus (Asian) monkeys in Nigeria (92). Infections of
humans with YMTV have not been found in the field in
Africa.

Molluscum contagiosum is endemic throughout the
world to various degrees. Based on restriction enzyme
digests of isolates, there are four subtypes (93). While de-
tailed sequencing of all subtypes has not been done, cross-
hybridization revealed that all had similar nucleotide
sequences. All subtypes produce similar clinical disease. In
the United States, 98% of cases are caused by MCV geno-
type 1 (25). Molluscum contagiosum is very common in Fiji,
where 4.5% of a village population bore lesions (94), and in
Papua New Guinea (95). In the Netherlands the cumulative
incidence of childhood molluscum contagiosum is about
17% in persons 15 years of age (96). In Australia the sero-
prevalence was 23% in a representative cross-section of the
population (96).

Age-Specific Attack Rates
Information on age-specific clinical attack rates of unvac-
cinated contacts is available for smallpox, monkeypox, and
molluscum contagiosum. For smallpox, while all nonim-
mune people are susceptible, when smallpox was an endemic
infection, the contacts < 15 years of age showed the greatest
risk of infection; this risk probably reflects the intimacy of
physical contact, which is highest among the youngest sib-
lings in a family. For monkeypox in Africa, the primary at-
tack rate reflects the probability of developing the disease
after exposure to an animal source. For molluscum con-

tagiosum, studies in New Guinea, Japan, the Netherlands,
and the United States found the peak incidence to be in
individuals < 10 years of age (96, 97).

Risk Factors and High-Risk Groups
Persons of all ages were susceptible to VARV, but the mor-
tality rates were highest in the very young, the elderly,
pregnant women, and immunosuppressed individuals. A
similar pattern is likely to exist for monkeypox.

Severely immunosuppressed patients have more severe
disease with all poxvirus infections, and this has been doc-
umented for MCV (98) and ORFV (99). Individuals with
atopic dermatitis are probably predisposed to poxvirus dis-
eases of greater severity, especially at the sites of dermatitis.
This has been documented for infections with VACV,
ORFV, and MCV (96, 100, 101). In the case of molluscum
contagiosum, 24% of patients were diagnosed with atopic
dermatitis (96). At least two fatal cases of cowpox have been
documented in persons suffering from atopic dermatitis
(102).

Reported sex differences in smallpox and monkeypox
susceptibility more likely reflect risk of exposure and do not
represent an intrinsic susceptibility to infection or difference
in disease severity. The lack of vaccination immunity is by far
the most important risk factor for severe disease in smallpox
and monkeypox. The risk of human cowpox increases with
ownership of a cat that has access to infected rodent popula-
tions. The risk of parapoxvirus infection is occupational.

Reinfections
Recovery from VARV, MPXV, and VACV confers long-
lived to lifelong protection from severe disease following
reinfection, whereas the generated immunity to CPXV is
shorter-lived or is unable to block reinfection with CPXV
(3). During the months of an active MCV infection, it is
common for the virus to spread to other sites on the skin.
However, once all lesions have disappeared, it is unclear if a
patient can be reinfected.

Seasonality
In the tropics, smallpox was most prevalent in the cool, dry
season. Monkeypox in Africa shows no clear evidence of a
seasonal pattern (66).

Transmission

Routes and Risk Factors
Human poxvirus infections can be acquired through multi-
ple routes. VARV is spread by the respiratory route, usually
requiring close (household) contact. MPXV infection from
the zoonotic host probably occurs through puncture wounds
or microbreaks in the skin. MPXV human-to-human
transmission is likely to occur via the respiratory route or
through mucosal surfaces (65). CPXV and parapoxvirus in-
fections are the consequence of the introduction of virus
either directly or indirectly into breaks in the skin. MCV is
spread by fomites or close contact among children and can
be sexually transmitted among adults.

The transmission risks of MPXV infection are multifac-
torial. Primary MPXV infection is associated with adult male
activities such as hunting and carcass preparation, whereas
female caregivers are at greater risk for human-to-human
transmission.

Parapoxvirus infections occur through occupational ex-
posure. For example, marine mammal technicians are at risk
for sealpox through bites from seals or sea lions (103).
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Sexual activity is a risk factor for molluscum contagiosum
in adults. Genital molluscum has become a much more
common infection in the last two decades and can be an
epidemiological marker for sexually transmitted diseases.
The disease can be a troublesome complication of AIDS in
Western countries, especially in homosexual men (104). For
children, there is an association between swimming pools
and MCV (97).

Nosocomial Infection
VARV and MPXV, which can be transmitted by respiratory
droplets, can cause nosocomial infections. In 1970, a
smallpox patient maintained in an isolation ward in a gen-
eral hospital in Meschede, Germany, infected 17 patients
that were in rooms that were one to two floors above the
index patient l (105). While face-to-face contact is the most
common route of spread, it was thought that the spread in
the hospital occurred because the index patient had a severe
persistent cough and that strong air currents and low hu-
midity in the hospital allowed airborne transmission. In
2003, extended interhuman transmission of MPXV was
documented on the grounds of a community hospital in the
DRC (106).

Duration of Infectiousness
The ability of human poxvirus infections to transmit infec-
tious virus is dependent on the generation of a lesion in the
cornified or mucosal epithelium that ulcerates, releasing virus
into the environment. For VACV, CPXV, parapoxviruses,
and MCV, the lesions are usually in the cornified epithelium
and are likely infectious until scab formation or reabsorption.
For smallpox and probably monkeypox acquired from human
index cases, the mucosal lesions of the respiratory tract are a
greater source of infectious virus than lesions of the cornified
skin and are more important in the natural transmission cycle
of the virus. VARV is detected 2 to 4 days following the onset
of fever and reaches the highest level on the third and fourth
days of disease (i.e., just after rash appearance) in oropha-
ryngeal secretions of smallpox patients. The level of virus was
greatest and persisted the longest in cases that had confluent
ordinary-type (lesions on face or extremities are confluent) or
flat-type smallpox. High levels of virus in secretions corre-
lated with infectiousness of the patient, a period that usually
lasted for the first week of the rash.

PATHOGENESIS IN HUMANS
Incubation Period
The incubation period for human poxvirus infections has
been thoroughly documented only for smallpox, for which it
was 10 to 14 days (2). A limited number of case studies of
human-to-human transmission of MPXV suggest a similar
incubation period (66).

Patterns of Virus Replication and Spread
Our understanding of the pathogenesis of smallpox is based
on animal models: namely, ectromelia virus in mice [(107,
108); Fig. 5] and MPXV in monkeys (109). Based on these
models and epidemiologic observations of smallpox, infec-
tion with VARV usually occurs by the inhalation of virus
released from oropharyngeal lesions into the saliva and re-
spiratory secretions during the first week of the rash. After
infection of cells in the upper and lower respiratory tract of
contacts, macrophages became infected and entered the
lymphatics. Infected white blood cells sometimes entered

the bloodstream at this stage, or in any case by about the
fourth day. Lymphoid tissue and internal organs were infected
following this primary viremia. The initial stages of infection
produced neither symptoms nor a local lesion, and patients
were not infectious during the incubation period. Approx-
imately 8 to 10 days following infection, virus produced from
infected internal organs (secondary viremia) localized in
small vessels of the dermis and led to infection of the un-
derlying dermis of the mucosal and cornified epithelium.
The rash was detected approximately 10 days after infection,
evolved through a number of distinct stages, and resolved
with scab separation 332 days following infection. Virus
was difficult to detect in blood from cases of ordinary-type

FIGURE 5 Diagrammatic representation of the mode of spread
of ectromelia virus through the body in mousepox.
Reprinted from reference (107) with permission.
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smallpox at all times during disease; however, this was not
the case with hemorrhagic-type smallpox, in which high
titers were readily detectable in blood of all cases. The
outcome of the infection was either death, which was said to
be usually due to “toxemia,” or recovery, with complete
elimination of the virus but sometimes with sequelae. The
most common sequelae were pockmarks, which could occur
all over the body but were usually most profuse on the face
(110). Blindness was an important but rare complication.
Recovery was accompanied by prolonged immunity to re-
infection.

The pathogenesis of monkeypox probably follows at least
two distinct courses dependent on the route of transmission.
Inhalation of MPXV, which is likely the mechanism of in-
fection between an index case and contacts, has a patho-
genesis very similar to that of the smallpox virus. Infections
from an animal source may occur through additional expo-
sure routes including puncture wounds or small lesions on
the skin or the oropharynx. Infections through the skin
likely have a distinct pattern of pathogenesis compared to
that following a respiratory infection. This supposition is
based on the fact that the smallpox case fatality rate was 20
to 30% following inhalation but was dramatically lower, at
0.5 to 2%, if virus was introduced into the cornified epi-
thelium (variolation; see below).

Except for VARV and MPXV, poxvirus infections of
humans are most often through the cornified epithelium.
The introduction of CPXV, VACV, or parapoxviruses into
the skin causes localized distinct pustular lesions at the site of
introduction that have species-specific distinctions. In im-
munocompetent individuals, systemic infections occur at a
low frequency following VACV infection (Table 3, gener-
alized vaccinia) and are extremely rare for CPXV or other
human zoonotic poxvirus infections. The primary lesions
heal over in 3 to 6 weeks following infection.

Disease Production and Pathologic Features
The secondary skin lesions of smallpox develop through a
series of characteristic stages that presumably begin with a
virus-infected cell entering into the dermis through diape-
desis, which is followed by local replication. The focus of
infection becomes mildly inflamed due to the local release of
cytokines and chemokines, which attract circulating in-
flammatory cells. Virus replication spreads from the dermis
into the epidermis. Cells in the epidermis become swollen
and vacuolated and stain for the characteristic B-type
(Guarnieri) inclusion bodies (Fig. 6). The rupturing cells
contribute to early vesicle formation. Lesions evolve from
macules to papules and into pustules through the migration
of polymorphonuclear leukocytes from the subpapillary
vessels into the epidermal lesion. The pustule umbilicates,
and with the development of an effective immune response,

TABLE 3 Complications of smallpox vaccination in the United States in 1968

Complication rate (cases per million)

Status and age No. of vaccinations
Postvaccinial
encephalitis

Progressive
vaccinia

Eczema
vaccinatum

Generalized
vaccinia Othera

National surveyb

Primary vaccination
< 1 yr 614,000 6.5 0 8.1 70.0 27.7
1–4 yr 2,733,000 2.2 0.4 11.3 17.2 47.9
> 5 yr 2,247,000 2.7 1.8 9.3 16.9 23.6

Revaccination
< 1 yr 0
1–4 yr 478,000 0 0 2.1 0 4.2
> 4 yr 8,096,000 0 0.7 0.9 1.2 1.7

Ten-state surveyc

Primary vaccination
< 1 yr 71,000 42 0 14 394 1,099
1–4 yr 317,000 9.5 3.2 44 233 972
> 4 yr 262,000 7.6 0 34 149 748

Revaccination
< 1 yr 0
1–4 yr 55,000 0 0 0 0 200
> 4 yr 943,000 2.1 3.2 3.2 9.5 81

aIncludes accidental infection, erythema multiforme, bacterial infections, and severe “normal” reactions requiring medical care.
bData from reference (138).
cData from reference (139).

FIGURE 6 Intracellular inclusions (Guarnieri bodies) in a bi-
opsy from a patient from Somalia prior to smallpox eradication.
Courtesy of Dr. Dirk Elston.
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the healing process commences and results in regeneration
of the epidermis and the start of scab formation at316 days
postinfection. Autopsies of people who died from smallpox
showed enlarged and engorged organs. Histology showed
ballooning of endothelial cells and an inflammatory infil-
trate that was mainly mononuclear cells (111). High titers of
virus can be found in internal organs, including liver, spleen,
lymph nodes, and bone marrow (2).

The earliest histologic changes observed in VACV le-
sions following vaccination are cytoplasmic and perinuclear
vacuolation in the epithelium, which are accompanied by
coagulation necrosis, intercellular edema, and vesicle for-
mation (2). By 48 h postvaccination, a cup-shaped vesicle
traversed by an eosinophilic reticular network appears
with the roof and floor formed by the stratum corneum and
dermis, respectively. The region is characterized by edema,
free erythrocytes, and a progressive infiltration of mononu-
clear and polymorphonuclear cells, which with time
formed a dense, homogeneous, deeply staining reticulum
that formed the crust beneath which epithelial outgrowth
occurred.

In contrast to lesions of smallpox and monkeypox, par-
apoxvirus lesions are markedly proliferative (112). Changes
that occur early in the proliferating keratinocytes include
nucleolar enlargement and focal lysis of keratin fibrils. Ex-
treme swelling of the cells results in ballooning degener-
ation, which, when accompanied by B-type cytoplasmic
inclusion bodies and nuclear shrinkage, is pathognomonic of
ORFV lesions. Dermal infiltration with monocytes and
lymphoid cells is prominent around hyperemic capillaries
and venules, and infection of the endothelial cells may
produce endothelial proliferation.

Tanapox lesions histologically show some typical features
of an orthopoxvirus skin lesion, i.e., marked thickening of
the epidermis with extensive ballooning degeneration of the
prickle cell layer. The cytoplasm of swollen epidermal cells is
filled with large, pleomorphic, granular, eosinophilic, B-type
inclusion bodies. YMTV produces tumors in monkeys and
humans after subcutaneous or intradermal inoculation.
These are composed of masses of histiocytes, which are later
infiltrated with lymphocytes and polymorphonuclear cells.
No true neoplastic proliferation occurs, and the lesions re-
gress as the immune response develops (113).

The typical molluscum contagiosum lesion consists of a
localized mass of hypertrophied and hyperplastic epidermis
extending down into the underlying dermis and projecting
above the adjacent skin as a visible tumor. Each infected
keratinocyte is many times larger than normal, and the cy-
toplasm is filled with a large hyaline acidophilic granular
mass known as the molluscum body (Fig. 7), which pushes
the nucleus to the edge of the cell. The core of the lesion
consists of degenerating epidermal cells with inclusion
bodies and keratin, which uninfected cells continue to
produce. Unlike with orthopoxvirus lesions, there is no
vesicle formation or inflammatory reaction unless secondary
bacterial infection has occurred. The lack of inflammation is
due to the restricted replication of the virus to the kerati-
nocyte of the epidermis, the release of little antigenic ma-
terial or virus from infected cells, and the expression of
immunosuppressive proteins (36).

Immune Responses

Innate Responses
Innate responses have not been studied in human poxvirus
infections but can be inferred from our knowledge of ex-

perimental mousepox (108). Infection with necrosis initiates
a cascade of cytokines and chemokines and cellular activa-
tion. The cascade is further amplified by the autocrine and
paracrine proinflammatory activities of the resident and
infiltrating cells (monocytes, granulocytes, and natural killer
cells) as well as the vascular endothelial cells. In MCV this
process is absent or transient in nature.

Adaptive Immunity
The adaptive response is characterized by the production of
cytotoxic and cytokine-secreting T cells and antibody-
secreting B cells. The cytotoxic T cells kill infected cells
prior to the completion of the virus replication cycle by
recognizing viral peptides in the context of antigens from the
HLA complex. In animal models the humoral response plays
a major role along with T cells in recovery from primary
infection and is critical for protection from reinfection (114–
116). The most important targets of neutralizing antibodies
are unique proteins found on the surface of mature virus and
extracellular virus (117).

The 2003 importation of animals from Africa infected
with monkeypox virus provided an opportunity to study the
immune response in infected humans. Antibody responses
(IgG and IgM) could be detected within the first week after
rash onset, often within the first day or two (118). T-cell
responses were measured in people infected with monkeypox
(87, 119), but samples from acutely infected patients were

FIGURE 7 Section of a skin lesion of molluscum contagiosum.
Courtesy of CDC/ Dr. Edwin P. Ewing, Jr., Public Image Library ID#
860.
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not obtained. The severity of illness did not appear to be
associated with the magnitude of the T-cell response (119).

The acute viral infections with VARV, CPXV, and
VACV produce lasting long-term immunity. The more
chronic infection by MCV initially provokes little immunity,
and in individual patients the lesions may persist for as little
as 2 weeks or as long as 2 years, without any sign of in-
flammation. The lesions are noteworthy for the absence of
reactive cells. Virus-specific antibodies are demonstrable in
about 70% of patients (120).

Correlates of Disease Resolution and Protection
In human poxvirus infections, scab separation of the last
active lesion indicates disease resolution. In smallpox, this
separation occurred at 332 days following infection. The
presence of scars from VARV, MPXV, or VACV lesions is
considered a correlate of immune protection.

CLINICAL MANIFESTATIONS
Major Clinical Syndromes

Variola and Monkeypox
The prodrome of smallpox or classic monkeypox includes a
spiking fever, malaise, and possibly headache followed by the
development of a rash (2, 66). There are two clinical types of
smallpox due to two viral variants, variola major and variola
minor (alastrim) (2). Variola major had an overall case fa-
tality rate of 20 to 30% in unvaccinated persons with mor-
tality rates much higher at the extremes of age. Variola
minor had a case fatality rate of about 1%. The onset was
acute, with fever, malaise, headache, and backache. Three or
four days after the onset of symptoms the characteristic rash
appeared, first on the buccal and pharyngeal mucosa and
then on the face, forearms, and hands. The lesions began as
macules, which soon became firm papules and then vesicles,

which quickly became opaque and pustular. About 8 or 9
days after the onset, the pustules became umbilicated and
dried up. The distribution of the rash, as well as its evolution,
was highly characteristic, being usually most profuse on the
face and more abundant on the forearms than the upper arms
and the lower legs than the thighs, and relatively sparse on
the trunk, especially the abdomen (Fig. 8, left panel).

The clinical features of monkeypox are indistinguishable
from those of ordinary-type smallpox, except that enlarge-
ment of cervical, and often the inguinal, lymph nodes is
much more pronounced than in smallpox (Fig. 8, middle
and right panels). The evolution of the rash in monkeypox
in central Africa is similar to that of smallpox. The rash is
most severe on the extremities, and the lesions evolve as a
group. This is in contrast to the disease observed in the 2003
US outbreak, in which distinct differences were noted in the
morphology, evolution, and absolute numbers of skin le-
sions. In the US outbreak the lesion morphology varied
from case to case and even within a family, and the lesions
healed with a distinctive and prominent hemorrhagic crust
(122).

Although like smallpox, monkeypox is clinically distinct
from chickenpox, misdiagnosis of monkeypox for chick-
enpox and chickenpox for monkeypox is quite common
(123). In general, Africans may be more susceptible to severe
disease due to poor nutrition or coinfections with other
pathogens. Two reports have documented coinfections of
MPXV and varicella-zoster virus, with one fatal outcome
(84, 124). AIDS increases the morbidity and mortality of
humans when they are concurrently infected with Myco-
bacterium tuberculosis (125, 126), and a similar effect would
be expected following coinfection with MPXV.

At least two distinct clades of MPXV exist, one found in
West Africa and the other in central Africa (122, 127).
Epidemiological studies and experimental inoculation of
nonhuman primates suggest that the West African isolates

FIGURE 8 Clinical features of smallpox and monkeypox. (Left) The rash of smallpox in a boy in Bangladesh in 1974.a (Middle) Rear view
of a 7-year-old girl from Zaire with monkeypox, on the eighth day after the appearance of the rash. Note the enlargement of the cervical
lymph nodes, a feature not seen in smallpox.b (Right) Another example of lymphadenopathy associated with monkeypox infection.c
aCourtesy of CDC/Jean Roy, Public Image Library ID# 10654.
bReprinted from reference (121) with permission.
cCourtesy of CDC/Brian W. J. Mahy, Public Image Library #12778.
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are less virulent than those from central Africa. The lesion
character in the 2003 US outbreak was distinct from that of
classic African monkeypox, and infected patients had, on
average, fewer lesions (122). Patients also presented with a
broad range of nonspecific signs and symptoms, with and
without rash (88, 128). Interestingly, no deaths were re-
ported, perhaps due to the fact that the virus was the less
virulent West African strain (69).

Vaccinia and Cowpox
The prodrome of cowpox may include fever and myalgia but
with less severity compared to that of smallpox and mon-
keypox. CPXV lesions are often found on the thumbs, the
first interdigital cleft, and the forefinger. The lesions are
quite distinctive (Fig. 9A); CPXV causes pustular lesions
like those of VACV, and the parapoxviruses produce non-
ulcerating nodules. The CPXV lesions pass through stages of
vesicle and pustule before a deep-seated, hard black eschar
forms 2 weeks later. Cowpox was traditionally associated
with the milking of cows, but many cases involve no such
history, and domestic cats now constitute a more important
source of human infection.

In the first 6 days following vaccination with VACV
(Dryvax), fever, headache, muscle aches, chills, nausea, and
fatigue are reported in 3%, 44%, 39%, 13.5%, 19%, and
53% of 665 subjects, respectively (129). The current

smallpox vaccine (ACAM 2000) has similar clinical find-
ings (130). In tanapox the first signs of infection are mild
fever, headache, and myalgia. The primary response to
VACV vaccination evolves through a characteristic series of
lesions (Fig. 10). VACV infection via vaccination causes a
papule to appear at the vaccination site 4 to 5 days after
vaccination; 2 to 3 days later, this becomes vesicular and
constitutes the umbilicated and multiocular “Jennerian
vesicle.” The contents rapidly become turbid because of the
infiltration of inflammatory cells with the central lesion
surrounded by erythema and induration, which reaches
maximum diameter on the 9th or 10th day. At this time the
draining lymph nodes in the axilla are enlarged and tender,
and many patients have mild fever. The pustule dries from
the center outward, and the brown scab falls off after about 3
weeks, leaving a scar by which previous vaccination can be
recognized for many years.

Parapox Viruses
There are few, if any, signs or symptoms of parapoxvirus
infection except occasional fever before development of the
primary lesion. Orf and milker’s nodules are acquired by
contact with infected sheep and cows, respectively, and the
localized lesions are usually found on the hands. The lesions
of orf are rather large nodules that may be multiple, and the
surrounding skin is inflamed (Fig. 9C). Orf lesions are rather

FIGURE 9 Localized zoonotic infections with poxviruses. (A and B) Lesions on hands acquired by milking infected cows: cowpox, caused
by an orthopoxvirus (A), and milker’s nodes, caused by a parapoxvirus, PCPV (B). (C) Parapoxvirus lesion of ORFV, acquired by handling
sheep or goats suffering from contagious pustular dermatitis. (D) Lesion of tanapox on an arm of a child in the DRC. The virus was
transmitted mechanically by mosquitoes from an animal reservoir host.
Panels A and B courtesy of D. Baxby; panel C courtesy of J. Nagington; panel D courtesy of Z. Jezek.

FIGURE 10 Smallpox vaccination. (Left) Tip of a bifurcated needle used to vaccinate individuals containing some vaccine solution.a

(Right) Primary response to vaccination; typical vesiculo-pustular response.b
aCourtesy of CDC, Public Image Library ID# 2667.
bCourtesy of CDC/Arthur E. Kaye, Public Image Library ID# 3238.
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painful and may be accompanied by low-grade fever and
swelling of the draining lymph nodes. The lesions of milker’s
nodule (Fig. 9B) are hemispherical, highly vascular papules
that appear 5 to 7 days after exposure and gradually enlarge
into purple nodules up to 2 cm in diameter. They are rela-
tively painless but may itch, and they do not ulcerate. The
granulation tissue that makes up the mass of the nodule
gradually becomes absorbed, and the lesions disappear after 4
to 6 weeks. The only evidence of systemic infection is oc-
casional slight swelling of the draining lymph nodes. Human
infections with BPSV are less common than with the other
two parapoxviruses that infect humans, probably because
contact between animal handlers and lesions of BPSV are
less common than those of shearers with orf and milkers with
milker’s nodules (131, 132). The BPSV lesions appear as
circumscribed wart-like nodules that gradually enlarge until
they are 3 to 8 mm in diameter.

The first symptoms following a TANV infection are a
mild preeruptive fever, sometimes accompanied by severe
headache, backache, and myalgia, often with itching at the
site where the skin lesion develops (75, 133, 134). Two to
four days following onset of fever, a usually solitary ery-
thematous macule appears on the skin. Initially there is a
small nodule, which soon becomes papular and reaches a
maximum diameter of about 15 mm by the end of the second
week. The appearance of the skin lesion of tanapox is
illustrated in Fig. 9D. The nodule is surrounded by an
edematous zone and a large erythematous areola. The
draining lymph nodes are enlarged and tender from about
the fifth day. The skin lesion usually ulcerates during the
third week and then gradually heals within 5 to 6 weeks,
leaving a scar. In Kenya, the lesions are almost always soli-
tary and on the upper arm, face, neck, and trunk (74), but in
the DRC, 22% of patients have had multiple lesions (75).
YMTV produces large protuberant tumors in monkeys,
which are histiocytomas containing poxvirus particles
(113, 135). Rarely, similar lesions may be produced in
humans by accidental contact with infected monkeys or after
inoculation.

Molluscum contagiosum
Molluscum contagiosum is characterized by multiple,

small, noninflamed nodules in the skin scattered over the
body or, in adults, usually in the thighs, genital or anal region
(25). The lesions of molluscum contagiosum are pearly,
flesh-colored, raised, umbilicated nodules in the epidermal
layer of the skin, usually 2 to 5 mm in diameter (Fig. 11, left).

Rarely, lesions will present as a large lesion called giant
molluscum ( > 5 mm in diameter). The incubation period
varies from 14 to 50 days. The nodules are painless, and at
the top of each there is often an opening through which a
small white core can be seen. The lesions often persist for
months but ultimately resolve spontaneously or following
trauma or bacterial infection. More severe disease can be
seen in immunocompromised hosts (Fig. 11, right).

Age-Related Differences
In smallpox and monkeypox the young were more likely to
be infected than the old, and the disease was most severe in
the young and old. The exception was the 2003 US mon-
keypox outbreak, in which the majority of the cases were in
adults (88); however, the pediatric patients were more likely
to be hospitalized in an intensive care unit. Cowpox in
children was usually more severe than vaccination with
vaccinia virus (47, 50).

Complications

Smallpox
Three other clinical presentations of smallpox were recog-
nized. The rare hemorrhagic-type smallpox, most common
in pregnant women, was associated with petechiae in the
skin and bleeding from the conjunctiva and mucous mem-
branes, very severe toxemia, and early death. Flat-type
smallpox was characterized by intense toxemia and slow
evolution of the skin lesions, which were usually flat and
soft; most such cases were fatal. Modified-type smallpox was
seen in persons who had been vaccinated, usually many years
earlier; the disease was mild and the skin lesions evolved
quickly and were often sparse.

Vaccinia
Smallpox immunizations with VACV results in occasional
serious complications (Fig. 12; Table 3) (138–140). Vacci-
nation against smallpox is undoubtedly associated with both
increased reactogenicity and more complications than any
other of the commonly used vaccines (141). Progressive
vaccinia (Fig. 12B) occurs only in persons with deficiencies
of the cell-mediated immune system. Vaccinated subjects
with agammaglobulinemia but a normal cell-mediated re-
sponse recover normally (142, 143). Eczema vaccinatum
(Fig. 12A) occurs in persons with eczema or atopic derma-
titis, which affects over 10% of the United States popula-
tion. However, not every person with this skin condition
develops eczema vaccinatum and thus it is not known what

FIGURE 11 Molluscum contagiosum lesions. (Left) 9-year-old boy with multiple skin-colored molluscum papules on his face and neck.
Reprinted from reference (136) with permission. (Right) Molluscum in a 33-year-old man with AIDS.
Reprinted from reference (137) with permission.
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factors are involved in those who develop this severe com-
plication (144). In those who do develop this complication,
it can be life threatening if recognized late in the course of
disease (145). Treatment with VIG (and other experimental
anti-poxvirus agents) can lead to viral control and clearing
of the lesions. Because vaccinia replicates preferentially in
immature keratinocytes, other inflammatory dermatologic
conditions or cutaneous injury sites can be accidentally in-
fected by VACV. Generalized vaccinia comprises a gener-
alized vaccinial rash, sometimes covering the whole body

(Fig. 12C) and occurring 6 to 9 days after vaccination. It is
not associated with immunodeficiency, and the prognosis is
good. Postvaccinial encephalitis is an unpredictable com-
plication (146). In children less than 2 years old there is very
occasionally a general encephalopathy associated with de-
monstrable viremia that occurs 6 to 10 days after immuni-
zation and is characterized often by convulsion, hemiplegia,
and aphasia (147). In subjects older than 2 years, the com-
plication occurs about 11 to 15 days after immunization. The
onset of disease is marked by fever, vomiting, and other

FIGURE 12 Severe complications of vaccination. (A) Eczema vaccinatum in an unvaccinated sibling of a vaccinated individual. (B)
Progressive vaccinia (vaccinia gangrenosum), which was fatal in a child with a congenital defect in cell-mediated immunity. (C) Generalized
vaccinia, 10 days after primary vaccination; benign course, no scarring. (D) Ocular vaccinia after autoinoculation.
Reprinted from reference (2) with permission.
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symptoms of cerebral involvement. The pathological find-
ings resemble those of other postinfectious encephalitides,
and the case fatality rate is approximately 45% (146). Per-
ivenular inflammation and demyelination are the principal
lesions. Accidental infection of some part of the body distant
from the inoculation site is the most common complication.
From 1963 to 1968, ocular vaccinia (Fig. 12D) was found to
have occurred in 348 persons (including 259 vaccinees and
66 contacts) (148). The cornea was involved in 22 of these
cases, and 11 persons had residual visual defects.

Clinical Diagnosis
When smallpox was endemic, the diagnosis of most cases
could be made clinically according to the distribution
and evolution of the rash. In regions where disease was not
expected, modified-type variola major and variola minor
were often confused with chickenpox, but the evolution
and distribution of the rash in the two diseases were usually
distinctive. In smallpox, lesions developed simultaneously
all over the body, most obviously on the face and limbs
rather than the trunk, whereas, the skin lesions of chick-
enpox were more superficial and appeared in “crops,” more
apparent on the trunk than on the face and extremities.

The diagnosis of zoonotic poxvirus infections facilitated
by the geographic location and epidemiological features of
cases can be of help in the differential diagnosis, unless the
disease appears in a nonenzootic region, as in the case of
importation of MPXV into the United States in 2003. Like
smallpox, monkeypox can be misdiagnosed as chickenpox.
Poxvirus infections acquired from contact with cows must be
differentiated from among CPXV, PCPV, and BPSV. If the
infection is acquired from sheep, it is likely ORFV. Tanapox
is known to occur in animal attendants in contact with
monkeys infected with TANV or YMTV or wild animals in
regions of Africa where these viruses are endemic.

Diagnosis of a VACV infection can be problematic in
subjects infected by contact with a vaccinee. The history of
contact with a recently vaccinated person or with a labo-
ratory source of VACV, or with a buffalo with buffalopox or
cattle infected with cantagalo virus, should arouse suspicion;
the diagnosis can be confirmed by recovery and character-
ization of the virus.

Molluscum contagiosum is endemic in most human
populations. The diagnosis can be made clinically from the
appearance of the lesions and their chronic nature. Occa-
sionally, solitary lesions on the face or neck may be misdi-
agnosed as basal cell carcinoma. Cutaneous cryptococcosis
can mimic molluscum lesions in patients with AIDS.

LABORATORY DIAGNOSIS
Historically, the major diagnostic criteria for poxvirus in-
fections are the size and morphology of the poxvirus virion
in negatively stained preparations viewed with an electron
microscope (Fig. 1). This approach is giving way to detec-
tion by PCR.

Virus Isolation

Specimen Types
Specimens are usually fluid from primary or secondary ves-
icles or scabs (or corneal swabs), all of which contain suffi-
cient viral material to be used for PCR identification.

Cell Culture
Historically, species diagnosis was made by observation of
the characteristic pocks on the chorioallantoic membrane of

the developing chicken embryo. In combination with
growth ceiling temperature, the careful diagnostic techni-
cian could use the observation of pocks to differentiate
CPXV, VACV, MPXV, and VARV. In more recent times,
cell culture in combination with antigen staining has been
used as a confirmatory assay for electron microscopy.
Orthopoxviruses produce cytopathic effect in Vero cells.
Parapoxviruses from human lesions grow in primary bovine
or ovine embryo kidney or testis cells or in primary human
amnion cells. Once isolated, they grow well in human em-
bryonic fibroblasts and LLC-MK2 cells. Yatapoxviruses grow
in human thyroid cells, vervet monkey and patas monkey
kidney cells, and WI-38, HEp-2, and Vero cells, producing
focal lesions characterized by intense granularity followed by
rounding up of the cells (74).

Antigen Detection
Historically, antigen detection protocols rarely could differ-
entiate poxviruses at the species level. Thus, VACV could
not be discriminated fromMPXVor VARV. This approach is
rarely used since the development of PCR.

Histology
Molluscum contagiosum can be diagnosed solely on clinical
grounds based on the gross appearance of lesions and their
chronic nature; however, giant molluscum can be confused
with other disorders. The differential diagnosis is readily
confirmed by hematoxylin and eosin staining of biopsy
material, and the presence of “molluscum” or Henderson-
Patterson bodies is pathognomonic for disease. Electron
microscopy and PCR can also be used for diagnosis, but these
are usually not warranted (149).

Nucleic Acid Detection
The requirement for specific banks of tissue culture cells for
poxvirus isolation and the long time to generate assay end-
points spurred the development of the PCR assay as the
mainstay diagnostic method. PCR has become the method
of choice to distinguish 11 species ofOrthopoxvirus from each
other and variola major virus from variola minor virus (30),
four species of Parapoxvirus (150), MCV (149), and three
species of Yatapoxvirus (134, 151). Testing for poxviruses is
not routinely done by clinical microbiology labs, and thus
testing is done through local public health labs in con-
junction with the CDC.

Serologic Assays
Presently, there are no sensitive, specific, and reliable sero-
logic assays that retrospectively differentiate among ortho-
poxvirus infections. Also, following ORFV, PCPV, andMCV
infections, antibodies have not always been detected or per-
sist only transiently. An immunoglobulin M-capture enzyme-
linked immunosorbent assay (ELISA) using VACV antigen
has been developed as an epidemiological tool; however, this
assay cannot directly differentiate among antibodies induced
by orthopoxvirus species (118). The lack of a single species-
specific ELISA for orthopoxvirus infections can be overcome
by the use of an ELISA based on antigens of the ortho-
poxvirus species that need to be differentiated and compar-
ison of titers in serum using these antigens along with known
serologic standards (87). For example, in the 2003 mon-
keypox outbreak, the serologic assay needed to discriminate
between an acute MPXV infection, residual immunity from
smallpox vaccination in an uninfected subject, and MPXV
infection of an individual with residual vaccine immunity.
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PREVENTION
General
Environmental surroundings can be contaminated from le-
sional sources of poxvirus. For VARV and possibly other
orthopoxviruses, this contamination is not usually of epi-
demiological significance, as the virions are locked in in-
spissated, pustular fluid that is difficult to resuspend in the air
in a respirable form. In contrast, transmission of MCV and
parapoxvirus infections have been documented with a large
number of fomites (22, 152). Thus, environmental surfaces
potentially exposed to poxviruses must be thoroughly dis-
infected. Of the human poxvirus infections, only adults with
MCV have a behavioral component. The majority of adult
MCV infections are the result of close skin-to-skin contact
with an infected site that occurs during interactions such as
sexual intercourse (153).

Isolation of Infected Persons
Historically, the quarantine of communities and the isola-
tion of infected individuals or their contacts were imple-
mented for smallpox, and, to a certain extent, for human
monkeypox because the infection can be transmitted by re-
spiratory droplets. For those with smallpox disease, isolation
was for 2 to 3 weeks, which represented the time for lesions
to heal and scabs to fall off. Contacts of a case of smallpox
would be quarantined for 2 to 3 weeks, which represented
the asymptomatic incubation period. Vaccinees are coun-
seled to avoid contact with the extremely young (<1 year
old), with pregnant women, and with persons with atopic
dermatitis or on immunosuppression.

Passive Immunoprophylaxis
Historically, intramuscular administration of vaccinia immu-
noglobulin (VIG), a product derived from the pooled plasma
of vaccinated individuals, was used to treat progressive vac-
cinia (vaccinia necrosum), eczema vaccinatum, and certain
autoinoculations, although efficacy has not been demon-
strated through controlled clinical trials (154). VIG was re-
ported to halt formation of new lesions and to cause rapid
clinical improvement in cases of generalized vaccinia and
eczema vaccinatum (110). One large study suggested that
postexposure treatment of contacts of patients with smallpox
with vaccination and VIG appeared to be more efficacious
than vaccination alone. Smallpox developed in 5 of 326
contacts who received VIG, compared to 21 of 379 controls,
for a relative efficacy of 70% in preventing smallpox (155,
156). In 2005, the Food and Drug Administration (FDA)
approved new stocks of VIG by DynPort Vaccine Company,
LLC for intravenous use (VIG-IV). It is used at a dose of
6,000 units/kg to treat complications of vaccinia virus vac-
cination. Repeat dosing has been used in severe cases. VIG is
part of the US Strategic National Stockpile, and its use
should be performed with the help of CDC’s Smallpox Vac-
cine Adverse Events Clinical Consultation Team (phone:
404-639-3670). Prior use of VIG to treat smallpox did not
always provide reproducible and clear-cut benefit. A highly
potent cocktail of monoclonal antibodies generated against
key neutralizing epitopes on surface proteins of intracellular
mature virus and extracellular enveloped virus has shown
promise in nonhuman primate and mouse models (157, 158).

Active Immunization
Vaccination has a long history for the prevention of poxvirus
infections. As early as the 10th century in Asia, the inocu-

lation of pustule fluid or scab material into the skin (“in-
oculation” or “variolation”) was shown to protect against
“natural” smallpox, with case fatality rates of 0.5 to 2% in-
stead of 20 to 30%. Variolation was introduced into Europe
early in the 18th century, and in some countries, notably
England, it was practiced on a large scale.

In 1796 Edward Jenner showed that persons who had been
inoculated with a related orthopoxvirus, CPXV, were com-
pletely resistant to smallpox (3). Vaccination (named from
vaca, Spanish for “cow”) led to a great decline in the inci-
dence of smallpox in many countries. By the early 1950s
many of the industrialized countries had eliminated endemic
smallpox, and in 1958 the World Health Assembly accepted
the concept of global eradication of smallpox. Realization of
this goal faltered for several years, but in 1967 a Smallpox
Eradication Unit was established at WHO headquarters, and
the goal of global eradication within a decade was pursued
with vigor and enthusiasm. Helped by the availability of
adequate amounts of potent and stable freeze-dried vaccine, a
change in strategy from reliance on mass vaccination alone to
ring vaccination supported by surveillance and containment,
and a new and simple inoculation device (the bifurcated
needle, see Figure 10), the WHO program achieved its target
in October 1977, and the world was certified free of smallpox
by the World Health Assembly in May 1980 (2, 159).

The traditional smallpox vaccine could be given as late as
4 days postinfection (160) and still modify the disease
course. When the vaccine was administered optimally,
nearly complete protection against smallpox was maintained
for about 5 years, and various degrees of protection were
maintained thereafter (88% at 10 years and 50% at 20 years
after vaccination). This vaccine was estimated to be 385%
effective against severe monkeypox disease (66). As with
smallpox, individuals who had been vaccinated as children
were still infected with MPXV during the 2003 US out-
break, but they presented with mild or no disease (87,
119). The smallpox vaccine is likely efficacious to various
degrees against other orthopoxviruses but not against pox-
viruses from other genera.

Due to the threat of bioterrorism, the United States de-
veloped a new smallpox vaccine, ACAM2000, as a re-
placement for the limited and aging stocks of Dryvax.
ACAM200 was FDA approved in 2007 and is the smallpox
vaccine stockpiled in the United States (161). This vaccine
was developed from Dryvax and is administered by bifur-
cated needle. In three phase I clinical trials, ACAM2000
produced major cutaneous reactions, evoked neutralizing
antibody and cell-mediated responses, and had a re-
actogenicity profile similar to that of Dryvax (162). Sim-
ilarly, phase II randomized, double-blinded, controlled trials
found ACAM2000 to be equivalent to Dryvax in terms of
cutaneous response rate, antibody responses, and safety
(163). In phase III clinical trials, five cases of myo/peri-
carditis were observed in 873 subjects getting ACAM2000
for the first time, although this was not unexpected, because
several cases of myo/pericarditis were identified after small-
pox vaccination in three Dryvax and one ACAM2000
phase II clinical trial held in 2003 (164).

A significant proportion of the American population
has contraindications for prophylactic vaccination with
ACAM2000, because they are immunosuppressed, have
significant underlying heart disease, or have a history or
presence of atopic dermatitis. Consequently, a more attenu-
ated live vaccinia virus vaccine, calledmodifiedAnkara virus
(MVA) vaccine, is under evaluation. Since 1968 MVA has
been safely used in more than 100,000 humans without
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documentation of the adverse reactions associated with other
VACV vaccines. Following prophylactic intramuscular or
subcutaneous MVA immunization, mice and cynomolgus
monkeys are protected from intranasal VACV (165, 166)
and intravenous MPXV (165, 167) challenges, respectively.
IMVAMUNE, an MVA vaccine (strain BN; Bavarian Nor-
dic GmbH), has been tested for safety and immunogenicity
in adult volunteers (168, 169), and may become a next
generation smallpox vaccine approved by the FDA. Because
the MVA virus does not produce infectious progeny virus in
human cells, one or two vaccine doses containing approxi-
mately 100 times more MVAvirus than ACAM2000 may be
required to induce equivalent immune responses and pro-
tection.

Dryvax, ACAM2000, and MVA induce cell-mediated
and antibody responses against many poxviral antigens
(170). Animal models suggest that antibodies targeting a
limited number of antigens on the surface of intracellular
mature virus and extracellular enveloped virus may be suf-
ficient for protection from disease on challenge because they
protect against dissemination of virions through the body
(171–173).

Currently, vaccination is recommended for laboratory
workers who directly handle cultures or animals infected
with VACV or recombinant VACV or other orthopoxvi-
ruses that infect humans (174; http://www.bt.cdc.gov/).
Stocks of VACV vaccine for immunization of laboratory
personnel are available from the Centers for Disease Control
and Prevention in Atlanta, GA. To prevent accidental in-
fection of unvaccinated contacts, especially those who are
immunosuppressed or suffering from atopic dermatitis, the
scarified area is “sealed” with an occlusive bandage.

Management of Outbreaks
The approach to control a human orthopoxvirus that infects
via respiratory droplets would depend to a large extent on
the size of the initial focus and the reproduction rate of the
agent (i.e., the average number of secondary cases generated
by a typical primary case in a susceptible population). Al-
though the transmission chains are becoming longer, MPXV
still cannot maintain itself in the human population without
constant reintroduction from zoonotic hosts. A natural
outbreak, or bioterrorist release, of MPXV could be ade-
quately contained with the traditional tracing and vacci-
nation of contacts (“ring vaccination”) and the isolation of
symptomatic cases. The response to a bioterrorist release
of VARV could also be a ring vaccination or the vaccination
of large segments of the population and the restriction of
civil liberties, depending on the initial burden of cases and
the reproduction rate.

TREATMENT
Supportive and Local Care
For nonsystemic zoonotic poxvirus infections, supportive
care is provided on an outpatient basis. Invasive treatment
procedures are applicable only to MCV. For MCV, the um-
bilicated core can be removed surgically by curettage, or the
lesions may be treated by cryotherapy. This often leads to
their resolution and halts the spread to other areas of the
skin. These approaches are not appropriate for large numbers
of lesions. Cantharidin and topical imiquimod are also
commonly utilized agents, although efficacy has not been
demonstrated in randomized double-blinded clinical trials
(96). Lesions in children can continue to spread to new areas

but will ultimately disappear as the children grow older. In
immunosuppressed patients, lesions can become more nu-
merous and persist for long periods of time.

A variety of investigational therapies, usually delivered
topically, have been used for VACV keratitis, which is es-
timated to complicate about 30% of ocular vaccinia cases. In
a rabbit model of VACV keratitis, intravenous VIG did not
affect the course of the disease, whereas topical trifluridine
had an antiviral and beneficial clinical effect (175). Topical
corticosteroids were associated with rebound in viral repli-
cation in this model and should probably be avoided. Thus
off-label use of 1% trifluridine is recommended to treat
VACV keratitis.

Systemic disease, such as monkeypox, requires hospital-
ization in severe cases. In the 2003 US outbreak, 9 of 34
patients with laboratory-confirmed monkeypox and no
preexisting medical conditions were hospitalized as inpa-
tients. Two were managed in the intensive care unit with
respiratory complications (88).

Antiviral Treatment
During the smallpox eradication program, a number of
compounds were shown to have efficacy against ortho-
poxvirus infections in cell culture, but few were actually
tested in field conditions. Thiosemicarbazone and metisa-
zone were administered prophylactically in a series of trials in
India and showed some protective effect, although their use
was often associated with severe nausea and vomiting (2).
Cytosine arabinoside and adenine arabinoside were also used
to treat variola major and variola minor, but the drugs failed
to affect the case mortality rate or the clinical progression of
disease. Rifampin showed antiviral activity against VACV in
a mouse model but was never tested clinically against VARV.

Cidofovir (CDV), a DNA polymerase inhibitor currently
used to treat cytomegalovirus retinitis in AIDS patients, has
been approved to treat complications from VACV vacci-
nation under an investigational new-drug protocol; how-
ever, it must be given intravenously and has nephrotoxicity
(http://www.bt.cdc.gov) (see Chapter 12). This drug has
been used off-license (176) to treat ORFV (99) and MCV
(177) in immunocompromised patients.

Two orally administered antivirals, although not yet li-
censed, are part of the United States Strategic National
Stockpile. Chimerix and SIGA, Inc., have received investi-
gational new-drug status for the compounds brincidofovir
(formerly CMX001) and tecovirimat (formerly ST-246), re-
spectively. Brincidofovir is a hexadecyloxypropyl (HDP)-
CDV salt synthesized by covalently coupling CDV to an al-
koxyalkanol to form a prodrug of CDV (178). Brincidofovir
(200 mg once weekly or 100 mg twice a week) is 80% bio-
available, distributed to tissues without significant concen-
tration in the kidneys, and has lacked nephrotoxicity in
clinical studies to date (see Chapter 12). Most importantly,
CDVand brincidofovir have broad-spectrum activity against
viruses that encode DNA polymerases, including all poxvi-
ruses known to infect humans, adenoviruses, and many
herpesviruses (179), and brincidofovir has been tested in
clinical trials against non-poxvirus viruses (180–182).

Tecovirimat (400 mg per day) is active against multiple
species of orthopoxviruses, including two strains of VARV
(39, 183). Resistance-mapping studies indicate that it targets
the VACV F13L gene, which is conserved in orthopoxvi-
ruses. The F13L gene encodes a major envelope protein,
p37, which is required for production of extracellular, but
not intracellular, virus. Thus, tecovirimat does not affect the
actual production of infectious virus; it affects only its
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efficient egress from cells. Because brincidofovir and teco-
virimat target different stages in the virus replication cycle,
they show potent synergy in standard mouse orthopoxvirus
infection models (184).

Both of these antivirals will likely treat all human or-
thopoxvirus infections, and brincidofovir might be effective
against the remaining poxviruses, because the DNA poly-
merase is highly conserved. Consistent with this, CDV di-
phosphate, which is the active metabolite for both CDVand
HDP-CDV, was shown to have activity against MCV DNA
polymerase (185). The effectiveness of the egress inhibitor
tecovirimat against poxviruses of other genera will depend
on the importance of the cell-to-cell spread of virus in the
disease process and the presence of the viral target.

While these new drugs have been used to treat a number
of serious complications from vaccinia virus vaccine, the
drugs and VIG-IV were most intensively studied in a patient
who developed progressive vaccinia after developing, and
being treated for, acute myelogenous leukemia (186, 187).
While acutely ill, this patient required 30 times more VIG-
IV than what was estimated to be needed to treat a person
with a complication from smallpox vaccination. This may
indicate that VIG may not be very effective at treating
progressive vaccinia. This patient also required 3 times the
dose of tecovirimat than had been used in healthy volun-
teers in whom pharmacokinetics had been defined. This may
indicate that the drug doses may need to be monitored and
adjusted in acutely ill patients, especially if ever used to treat
someone with smallpox.

Emergence of Resistance and Its Implications
Data available on the emergence of resistance to antiviral
treatment mainly come from cell culture and animal mod-
els. Resistance to CDV in VACV can be generated after
successive tissue culture passage in the presence of a drug or
through the introduction of mutations through recombinant
DNA technology (188–190). The mutations necessary to
make the poxvirus polymerase resistant to CDV in tissue
culture appear to reduce the virulence of the virus in tested
animal models (189, 191). Resistance to tecovirimat oc-
curs due to mutations in F13L gene (183, 192). While
there appears to be a high barrier to the generation of virus
resistant to brincidofovir’s parental drug, CDV, this is not
the case with tecovirimat. Cowpox virus mutants that are
resistant to tecovirimat exist in laboratory stocks of virus
without the need for drug selection. Mutant virus can be
isolated by plaquing the virus in the presence of 10 mM (200
times the EC50) of tecovirimat (183), although other se-
lection conditions took longer to detect resistant virus
(192). These trends were seen in the patient being treated
for progressive vaccinia (187). In this critically ill patient,
resistance to tecovirimat was seen in virus sequentially
grown from the vaccination site. Thus, caution is needed
when using tecovirimat as monotherapy, especially in a se-
verely ill patient where drug levels may be suboptimal (187).
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“A system. . . is exactly the opposite of a machine in which the structure of the product depends crucially on
strictly predefined operations of the parts. In the system the structure of the whole determines the operation of the
parts; in the machine the operation of the parts determines the outcome.”

Paul Alfred Weiss, in A. Koestler, V. R. Smithies eds., Beyond Reductionism,1968.

London Hutchinson

Herpes simplex virus (HSV) infections of humans have been
documented since the advent of writing. Genital herpes was
described in Sumerian literature (1). Greek scholars, par-
ticularly Hippocrates, used the word “herpes,” meaning to
creep or crawl, to describe the spreading nature of skin le-
sions (2). Herodotus associated mouth ulcers and lip vesicles
with fever and called it “herpes febrilis.” Many of these
original observations likely emanated from Galen’s deduc-
tion that the appearance of lesions was an attempt by the
body to rid itself of evil humors, leading to the description
“herpes excretins.”

As noted by Wildy (2), Shakespeare wrote of recurrent
HSV labial lesions. In Romeo and Juliet, Queen Mab, the
midwife of the fairies, stated: “O’er ladies lips, who straight
on kisses dream, which oft the angry Mab with blisters
plagues, because their breaths with sweetmeats tainted are.”
In the 18th century, Jean Astruc, physician to King Louis
XIV, associated herpetic lesions with genital infection. By
the early 19th century, the vesicular nature of lesions asso-
ciated with herpetic infections was well characterized.
However, it was not until 1893 that Jean Baptiste Émile
Vidal specifically recognized person-to-person transmission
of HSV infections (2).

By the beginning of the 20th century, histopathologic
studies described multinucleated giant cells associated with
infection, and the infectivity of HSV was established by
transmission of virus from humans to the cornea of the rabbit,
resulting in keratitis. Reports through the 1950s focused on
the biologic manifestations of HSV infection and the natural
history of human disease. The host range of HSV was ex-
panded to include a variety of laboratory animals, chick
embryos, and cell culture systems. Expanded animal studies
demonstrated that transmission of human virus could occur
not only to the rabbit, as noted above, but also could lead to
infections of the skin or the central nervous system (3, 4).

Host immune responses to HSV were defined by the
presence of neutralizing antibodies to HSV in the serum of

newly and previously infected children and adults (5).
Subsequently, some seropositive individuals developed re-
current labial lesions, albeit less severe than those associated
with the initial episode. These observations, contrary to all
known interactions of humans with infectious agents, led
Robert Doerr, a leading virologist of the past century, to
postulate that “All of these observations converge to indi-
cate that the agent of herpes is no infectious agent which is
conserved in the site of infection, but that it originates in the
human organism, that is, endogenously” (6).

HSV has the distinctive property of establishing a silent
or “latent” infection and reactivating in the presence of
humoral and cell-mediated immune responses. In the course
of these studies, the spectrum of disease was expanded to
include primary and recurrent infections of mucous mem-
branes (e.g., gingivostomatitis, herpes labialis, genital HSV
infections, etc.), keratoconjunctivitis, neonatal HSV infec-
tion, visceral HSV infections of the immunocompromised
host, HSV encephalitis, Kaposi’s varicella-like eruption, and
an association with erythema multiforme.

Among many important laboratory advances of the past
century was the detection of antigenic differences between
HSV types (7). Historically, HSV-1 was more frequently
associated with nongenital infection (infection above the
waist), whereas HSV-2 was associated with genital disease
(infection below the waist). This knowledge provided a
foundation for many of the studies performed during the
latter part of the 20th century. Over the past two decades,
both HSV-1 and HSV-2 can be found in the mouth and in
the genital tract, with HSV-1 becoming a more common
resident of the genital tract.

The replication cycle of HSV in humans consists of three
phases: the replication phase, in which HSV actively repli-
cates and spreads from cell to cell; the latency phase, in which
with few exceptions viral genes are silent, or at best, randomly
transcribed at a very low frequency; and the reactivation
phase in which the virus recurs from dormancy, replicates,
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and is transported anterogradely to a site at or near the initial
infection to reinitiate the replication phase (8).

The characterization of an infectious agent as a pathogen
must take into account that the mission of all viruses is to
spread and multiply. The task facing HSV is formidable:
Spread from person to person is by voluntary contact be-
tween infected mucous membranes of one individual with
those of an uninfected individual. Deceased individuals and
people without obviously grotesque lesions do not transmit,
as reviewed (9). Notwithstanding these limitations, HSV is
one of the most successful human pathogens. In most soci-
eties, its penetration is 100% of the population, and it per-
sists in a human for life. Numerous studies carried out in
recent years suggest that it accomplishes its mission by
tightly regulating its growth and resultant morbidity.

VIROLOGY
Classification
Herpes simplex viruses belong to the family Herpesviridae
(10). The >100 known members of this family share the
structure of their virions, general features of their repro-
ductive cycle, and the capacity to remain latent. They differ,
however, in many respects, and have been classified into
three subfamilies (alpha, beta, gamma) with respect to the
details of their replication, the cells in which they remain
latent, gene content, and gene organization. HSV types 1
and 2 belong to the subfamily Alphaherpesviridae (11).

Virion Structure
The HSV virion consists of four concentric components.
From the center out, these are: (1) an electron-dense core
containing viral DNA and polyamines, (2) an icosadelta-
hedral capsid consisting of capsomeres (12), (3) an amor-
phous layer of proteins, designated tegument, surrounding
the capsid, and (4) an envelope containing lipids and
studded with at least 10 viral glycoproteins and several
nonglycosylated membrane proteins.

Herpes simplex viruses have genomes that consist of a
single double-stranded DNA molecule (12, 13), which is in
excess of 152 kbp (the exact size depends on the number of
terminal repeats). The G+C content of HSV-1 DNA is 68%
and 69% for HSV-2 DNA. The HSV-1 and HSV-2 genomes
encode at least 84 different polypeptides (12, 14). The
DNAs consist of two covalently linked components, Large
and Small (L and S), each consisting of stretches of unique
sequences designated UL and US that are flanked by the
inverted repeats ab and ca, respectively. The two compo-
nents invert relative to each other to yield four populations
of molecules differing solely in the relative orientation of US
and UL (15). Although they differ with respect to nucleotide
sequence and restriction endonuclease cleavage sites, and in
apparent sizes of many viral proteins they encode, the HSV-1
and HSV-2 genomes are collinear and readily form intertypic
recombinants in the laboratory (15).

Proteins
HSV encodes at least 100 transcripts, of which 84 are
translated into unique proteins. Of this number, 46 are dis-
pensable for viral replication in at least some cultivated cells.
The function of many of these “dispensable” genes is to
render viral replication and spread more efficiently or to
block host responses to infection (12, 16). Importantly, these
genes are not truly dispensable, as viruses lacking these genes
have not been isolated from humans. Viruses from which

these genes have been deleted by genetic engineering fre-
quently exhibit a reduced capacity to multiply and spread in
experimental animals (12, 16). Indeed, the observation that
many HSV genes are dispensable and can be replaced by
non-HSV genes sustains the expectation that HSV can be
designed to perform different functions, such as to serve as
vectors for foreign gene expression, live attenuated vaccines,
or for selective destruction of cancer cells.

Because viral proteins studied to date have been found to
perform multiple functions, it is likely that HSV encodes
several hundred functions expressed by adjacent or over-
lapping amino acid blocks. Each function is performed at a
designated time during replication and at an intracellular
location that may be determined by posttranslational mod-
ifications and by protein partners that interact selectively
with these posttranslationally modified viral proteins.
Modifications include phosphorylation by cellular (e.g.,
cdc2) or viral (UL13, US3) protein kinases, nucleotidylation
by casein kinase 2, poly(ADP)-ribosylation, among others.
UL13, a key viral protein kinase, is homologous to the UL97
protein kinase of human cytomegalovirus (CMV) and a key
component of antiviral chemotherapy (10).

Replication
In recent years, it has become apparent that the replication
of HSV is defined in part by both intrinsic mechanisms
encoded by the virus and host innate immune responses. It is
convenient and to some extent necessary to describe these
processes in parallel (10).

Initiation of Replication
To initiate infection, HSV must attach to cell-surface re-
ceptors and fuse its envelope with the plasma membrane or
the membrane of the endocytic vesicle (Fig. 1). Viral surface
glycoproteins mediate attachment and penetration of the
virus into cells. They also elicit a “protective” host immune
response to the virus. Of the 12 viral glycoproteins (g) des-
ignated gB, gC, gD, gE, gG, gH, gI, gJ, gK, gL, gM, and gN,
five are involved in the entry process. In brief, gB and gC
enable virions to attach to heparin-sulfated proteoglycans
that stud the cell surface. In the next step, gD interacts with
its receptor and triggers the fusogenic functions of gB and
gH/gL. The consequence of the fusion of the envelope with
the cellular membranes is the release of the capsid and ap-
proximately 20 tegument proteins into the cytoplasm. The
capsid is transported to the nuclear pore, where the DNA is
released from the capsid into the nucleoplasm. At least some
tegument proteins are also transported into the nucleus.
Little is known of the function of viral glycoproteins other
than gC, gB, gD, and gH/gL. gE and gI form a potent Fc
receptor that binds immunoglobulins at the cell surface.

To date, three cellular receptors have been described.
These are: (1) HveA, a member of the tumor necrosis factor-
a (TNF-a) receptor family; (2) Nectin1, a member of the
extended immunoglobulin family; and (3) a modified hepa-
rin sulfated proteoglycan. Of the three, Nectin 1 is the major
receptor enabling infection of human cells with HSV (10).

Postentry Events
It is convenient to define three distinct phases of postentry
events: immediate early, early, and late (Fig. 1). First, a
complex of nuclear proteins aggregate at the entering viral
DNA and form a complex designated ND10. The organizer
of this complex is promyelocytic leukemia (PML) protein.
Concurrently, viral DNA is silenced by deacetylated his-
tones and methylation. Among the structures bound to the
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FIGURE 1 Schematic representation of the replication of herpes simplex viruses (HSV) in susceptible cells. 1. The virus initiates infection
by the fusion of the viral envelope with the plasma membrane following attachment to the cell surface. 2. Fusion of the membranes releases
two proteins from the virion. Virus host shutoff (VHS) shuts off protein synthesis (broken RNA in open polyribosomes). The a gene trans-
inducing factor (a-TIF) is transported to the nucleus. 3. The capsid is transported to the nuclear pore where viral DNA is released into the
nucleus and immediately circularizes. 4. The transcription of a genes by cellular enzymes is induced by a-TIF. 5. The 5 amRNAs are
transported into the cytoplasm and translated (filled polyribosome); the proteins are transported into the nucleus. 6. A new round of
transcription results in the synthesis of ß proteins. 7. At this stage in the infection the chromatin (c) is degraded and displaced toward the
nuclear membrane, whereas the nucleoli (round hatched structures) become disaggregated. 8. Viral DNA is replicated by a rolling circle
mechanism, which yields head-to-tail concatemers of unit length viral DNA. 9. A new round of transcription/translation yields the g proteins
consisting primarily of structural proteins of the virus. 10. The capsid proteins form empty capsids. 11. Unit-length viral DNA is cleaved from
concatemers and packaged into the preformed capsids. 12. Capsids containing viral DNA acquire a new protein. 13. Viral glycoproteins and
tegument proteins accumulate and form patches in cellular membranes. The capsids containing DNA and the additional protein attach to the
underside of the membrane patches containing viral proteins and are enveloped. 14. The enveloped proteins accumulate in the endoplasmic
reticulum and are transported into the extracellular space. Reprinted with permission from (192).
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viral DNA is the histone deacetylase 1 (HDAC-1) or
HDAC-2 CoREST/ LSD1/REST repressor complex. This
complex silences neuronal genes in nonneuronal cells. By
extension, nonneuronal cells perceive HSV genes as neu-
ronal. To express its function, viral DNA must be dere-
pressed (17, 18).

Three key proteins are among the tegument components
entering the nucleus. These are VP16, the virion host
shutoff RNase (VHS-RNase) and pUL47. To initiate repli-
cation, VP16 recruits several transcriptional factors, in-
cluding octomer binding protein 1 (Oct1), host cell factor 1
(HCF1), and lysine-specific demethylase 1 (LSD1) to the
promoters of a [immediate early (IE) genes] (19). The six IE
or a proteins [infected cell protein (ICP) 0, 4, 22, 27. 47 and
US1.5] are expressed first. Next, ICP0 performs several
functions. The functions important at this stage are 2-fold.
First, ICP0 binds to CoREST and dislodges HDAC1. In
consequence, the HDAC1 or 2/CoREST/LSD1/REST re-
pressor complex falls apart and is translocated to the cyto-
plasm (20–22). This enables the early or b genes to be
transcribed. Second, ICP0 recruits to the transcriptional
machinery key cellular proteins (e.g., CLOCK, etc.) essen-
tial for efficient transcription of viral genes (23). The a
proteins have two key functions. Foremost, they disable,
largely by preemptive actions, host responses to intrusion of
foreign DNA and proteins into the infected cells. Equally
important, they insure efficient expression of viral genes
through subversion and recruitment of host proteins (8).

The key function of b gene products is to replicate viral
DNA. HSVexpresses at least seven proteins known to play a
role in viral DNA synthesis, but additional host proteins
may also be involved. The proteins involved in viral DNA
synthesis are the targets of anti-HSV drugs (10). Once rep-
lication of viral DNA begins, the late or g genes are ex-
pressed. Most g proteins are structural components of the
virion.

Assembly of the capsid and insertion of the viral DNA
into the preformed capsid takes place in the nucleus. En-
velopment takes place at the inner nuclear membrane and in
the multivesicular bodies in the cytoplasm. Precisely how
capsids reach the multivesicular bodies is the subject of
much debate. One theory suggests that virions formed at the
inner nuclear membrane become de-enveloped at the outer
nuclear membrane or in vesicles formed by the outer
membrane. The opposing view is that capsids are transported
out of the nucleus through the nuclear pores, which fluc-
tuate in size depending on the size of the transient cargo.
Virions are transported to the cell surface in vesicles derived
either from the outer nuclear membrane or the multi-
vesicular bodies (10).

HSV Replicative Functions and the Host Innate
Immune Responses
In parallel with viral gene expression, a multifaceted inter-
play takes place between viral gene products and the host,
one result of which is degradation of mRNAs encoding host
response gene products. Cell sensors detect entry of virus
into cells and induce the transcription of several hundred
genes encoding stress response mRNAs that characteristi-
cally contain one to several AU-rich elements (AUUUUA)
in their 3’-untranslated region (3’-UTR) and have a rela-
tively short half-life. Thus, in uninfected cells, the stress
response mRNAs are ultimately bound at the AU-rich ele-
ments by a protein (e.g., tristetraprolin) and are degraded
in p-bodies or sequestered in exosomes. In HSV wild-type
virus-infected cells, three series of events take place (24, 25).

First, VHS-RNase, a tegument protein, binds to the Cap
structure of preformed cellular mRNAs and cleaves them at
or near the Cap structure. The Cap-less mRNA is rapidly
degraded 5’ to 3’ by cellular enzymes. Second, VHS-RNase
and pUL47, another tegument protein, bind to the Cap
structure of mRNAs made after infection. These mRNAs, of
both cellular and viral origin, are not degraded except for the
stress response mRNAs. The exception is the stress response
mRNAs, in this instance among the host proteins induced
after infection is tristetraprolin (26). Third, tristetraprolin
forms a complex with VHS-RNAse, binds to the AU-rich
elements of the stress response mRNAs, and cleaves the 3’-
UTR (27). The cleaved 5’ portion, which contains the open
reading frame, persists in the cytoplasm for many hours.
Notably, the VHS-RNase-tristetraprolin complex does not
degrade all stress response mRNAs. Among the mRNAs
spared are those that encode tristetraprolin and ATF3.

HSV infection also causes degradation of PML and
blockade of interferon (IFN) sensitivity. A key function of
ICP0 is that of an ubiquitin ligase. In conjunction with
UbcH5A ubiquitin conjugating enzyme, ICP0 mediates
the degradation of the PML protein and SP100—two key
components of ND10 (28–30). A key consequence of the
degradation of PML is the loss of sensitivity to IFN (31).
Thus, formation of ND10 bodies associated with viral DNA
has the objective of turning off the viral transcriptome (17).
HSV takes advantage of the association with ND10 to re-
cruit ICP0 to PML ultimately rendering the infected cell
insensitive to IFN. It also serves as a locus for assembly of
transcriptional factors that ultimately enable the synthesis
and assembly of viral particles (19). ICP0 E3 ligase activity
has been reported to be responsible for the degradation of
other proteins, notably that of IF116, a nuclear host DNA
sensor (32).

The presentation of antigenic peptides is inhibited at the
cell surface. ICP47, an a protein, binds Tap1/Tap1 and
blocks the transport and presentation of antigenic peptides
on the surface of infected cells. In essence, the infected cell is
invisible to the cellular adaptive immune system until late in
infection (10).

Dephosphorylation of Eukaryotic Initiation
Factor 2a by ICP34.5
Beginning with the synthesis of g proteins, there is an in-
crease in the accumulation of complementary transcripts
capable of forming double-stranded (ds) RNA. The presence
of dsRNA activates protein kinase R (PKR), which, in turn
phosphorylates the translation initiation factor eukaryotic
initiation factor 2a (eIF-2a). In turn, eIFa-p shuts off pro-
tein synthesis, leading to cell death. To overcome this block,
ICP34.5 encoded by the g134.5 gene recruits cellular protein
phosphatase-1a to dephosphorylate eIFa-p and enable the
synthesis of late viral proteins (33).

The Latency Phase (10, 18, 34, 35)
The most common sites of latent infections are sensory or
dorsal root neurons, although latent infections may also be
established in autonomic neurons. The key property of these
neurons is that they are shrouded by satellite cells. The af-
fected neurons are anchored at one end in the mucous
membranes, namely sites of initial HSV infection, and at the
other by communicating neurons of the autonomic or cen-
tral nervous system. HSV accesses sensory neurons by in-
fection of nerve endings at the site of replication. The
capsids containing viral DNA are then transported retro-
gradely in axons to the nuclear pore. The sequence of events
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is known mostly from studies of murine models. In mice
infected by the corneal scarification, the virus can be de-
tected in trigeminal ganglia in less than 24 hours. The se-
quence of events is highly reproducible. HSV replicates in
neurons, and infectious virus can be detected for at least 2
weeks. By week 3, infectious virus begins to disappear. What
remains are neurons harboring latent virus. Infectious virus
readily appears (reactivates) on excision of the ganglia and
cultivation of the neurons ex vivo.

Several aspects of HSV infection that lead to latency are
different from those that lead to replication. Foremost, latent
infections cannot be established in cell culture or in tissues
at the peripheral sites of viral replication. One hypothesis
that could explain the restricted repertoire of cells capable of
maintaining HSV in the latent state is that HCF1 in neurons
is in the cytoplasm and that both VP16 and HCF are either
not transported to the nucleus of the infected neurons or the
transport is retarded (36, 37). As is the case of cells infected
at the peripheral sites, on entry into the nucleus, viral DNA
is coated by repressive proteins and essentially silenced (17).
The only domain of HSV expressed at high levels consists
of a 9-kb DNA stretch expressing a noncoding RNA that
is processed by splicing into a stable intron designated the
latency-associated transcript or LAT (38, 39).

The domain encoding the LAT precursor is enclosed by
DNA sequences that insulate it from the remainder of the
viral genome (40). The remainder of the DNA is transcribed
randomly at very low levels. In essence, during the latency
period, viral DNA is in the form of heterochromatin whose
state is in a dynamic equilibrium defined by numerous fac-
tors. Stimulation of the neuron by injury [e.g., ultraviolet
(UV) light], cytokines [e.g., interleukin-6 (IL6)] and other
factors induce a stress response that can lead to apoptosis.
Maintaining the viability of the neuron and at the same
time silencing viral DNA are LAT, nerve growth factor
(NGF), histone deacetylases, signal transducer and activator
of transcription 3 (STAT3), the phosphatidylinositide 3-
kinase/AKT (PI3K-AKT) pathway, and stress response fac-
tors (41, 42). LAT plays an important role in the viability of
the neurons harboring latent virus and at the same time
maintains the virus in latent state. Reactivation results from
stimulations that lead to apoptosis and which cannot be
blocked (43).

The Reactivation Phase
The most common causes of reactivation of HSV are ex-
posure to UV light, fever, emotional or physical stress, and
menstruation, as discussed below. Experimentally, reactiva-
tion may also be induced by neuronal injury, deprivation of
NGF or proapoptotic drugs (23, 42). A key question is the
mechanism by which viral DNA is derepressed to enable its
transcription in the absence of VP16 and ICP0. Recent
studies show that nerve injury induces a proapoptotic re-
sponse, but also concurrently activates the STAT3 and
PI3K-AKT pathway to induce a stress response that sup-
presses apoptosis and blocks reactivation (42). A strong
proapoptotic stimulus triggers total derepression of viral
DNA. In essence, all viral genes, including regulatory pro-
teins, viral DNA, and structural proteins, are synthesized
simultaneously. The consequences are that the virus yields in
reactivating neurons are quite small—enough to be trans-
ported anterogradely to peripheral tissues but not enough to
pose a major threat to the host (23).

The frequency of reactivation, namely a higher number,
has been linked to a specific chromosomal locus for labial
herpes. This locus is on chromosome 21 and is known as the

Cold Sore Susceptibility Gene (CSSG-1) (44). There are,
however, no known links between the chromosomal locus
and the events taking place in neurons harboring latent
virus.

Control of Replication, Latency, and Reactivation
The ability of HSV to replicate and cause extensive lesions
with primary infection, to establish latent infections, and
then reactivate and again cause lesions in the presence of
adaptive immunity, along with the high rate of penetration
in the human population, are at first glance the properties of
a successful pathogen. A central question then is how does
the virus control its replication?

Recent studies suggest that HSV evolved novel functions
that limit growth and cell-to-cell spread of virus. The find-
ings that support this hypothesis are:

(1) Activation of PKR leads to induction of nuclear
factor-kappaB (NF-kappaB) and ultimately to activation of
IFN-stimulated genes. In infected cells, PKR is blocked
primarily by dephosphorylation of eIF-2a-p (33). Direct
suppression of PKR does not take place, notably by US11,
until relatively late in infection (45). At the same time
deletion of NF-kappaB p60 or p55 or both p60 and p55
components results in significantly lower yields following
infection with wild-type virus (46).

(2) Activation of the stimulator of IFN genes (STING)
by nuclear or cytoplasmic DNA sensors leads to synthesis of
IFN and of IFN-stimulated genes. Curiously, STING is ef-
fectively stabilized in wild-type virus-infected cells and is
exported in exosomes from infected to uninfected cells (47).

(3) To date, 30 virally encoded microRNAs (miRNAs)
have been detected in productively infected cells, in ganglia
harboring latent virus, and in ganglia in which HSV was
induced to reactivate from its latent state. With few ex-
ceptions, miRNAs made during productive infection also
accumulate in ganglia harboring latent virus, but not in
ganglia in which HSV is in the process of reactivation. In
contrast, the miRNAs accumulating in ganglia in which
HSV is reactivating do not accumulate in productively in-
fected cells and are absent from ganglia harboring latent
virus. One hypothesis that could explain this paradox is that
miRNAs suppress viral replication in ganglia in which the
virus replicates and suppress some aspect of innate immunity,
perhaps proapoptotic functions, in productively infected
cells and ganglia harboring latent virus. Thus, two of the
miRNAs accumulating in trigeminal ganglia harboring re-
activating virus accumulate very late in the course of pro-
ductive infection, i.e., at the time when the bulk of
infectious virus had already been made. Studies in progress
indicate that they have a significatnt inhibitory effect on
viral gene expression when expressed before infection.
Consistent with a role in controlling viral replication and
spread, some of the miRNAs are exported in exosomes from
infected to uninfected cells (9, 48).

(4) Last, the HDAC-1 or HDAC-2/CoREST/LSD1/
REST repressor complex acts by binding of REST to RE1
response elements in viral DNA. Insertion into viral DNA of
a dominant negative REST that binds RE1, but cannot bind
the other components of the repressor complex, enabled the
recombinant virus to replicate to higher levels and be more
virulent in mice than the wild-type parent virus (49).

The examples cited above suggest that HSV has evolved
mechanisms to replicate to higher levels and to spread more
efficiently from infected to uninfected cells by eliminating its
dependence on active NF-kappaB, eliminating RE1 sites and
blocking export of STING and miRNAs from infected to
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uninfected cells. A necessary conclusion of these observa-
tions is that HSV has evolved mechanisms to control its
replication and spread to sustain a high level of person-to-
person transmission.

Pathogenic Correlates of Viral Replication
HSV-1 and HSV-2 exhibit two unique biologic properties
that influence human disease. Both viruses have the capacity
to invade and replicate in the central nervous system (CNS)
and, as noted above, the ability to establish a latent infection
(13).

The term neurovirulence encompasses both the ability
of HSV to invade the CNS from peripheral sites and to
replicate in neuronal cells. When paired isolates (brain and
lip) from patients with HSV encephalitis are evaluated by
plaque-forming unit/median lethal dose (PFU/LD50) ratios
following direct intracerebral inoculation in mice, enceph-
alitis isolates have lower PFU/LD50 ratios than isolates from
lip lesions, ergo are more neurovirulent. Neurovirulence
appears to be the function of numerous genes (12). In fact,
deletion of virtually any of the genes dispensable for viral
replication in cell culture reduces the capacity of the virus to
invade and replicate in CNS. Mutations affecting neuro-
invasiveness have also been mapped in genes encoding
glycoproteins. Access to neuronal cells from usual portals of
entry into the body requires postsynaptic transmission of
virus, and therefore a particularly vigorous capacity to mul-
tiply and to direct the virions to appropriate membranes. In
addition, because neuronal cells are terminally differentiated
and do not make cellular DNA, they lack the precursors for
viral DNA synthesis that are also encoded by the viral genes
dispensable for growth in cell culture. Of particular interest,
however, is the role of the g134.5 gene in neurovirulence
(50–53). Although g134.5 deletion mutants multiply well in
a variety of cells in culture, they are among the most avir-
ulent mutants identified to date when inoculated directly
into the brain of susceptible animals.

Latency has been recognized biologically since the be-
ginning of the century (54–57). Latent virus can be retrieved
from the trigeminal, sacral, and vagal ganglia of humans
either unilaterally or bilaterally (55). The recovery of virus
by in vitro cultivation of trigeminal ganglia helps explain the
observation of vesicles that recur at the same site in humans,
usually the vermilion border of the lip. Patients treated for
trigeminal neuralgia by sectioning a branch of that nerve
develop herpetic lesions along the innervated areas of the
sectioned branch (58–61). Reactivation of latent virus ap-
pears dependent upon an intact anterior nerve route and
peripheral nerve pathways. Recurrences occur in the pres-
ence of both cell-mediated and humoral immunity. Recur-
rences are spontaneous, but there is an association with
physical or emotional stress, fever, exposure to UV light,
tissue damage, and immune suppression. Recurrent herpes
labialis is three times more frequent in febrile patients than
in nonfebrile controls (54, 56, 62, 63).

EPIDEMIOLOGY
Orolabial HSV Infections

Prevalence
Although HSV-1 and HSV-2 are usually transmitted by
different routes and may involve different body sites, there is
a great deal of overlap between their epidemiology and
clinical manifestations. These viruses are distributed world-
wide and occur in both developed and underdeveloped

countries, including remote Brazilian tribes (64). Animal
vectors for human HSV infections have not been described;
therefore, humans remain the sole reservoir for transmission
to other humans. Virus is transmitted from infected to sus-
ceptible individuals during close personal contact. There is
no seasonal variation in the incidence of infection. Because
infection is rarely fatal and HSV becomes latent, over one-
third of the world’s population has recurrent HSV infections,
and, therefore, the capability of transmitting HSV during
episodes of productive infection.

Geographic location, socioeconomic status, and age in-
fluence the prevalence of HSV-1 infection (5, 65). In de-
veloping countries and societies, infection, indicated by
seroconversion, occurs early in life. Among Brazilian Indians
and children in New Orleans, HSV antibodies develop in
over 95% of children by the age of 15 (66). In lower so-
cioeconomic populations, approximately one-third of chil-
dren seroconvert by 5 years of age; this frequency increases to
70–80% by early adolescence. Middle-class individuals in
industrialized societies acquire antibodies later in life, such
that seroconversion over the first 5 years occurs in 20% of
children, followed by no significant increase until the second
and third decades of life, during which the prevalence of
antibodies increases to 40% and 60%, respectively (67).
Seroconversion of susceptible university students occurs at
an annual frequency of approximately 5–10% (67).

In the United States, the seroprevalence of HSV-1 and
HSV-2 infections varies by age, sex, and race (Fig. 2) (68,
69). Through childhood and adolescence, African Ameri-
cans have approximately a 2-fold higher prevalence of an-
tibodies to HSV-1 than Caucasians, and females a slightly
higher prevalence of HSV-1 antibodies than males. By the
age of 40, both African Americans and Caucasians have a
similar prevalence of antibodies. A recent global assessment
indicated that the point prevalence of HSV-1 infection by
age 49 years is 67%, a finding consistent with earlier studies
(70). The high prevalence of antibodies appearing later in
life may be the consequence of a cohort effect, namely these
individuals had a higher rate of acquisition of HSV-1 earlier
in life.

Seroprevalence worldwide shows geographic variation.
An HSV-1 antibody prevalence less than 70% is found in
populations residing in Pittsburgh, Pennsylvania; Birming-
ham, Alabama; Atlanta, Georgia; Japan; Lyon, France;
Sweden and Caucasian Americans [U.S. National Health
and Nutrition Examination Survey (NHANES) partici-
pants], whereas it exceeds 95% in Spain, Italy, Rwanda,
Zaire, Senegal, China, Taiwan, Haiti, Jamaica, and Costa
Rica for adults between the ages of 20 and 40.

FIGURE 2 Seroprevalence of herpes simplex virus types 1 and 2
(HSV-1 and HSV-2) by age.
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Virus can be isolated from the saliva of approximately
20% of asymptomatic children between 7 months to 2 years
of age (146). Virus shedding in children less than 6 months
of age is uncommon. In older children, 3–14 years of age,
presumed asymptomatic shedding has been documented in
18%. Virus recovery decreases with advancing age; over 15
years of age, the frequency of excretion is 2.7%, similar to
contemporary cross-sectional surveys, which range from 2%
to 5% (135,147–149).

Virologic and Clinical Recurrences
The largest reservoir of HSV infections in the community is
recurrent herpes labialis. A positive history of recurrent
herpes labialis was noted in 38% of 1800 graduate students
in Philadelphia (71). New lesions occurred at a frequency
of one per month in 5% of the students and at intervals of
2–11 months in 34% of the students. Recurrences of one
per year or less often were found in 61%. Over the past
several years, HSV-2 infections of the oropharynx have
been recognized both in immune competent and immuno-
compromised hosts (72).

Outbreaks of HSV-1
Clustered human outbreaks of HSV infections have been
reported (65), but there is no indication from either clinical
or molecular epidemiologic studies that HSV causes epi-
demics in the general population. Most of the studies in-
volve families in which several individuals suffer from HSV
infection at approximately the same time, perhaps through
exposure to recurrent labial lesions of one family member.
Outbreaks in healthcare settings have occurred, but no
common source can be determined. An outbreak of eczema
herpeticum was reported in a large group of hospitalized
patients within an 8-day period; in this case, the lack of
attention to infection control procedures (e.g., hand-washing)
was incriminated as being responsible for virus transmission.
Outbreaks of herpetic stomatitis have been reported in
dental offices and within orphanages (73), where attack
rates for apparent infection were approximately 75% of
susceptible children. Increased transmission of HSV in day
care centers has not yet been reported (74).

Genital HSV Infections

Prevalence and Incidence
Because genital HSV infections are usually acquired through
sexual contact, antibodies to HSV-2, at least, are rarely
found before the age of onset of sexual activity (75). Al-
though most recurrent genital HSV infections are caused by
HSV-2, an ever-increasing proportion of primary infection is
attributable to HSV-1 (76), now accounting for nearly 50%
of new cases (77). The differentiation in virus type is sig-
nificant, because genital HSV-1 infections are usually both
less severe clinically and significantly less prone to recur (76,
78). The number of new cases of genital HSV infections has
been conservatively estimated to be approximately 500,000
individuals annually. Predicated upon newer serologic
methods for detection of prior HSV-2 infection, a range of
40–60 million Americans are infected with HSV-2 (79).

Seroprevalence of HSV-2 increases from 5.6% between
12 and 19 years of age to 24.3% by the age of 60. For the
aforementioned age groups, 4.5% and 8.7% of Caucasians,
respectively, and 18.2% and 76.8% of African Americans,
respectively, have HSV-2 antibodies. Factors found to in-
fluence acquisition of HSV-2 include sex (women greater
than men), race (African Americans more than Cauca-

sians), marital status (divorced more than single or married),
and place of residence (city greater than suburb) (80). In the
United States, a 20% increase in seroprevalence, indicative
of infection, occurred between NAHNES II (1976–1980)
and NAHNES III (1988) (Fig. 3). However, the most recent
study (NAHNES IV) indicates slightly lower HSV-2 sero-
prevalence rates (81). Seroprevalence studies indicated the
highest prevalence of antibodies to HSV-2 in the United
States is in female prostitutes (75%), and is virtually iden-
tical to that of prostitutes in Tokyo (69,82–84). Seroposi-
tivity amongst female prostitutes in Dakar, Senegal, was
even higher—95.7% in 1985. Homosexual men have sero-
prevalence rates to HSV-2 varying from a high of 83.1% in
San Francisco (1985–1986) to low of 21.6% in Seville,
Spain (1985–1986), Tokyo, Japan 24.2% (1988), and Am-
sterdam, The Netherlands of 50.0% (1986). Although these
seroprevalence rates account for HSV-2, they cannot discern
the contribution of HSV-1 to genital infection.

Prospective studies of the incidence of HSV-2 infection
indicate that among low-risk individuals, namely college
students, the rate of acquisition was approximately 2% per
year over 4 years as compared to 4% per year for homosexual
men in San Francisco (69). The incidence of HSV-2 in-
fection during pregnancy is about 2.5% per gestation, but
may be as low as 0.58%. Acquisition of HSV-2 infection
between monogamous sexual partners with discordant in-
fection status is 10 to 15% yearly (97).

As noted, the number of different sexual partners, irre-
spective of sexual preference, correlates directly with ac-
quisition of HSV-2 (Fig. 4) (69, 85). For heterosexual
women living in the United States with one partner, the
probability of acquisition of HSV-2 is less than 10%, but
increases to 40%, 62%, and greater than 80% as the number
of lifetime sexual partners increases to 2–10, 11–50, or
greater than 50, respectively. For heterosexual men, similar
data are 0% for one lifetime sexual partner, and 20%, 35%,
and 70% for each of the three risk groups, respectively. In
contrast, for homosexual men, seroprevalence increases from
greater than 60–90% for those with 11–50 and greater than
50 partners. Thus, multiple sexual partners, irrespective of
sexual preference, correlates directly with acquisition of
HSV-2 infection (69, 85).

Virologic and Clinical Recurrences
As with HSV-1 infections of the mouth, HSV-2 is excreted
more frequently in the absence of symptoms at the time of
primary, initial, or recurrent infection (86–88), providing a
silent reservoir for transmission. The frequency of clinical

FIGURE 3 Seroprevalence of herpes simplex virus types 1 and 2
(HSV-1 and HSV-2) by selected country.

20. Herpes Simplex Viruses - 421



recurrences varies somewhat between males and females,
with rates of 2.7 and 1.9 per 100 days, respectively (76),
figures much lower than recurrences detected by laboratory
tests, as noted in the following paragraphs. Recurrences are
most frequent in the year immediately following acquisition
and tend to decrease somewhat over subsequent years.
Several studies have implicated a frequency of clinical re-

currences as high as 60%. Genital infections by HSV-1 recur
less frequently than those caused by HSV-2 (78, 89). Fol-
lowing the first episode of genital herpes, asymptomatic
shedding was detected in approximately 12%, 18%, and 23%
of women with primary HSV-1, primary HSV-2, and non-
primary HSV-2 infection, respectively (90). For women with
established genital HSV-2 infection, asymptomatic shedding
was detected on 1% of all days cultures were obtained (88,
91). More contemporary studies indicate that only 20–25%
of women who are HSV-2 seropositive have symptoms of
genital herpes (92, 93). With the application of the poly-
merase chain reaction (PCR) to the serial evaluation of
genital swabs from women with genital infection, the fre-
quency of shedding of HSV DNA is even higher, suggesting
that HSV is a chronic infection rather than an intermittent
one (94). Indeed, HSV DNA can be detected in up to 20%
of all days for women with HSV-2 infection. Interestingly,
shedding can occur for a mere few hours on any given day
and multiple sites, as reviewed (95, 96). Similar shedding
data will be found for HSV-1 oropharyngeal infection (72).

HIV Coinfection
HSV-2 infection, by the nature of being an ulcerative dis-
ease, is associated with acquisition of human immunodefi-
ciency virus type 1 (HIV-1). Most case–control studies
performed in the United States and Central Africa indicate
increased relative risk of HIV acquisition by 1.5- to over 2-
fold (69,98–100). Furthermore, concomitant infection is
associated with higher HIV RNA plasma levels that can be
decreased with HSV therapy (101, 102). The association
between acquisition of HIV and HSV-2 was also docu-
mented in heterosexual populations (99).

Pregnancy
Genital HSV infection in pregnant women is not uncom-
mon, but it must be considered separately from nonpregnant
populations because of the risk to the fetus and newborn.
Recurrent infection is the most common form of infection
during pregnancy. Transmission of infection to the fetus is
related to shedding of virus at the time of delivery. The
prevalence of viral excretion at delivery, as determined by
culture, is 0.01–0.39% for all women, irrespective of past
history (87), with rates as high as 0.6% (103). In a pre-
dominantly white, middle-class population, documented
recurrent infection occurs in 84% of pregnant women with a
history of recurrent disease. Asymptomatic viral shedding
occurred in at least 12% of the recurrent episodes. Viral
shedding from the cervix has occurred in 0.56% of symp-
tomatic infections versus 0.66% of asymptomatic infections
(87). The prevalence of cervical shedding in pregnant
women with asymptomatic HSV infection averages ap-
proximately 3%. However, the observed rate for these
women varies more than that among nonpregnant women
(from 0.2% to 7.4%), depending upon the study population
and trial design (87, 104).

PATHOGENESIS
Pathology
The histopathologic characteristics of a primary and recur-
rent HSV infection (Fig. 5) reflect virus-mediated cellular
death with an associated inflammatory response. Viral in-
fection induces ballooning of cells with condensed chro-
matin within the nuclei of cells, followed by nuclear
degeneration, generally within parabasal and intermediate

FIGURE 4 Seroprevalence of herpes simplex virus type 2 (HSV-
2) as a function of the number of sexual partners.

422 - THE AGENTS—PART A: DNA VIRUSES



cells of the epithelium. Cells lose intact plasma membranes
and form multinucleated giant cells. With cell lysis, a clear
(referred to as vesicular) fluid containing virus appears be-
tween the epidermis and dermal layer. The vesicular fluid
contains cell debris, inflammatory cells, and often multinu-
cleated giant cells. In dermal substructures, there is an in-
tense inflammatory response, usually in the corium of the
skin, more so with primary infection than with recurrent
infection. With healing, the vesicular fluid becomes pustular
with the recruitment of inflammatory cells and scabs. Scar-
ring is uncommon. When mucous membranes are involved,
vesicles are replaced by shallow ulcers.

Pathogenesis
The transmission of human infection is dependent upon in-
timate, personal contact between a susceptible seronegative

individual with someone excreting HSV. Virus must come in
contact with mucosal surfaces or abraded skin for infection to
be initiated. Following viral replication at the site of infec-
tion, either an intact virion, or more simply, the capsid is
transported retrogradely by neurons to the dorsal root ganglia
where, after another round of viral replication, latency is
established (Fig. 6). The more severe the primary infection,
as reflected by the size, number, and extent of lesions, the
more likely it is that recurrences will ensue. Although rep-
lication sometimes leads to disease and infrequently results in
life-threatening infection (e.g., encephalitis), the host–virus
interaction leading to latency predominates, as noted above.
After latency is established, a provocative stimulus causes
reactivation; virus becomes detectable at mucocutaneous
sites, appearing as skin vesicles or mucosal ulcers (Fig. 7).

Infection with HSV-1 generally occurs in the oropha-
ryngeal mucosa. The trigeminal ganglion becomes colonized
and harbors latent virus. Acquisition of HSV-2 infection is
usually the consequence of transmission by genital contact;
however, genital–oral spread is increasingly common and
results in alternative modes of transmission from mucous
membrane to mucous membrane for both viruses. Virus
replicates in the genital, perigenital, or anal skin sites with
seeding of the sacral ganglia (Fig. 8).

Operative definitions of the nature of the infection are of
pathogenic relevance. Susceptible individuals (namely,
those without preexisting HSV antibodies) develop primary
infection after the first exposure to either HSV-1 or HSV-2.
A recurrence of HSV is known as recurrent infection. Initial
infection is when an individual with preexisting antibodies
to one type of HSV (namely, HSV-1 or HSV-2) can expe-
rience a first infection with the opposite virus type (namely,
HSV-2 or HSV-1, respectively). Reinfection with a different
strain of HSV can occur, although it is extremely uncommon
in the normal host, and is called exogenous reinfection.

FIGURE 5 Histopathology of herpes simplex virus infection.

FIGURE 6 Schematic diagram of herpes simplex virus (HSV) infection.
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Cleavage of HSV DNA by restriction endonuclease en-
zymes yields a characteristic pattern of subgenomic products.
Analyses of numerous HSV-1 and HSV-2 isolates from a
variety of clinical situations and widely divergent geographic
area demonstrate that epidemiologically unrelated strains
yield distinct HSV DNA fragment patterns. In contrast,
fragments of HSV DNA derived from the same individual
obtained years apart, from monogamous sexual partners, or
following short and long passages in vitro, have identical
fragments after restriction endonuclease cleavage (105).
Utilizing endonuclease technology, exogenous reinfection is
exceedingly low in the immune competent host.

Immune Responses

Primary HSV Infection
The host immune response to HSV infection has been re-
cently reviewed (106). Following primary HSV infection,
the initial, local immunological responses involve both

nonspecific defense mechanisms, namely IFN-a and IFN-b,
activated natural killer (NK) cells and macrophages, as well
as HSV-specific responses, such as cytotoxic T cells (CTLs)
(107) (see Chapter 16). The initial cellular response is
synthesis and secretion of type I IFNs (a and b), leading to
IFN-mediated activation of cellular enzymes such as 2’-5’-
oligoadenylate synthetase (2’-5’AS) and dsRNA-dependent
protein kinase, as well as intracellular signaling molecules
through the activation of the Janus kinase (JAK)/STAT
pathway. Relevant to HSV infection, IFN-a appears to in-
hibit IE gene expression (108). Thus, the antiviral mecha-
nism directly affects transactivation of the IE responsive
element necessary for synthesis of viral proteins.

IFNs also mediate macrophage and NK cell activation,
activate CTLs, and induce major histocompatibility com-
plex (MHC) class I and MHC class II antigens. In addition,
cytokine secretion is stimulated, resulting in local inflam-
mation. The role of IFN-g is less clear, although gd T cells,
NK cells, CD4+ Tcells, and possibly neurons produce IFN-g

FIGURE 7 Schematic diagram of latency and reactivation.

FIGURE 8 Sites of herpes simplex virus (HSV) infection and disease.
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and TNF-a in response to HSV infection. IFN-g down-
regulates priming of CD4+ Th2 cells, which are responsible
for inducing immunoglobulin (Ig) isotype B cell switching
from IgA to IgG, thereby effecting humoral immune re-
sponses (109).

In vitro and in vivo experiments have demonstrated that
NK cells protect from HSV challenge in a murine model
(110). Severe herpetic disease has been correlated with low
in vitro NK activity in newborns, as well as in a patient
lacking NK cells (111). Other mononuclear cells, such as
macrophages, are recruited to the site of infection, and upon
activation, release immune cell mediators such as TNF and
interleukins. Macrophages play a major role in mediating
antibody-dependent cellular toxicity for viral clearance and
antigen presentation (112).

As reviewed (106), an important aspect of immune re-
sponses to HSV infections is the maturation of dendritic cells
(DCs) at the site of infection. Mobile DCs travel from mu-
cosal or skin areas of infection and prime antigen-specific,
naïve T-cells in draining lymph nodes (DLNs). In HSV-1
footpad infection of mice, fractionation of DC subpopula-
tions in the DLN shows that classic CD8a+ dermal DCs,
rather than specialized epidermal Langerhan’s cells (LCs),
prime naïve CD8+ Tcells (113). In the case of vaginal HSV-
2 infection, dermal DCs rather than LCs again seem to be the
physiologically active cell population in a similar DLN
model (114). LCs are certainly able to present HSVantigens
to memory HSV-specific T cells and may participate in pri-
mary or recurrent immune reactions. Plasmacytoid DCs
(pDCs) react to HSV and produce IFN-a (115). pDCs are
recruited to sites of infection, participate in viral clearance,
and express relevant Toll-like receptors (TLRs), including
TLR 7, 8, and 9, all of which recognize HSV (116, 117). Of
interest, a low number pDCs or poor pDC reactivity is as-
sociated with severe human HSV infection (118, 119).

As infection progresses, virus-specific immune responses
are detected. On days 4 and 5 postinfection, HSV-specific
CD4+ Th1 lymphocytes are detected in genital lymph nodes
and in smaller numbers in the peripheral blood; they can
subsequently be found in the genital mucosa (120). CD8
responses also occur quite quickly in the mouse (121); rel-
evant human studies have not yet been reported.

Humoral immune responses rapidly follow initial HSV
infection (106). The predominant mucosal antibodies are of
the IgA isotype, which can be detected as early as day 3
following infection, peaking within the first 6 weeks after
disease onset, and are followed by appearance of IgG1 and
IgG3 subclasses of antibodies. HSV-specific IgA antibodies
are present for at least 6 weeks, gradually decreasing to un-
detectable levels. IgM-secreting B cells have also been de-
tected in secretions of the female genital mucosa (122).
Shorter periods of viral shedding in women with primary
genital herpes have been positively correlated with presence
of secretory IgA in vaginal secretions (110).

Recurrent Infections
Although immunosuppression enhances the frequency of
reactivation, there is no proof that the immune system exerts
any influence on reactivation at the level of the ganglia
(123). Immunosuppression enhances the detection of HSV
reactivation in the periphery. It is not clear if this is due to
increased ganglionic reactivation or failure of control
mechanisms in the skin to contain virus being delivered
down the axon. HSV-specific CD8 and CD4 T cells persis-
tently infiltrate latently infected trigeminal ganglia in mice
and humans (124, 125). These cells appear to act via IFN-g

(126). They have cytolytic activity, but neuron loss is not
seen clinically, and inhibitory receptor-ligand pairings can
be documented in the ganglia that may modulate their cy-
totoxic activity (127). In the periphery, HSV-2-specific CD4
and CD8 T cells localize to sites of recurrent HSV-2 infec-
tion and to the cervix (128, 129). Using in situ staining,
HSV-2-specific CD8 CTLs have been shown to persist at the
epidermal/dermal junction adjacent to sensory nerve end-
ings (130). Damage to these cell populations in immuno-
compromised persons may lead to increased HSV replication
either centrally or peripherally (112). Repeated subclinical
episodes of HSV excretion may be a source of antigenic
stimulation, leading to long-term HSV-specific immune
memory (112). With recurrent HSV-2 infections, NK and
HSV-specific CD4+ cells are detected earlier than CD8+
cells in genital lesions (109). CD4+ T cells and, more re-
cently, CD8+ T cells have been highlighted as major medi-
ators of viral clearance from mucocutaneous lesions in
recurrent episodes (107, 128). Low IFN-g titers in vesicular
fluid have been associated with a shorter time to the next
recurrence in patients with frequent recurrences. T-cell
proliferation is decreased in these patients in comparison to
patients with less frequent recurrences (112). Inasmuch as
the involvement of cytokines has been studied, IFN-g has
been reported to have a role in viral clearance from muco-
cutaneous sites, whereas altered cytokine production appears
to correlate with recurrence (131).

As with primary HSV infection, a shorter duration of
viral shedding occurs in women with recurrent genital her-
pes who have detectable secretory IgA in vaginal secretions
(110). IgA, IgG1, and IgG3 antibodies have been found in
the sera of all patients with recurrent HSV-2 episodes,
whereas IgM and IgG4 antibodies were detected in 70–80%
of these patients. However, there does not appear to be clear
correlation between humoral immune responses and disease
prognosis (132).

Newborn Infections
Host response of the newborn to HSV must be defined
separately from that of older individuals, in part because of
the immaturity of their host defense mechanisms. Other
factors in defining host response of the newborn include the
mode of transmission of the agent (viremia versus mucocu-
taneous infection without bloodborne spread), time of ac-
quisition of infection, and the potential of increased
virulence of certain strains, although this last point remains
purely speculative. Two broad issues are of particular rele-
vance in newborns. First, transplacentally acquired neutral-
izing antibodies and those mediating antibody-dependent
cell-mediated cytotoxicity (ADCC) can either prevent or
ameliorate infection in exposed newborns (133–135). Im-
portantly, preexisting antibodies, indicative of prior infec-
tion, significantly decrease the transmission of infection from
pregnant women to their offspring (57), contributing to the
rationale for the development of a HSV vaccine.

Humoral IgG and IgM responses have been well char-
acterized. Infected newborns produce IgM antibodies spe-
cific for HSV, as detected by immunofluorescence, within
the first 3 weeks of infection. These antibodies increase
rapidly in titer during the first 2–3 months, and they may be
detectable for as long as 1 year after infection. The most
reactive immunodeterminants are the surface viral glyco-
proteins, particularly gD. Humoral antibody responses have
been studied using contemporary immunoblot technology,
and the patterns of response are similar to those encountered
in adults with primary infection (71, 136). The quantity of
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neutralizing antibodies is lower in babies with disseminated
infection (71, 136).

Second is the nature of immune responses mounted by
HSV-infected newborns. The T-lymphocyte proliferative
response to HSV infections is delayed in newborns compared
to older individuals (71). Most infants have no detectable T-
lymphocyte responses to HSV 2–4 weeks after the onset of
clinical symptoms (71, 74, 137). The correlation between
these delayed responses may be of significance in evaluating
outcome to neonatal HSV infection. Specifically, if the re-
sponse to T-lymphocyte antigens in children who have
disease localized to the skin, eye, or mouth at the onset of
disease is significantly delayed, disease progression may occur
at a much higher frequency than in babies with a more
appropriate response (71, 138).

Infected newborns have decreased production of IFN-a
in response to HSV compared to adults with primary HSV
infection (71). The importance of the IFN generation on the
maturation of host responses, particularly the elicitation of
NK cell responses, remains to be defined (139, 140). Lym-
phocytes from infected babies have decreased responses to
IFN-g during the first month of life (71, 140, 141). These
data taken together would indicate that the newborn has a
poorer immune response than older children and adults.
Antibodies plus complement and antibodies mixed with
killer lymphocytes, monocytes, macrophages, or polymor-
phonuclear leukocytes will lyse HSV infected cells in vitro
(94). ADCC is an important component of the develop-
ment of host immunity to infection (88). However, the total
population of killer lymphocytes of the newborn seems to be
lower than that found in older individuals, and monocytes
and macrophages of newborns are not as active as those of
adults (3,142–145).

CLINICAL MANIFESTATIONS
Oropharyngeal Disease

Primary Infections
Great variability exists in the symptoms of primary HSV-1
infections. Asymptomatic infection is the rule rather than
the exception and occurs twice as often as symptomatic in-
fection. Manifestations of disease range from totally asymp-
tomatic to combinations of fever, sore throat, ulcerative and
vesicular lesions, gingivostomatitis, edema, localized lymph-
adenopathy, anorexia, and malaise. The incubation period
ranges from 2 to 12 days with a mean of approximately 4
days. In a study of 70 children with serologically documented
primary infection, only six (less than 10%) had clinical
symptoms associated with infection (147). In an Australian
study, 67.4% of seronegative children (29 of 43) developed
HSV antibodies over a period of 1 year; 69% had asymp-
tomatic infection. Importantly, asymptomatic infection oc-
curs twice as often as symptomatic disease.

Primary HSV-1 infection results in oral shedding of virus
in mouth for as long as 23 days (average of 7–10 days). The
natural history of HSV-2 infection of the oropharynx is not
well characterized. Neutralizing antibodies appear between
days 4 and 7 after onset of disease and peak in approximately
3 weeks (5, 6).

Symptomatic disease in children is characterized by in-
volvement of the buccal and gingival mucosa (Fig. 9). The
duration of illness is 2–3 weeks, with fever ranging between
101°F and 104°F. Often, children with symptomatic primary
infection are unable to take liquids orally because of the
associated pain. Lesions within the mouth evolve from

vesicles to shallow ulcerations on an erythematous base
before healing. Submandibular lymphadenopathy is com-
mon with primary gingivostomatitis but rare with recurrent
infections. Other findings include sore throat and mouth,
malaise, tender cervical lymphadenopathy, and an inability
to eat. A clinical distinction should be drawn between in-
traoral gingival lesions and lip lesions indicative of presumed
primary and recurrent infections, respectively.

Primary HSV infections of adolescents and adults cause
both pharyngitis and a mononucleosis syndrome (67). The
differential diagnosis of both primary HSV gingivostomatitis
and pharyngitis includes herpangina (usually caused by the
coxsackieviruses), candidal infections of the mouth, Epstein-
Barr virus-induced mononucleosis, lesions induced by
chemotherapy or radiation therapy, and Stevens-Johnson
syndrome.

Recurrent Infections
Recurrent infection may be asymptomatic, occurring in
about 1% in children and 1–5% in immunocompetent
adults (67, 147, 148, 150, 151). Nearly 1% of pregnant
women and nursery personnel excrete HSV at any time
(151), being a source of virus for transmission to the new-
born. Asymptomatic excretion of virus is not limited to the
healthy adult, as excretion of HSV in renal transplant re-
cipients without signs or symptoms of disease occurs in
nearly one-third of seropositive patients (152).

The onset of recurrent orolabial lesions is heralded by a
prodrome of pain, burning, tingling, or itching, which gen-
erally lasts for 6 hours followed by the appearance of vesicles
(149, 153). Vesicles appear most commonly at the vermil-
lion border of the lip and persist for only 48 hours on the
average (Fig. 10). Vesicles generally number three to five.
The total area of involvement usually is localized, and le-
sions progress to the pustular or ulcerative and crusting stage
within 72–96 hours. Pain is most severe at the outset and
resolves quickly over 96–120 hours. Similarly, the loss of
virus from lesions decreases with progressive healing over 2–
3 days (66, 153). Healing is rapid, generally being complete
in 8–10 days. The frequency of recurrences varies among
individuals (153).

Genital Disease

Primary and Initial Infections
Primary genital herpes manifests with macules and papules,
followed by vesicles, pustules, and ulcers. Lesions persist

FIGURE 9 Herpes simplex gingivostomatitis.
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about 3 weeks (76, 154, 155). Primary infection is associated
with larger quantities of virus replicating in the genital tract
( > 106 viral particles/0.2 ml of inoculum) and a period of
viral excretion, which may persist for 3 weeks. Systemic
complications in the male are relatively uncommon; how-
ever, aseptic meningitis can develop. Paresthesias and dys-
esthesias which involve the lower extremities and perineum
can result from genital herpetic infection.

Primary infections are usually associated with fever, dys-
uria, localized inguinal adenopathy, and malaise in both men
and women. The severity of primary infection and its asso-
ciation with complications are statistically higher in women
than in men (76, 156). Systemic complaints are common in
both sexes, approaching 70% of all cases. The most common
complications include aseptic meningitis and extragenital
lesions.

In women with primary infection, lesions appear on the
vulva and are usually bilateral, as shown in Fig. 11, with the
cervix invariably involved. The actual frequency of primary
cervical infection in the absence of vulvar infection is un-
known. Lesions usually are excruciatingly painful, associated
with inguinal adenopathy and dysuria, and may involve the
vulva, perineum, buttocks, cervix, and vagina. A urinary
retention syndrome occurs in 10–15% of female patients, and
as many as 25% of women will develop aseptic meningitis.

In males, primary genital HSV infections are most often
associated with vesicular lesions superimposed upon an er-
ythematous base, usually appearing on the glans penis or the
penile shaft, as shown in Fig. 12. The total number of lesions
can vary significantly from 6 to 10 to many more. Extra-
genital lesions of the thigh, buttocks, and perineum can
occur.

Complications following primary genital herpetic infec-
tion have included sacral radioculomyelitis, which can lead
to urinary retention, neuralgias, and meningoencephalitis.
Paresthesias and dysesthesias, which involve the lower ex-
tremities and perineum, may occur. Primary perianal and
anal HSV-2 infections, as well as associated proctitis, are
more common in male homosexuals. As with HSV-1 in-
fections, as many as two-thirds of HSV-2 infections are
subclinical, involving the mouth (73) or the uterine cervix
(75, 92, 93). Nonprimary initial genital infection is less se-
vere symptomatically, and heals more rapidly. The duration
of infection is usually 2 weeks. The number of lesions, se-
verity of pain, and likelihood of complications are signifi-
cantly decreased. Preexisting antibodies to HSV-1 have an
ameliorative effect on disease severity of HSV-2 (89).

Recurrent Infections
With recurrent genital herpetic infection, a limited number
of vesicles, usually three to five, appear on the shaft of the
penis of the male or as simply a vulvar irritation in the
female. The duration of disease parallels that encountered
with recurrent HSV labialis, being approximately 7–10 days.
Neurologic or systemic complications are uncommon with
recurrent disease; however, paresthesias and dysesthesias
occur. Virus is shed for an average of 2–5 days and at lower
concentrations (approximately 102–103/0.2 ml of inoculum
in tissue culture systems) in women with recurrent genital
infection. Recurrent genital herpetic infection in both men
and women is characterized by prodrome, which is a useful
marker for therapeutic trials and by localized irritation.

The frequency of recurrences varies from one individual
to the next. Recurrences are more frequent in the first year
after primary infection, and the severity of primary infection
appears to correlate positively with the likelihood and

FIGURE 11 Genital herpes simplex virus infection (female).

FIGURE 10 Recurrent herpes simplex labialis.

FIGURE 12 Genital herpes simplex virus infection (male).
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frequency of symptomatic recurrences. One-third of infected
individuals are estimated to have clinical recurrences in ex-
cess of eight or nine per year, one-third will have two to three
per year, and the remaining one-third will have between four
and seven (76). Individuals can transmit infection to sexual
partners with symptomatic or, more commonly, asymptom-
atic recurrences. A high frequency of HSV DNA is detected
by PCR in genital secretions between clinical recurrences
(157). Many virologic recurrences may only be hours in
duration (158). The implications of these data require the
education of patients, including behavioral interventions
and use of condoms to prevent transmission of infection.

Pregnancy and Neonatal Infection
An uncommon problem encountered with HSV infections
during pregnancy is that of widely disseminated disease in
the mother (159), involving multiple visceral sites and
sometimes cutaneous dissemination. Dissemination after
primary oropharyngeal or genital infection has led to nec-
rotizing hepatitis with or without thrombocytopenia, dis-
seminated intravascular coagulopathy, and encephalitis. The
mortality rate among affected pregnant women is reported to
be greater than 50%. Fetal deaths have also occurred in more
than 50% of cases, although mortality did not necessarily
correlate with the death of the mother. Factors associated
with pregnancy may place both mother and fetus at in-
creased risk for severe infection, possibly because of altered
cell-mediated immunity.

The major risk to the fetus is primary or initial genital
HSV infection of the mother during the third trimester of
gestation (93, 103). Thus, identification of the woman at
risk for primary infection is of paramount importance. Se-
rologic discordance averages 15–20% such that the mother
is HSV-2 seronegative and her partner is HSV-2 seroposi-
tive. The associated risk for transmission from the father is
10–15% during the pregnancy.

Maternal primary infection prior to 20 weeks gestation in
some women has been associated with spontaneous abortion
(160) in about 20% of pregnancies. The contribution of
primary maternal genital infection to spontaneous abortion
must be weighed above that of a routine rate of fetal loss of
approximately 20%. Infection that develops later in gesta-
tion has not been associated with the termination of preg-
nancy, but infection of the fetus during maternal primary
infection may result in manifestations of neonatal HSV
disease, severe intrauterine growth retardation, or premature
termination of gestation (161).

Neonatal Disease
The estimated incidence of neonatal HSV is approximately
one in 2000 to one in 5000 live births annually in the
United States. An increase in the number of cases of neo-
natal HSV infection has been noted in some areas, with rates
approaching one in 1500 deliveries. Four factors influence
the risk of HSV transmission of infection from mother to
fetus. First the risk of transmission is 30–50% with maternal
primary or initial infection as compared to 3% or less with
recurrent infection (76, 103, 154). Second, paralleling the
type of maternal infection, the mother’s antibody status
before delivery influences both the severity of infection and
the likelihood of transmission. Transplacental maternal
neutralizing and ADCC-mediating antibodies have at least
an ameliorative effect on acquisition of infection for babies
inadvertently exposed to virus at delivery (162). Third,
prolonged rupture of membranes (greater than 6 hours) in-
creases the risk of HSV acquisition as a consequence of as-

cending infection from the cervix. Fourth, fetal scalp
monitors can be a site of inoculation of virus. Such devices
should be relatively contraindicated in women with a history
of recurrent genital HSV infection.

Infection of the newborn can be acquired at one of three
times, and in all cases, the mother is the most common
source of infection. First, in utero infection is rare and re-
quires (163) stringent diagnostic criteria (namely, identifi-
cation of infected babies within the first 48 hours of life who
have virologic confirmation of infection). The second route
of infection is that of intrapartum contact of the fetus with
infected maternal genital secretions. Approximately 75–
80% of babies acquire HSV infection by this route. The third
route of transmission is postnatal acquisition. Although
HSV-1 is associated with genital lesions, postnatal trans-
mission of HSV-1 is increasingly suggested, with 15–20% of
neonatal HSV infections caused by this type (3). Relatives
and hospital personnel with orolabial herpes can be a res-
ervoir for HSV infection of the newborn. The documenta-
tion of postnatal transmission of HSV has focused attention
on such sources of virus for neonatal infection (164).
Identical isolates, as demonstrated by restriction endonu-
clease technology, from babies born to different mothers in a
nursery is rare. Postnatal transmission from mother to child
has been documented as a consequence of nursing on an
infected breast. Father-to-baby transmission has been doc-
umented from lesions of herpes labialis.

Clinical Presentation
Neonatal HSV infection is almost invariably symptomatic
and frequently lethal. Babies with congenital infection
should be identified within 48 hours following birth. Those
babies who are infected intrapartum or postnatally with
HSV infection can be divided into three categories—those
with (118) disease localized to the skin, eye, and mouth
(SEM) (165); encephalitis with or without skin involve-
ment (40); and disseminated infection that involves multi-
ple organs, including CNS, lung, liver, adrenals, skin, eye,
and/or mouth (166).

Intrauterine Infection
Intrauterine infection is apparent at birth and is character-
ized by the triad of skin vesicles or skin scarring, eye disease,
and the far more severe manifestations of microcephaly or
hydranencephaly. Often, retinitis alone or in combination
with other eye findings, such as keratoconjunctivitis, is a
component of the clinical presentation. The frequency of
occurrence of these manifestations is estimated to be one in
200,000 deliveries.

Disseminated Infection
Babies with the highest mortality present for therapy be-
tween 9 and 11 days of age. However, signs of infection
usually begin on an average of 4–5 days earlier. With the
early introduction of antiviral therapy, about 23% of babies
with neonatal HSV infection have disseminated disease.
The principal organs involved are the liver, lungs, and ad-
renals, but other involved organs include the larynx, tra-
chea, esophagus, stomach, gastrointestinal tract, spleen,
kidneys, pancreas, and heart. Constitutional signs and
symptoms include irritability, seizures, respiratory distress,
jaundice, bleeding diatheses, shock, and, frequently, the
characteristic vesicular exanthem, which is often considered
pathognomonic for infection. Encephalitis appears to be a
common component of disseminated infection, occurring in
about 60–75% of children. The vesicular rash, as described
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below, is particularly important in the diagnosis of HSV
infection. However, over 20% of these children do not de-
velop skin vesicles during the course of illness (3, 167).
Mortality in the absence of therapy exceeds 80%; all but a
few survivors are impaired. The most common cause of death
in babies with disseminated disease is either HSV pneumo-
nitis or disseminated intravascular coagulopathy.

Encephalitis
Nearly one-third of all babies with neonatal HSV infection
have encephalitis. Babies with infection of the CNS alone or
in combination with disseminated disease present with the
findings indicative of encephalitis in the newborn. Brain
infection occurs either as a component of multiorgan dis-
seminated infection or only as encephalitis with or without
SEM involvement. The pathogenesis of these two forms of
brain infection is likely different. Babies with disseminated
infection probably seed the brain by a bloodborne route,
resulting in multiple areas of cortical hemorrhagic necrosis.
In contrast, babies who present with only encephalitis likely
develop brain disease as a consequence of retrograde axonal
transport of virus to the CNS. Two pieces of data support this
contention. Babies with disseminated disease have docu-
mented viremia and are hospitalized earlier in life than those
with only encephalitis, 9–10 days versus 16–17 days, re-
spectively. Babies with encephalitis alone are more likely to
receive transplacental neutralizing antibodies from their
mothers, which may prevent viremia, allowing for only in-
traneuronal transmission of virus to the brain.

Clinical manifestations of either encephalitis (alone or in
association with disseminated disease) include seizures (both
focal and generalized), lethargy, irritability, tremors, poor
feeding, temperature instability, bulging fontanelle, and py-
ramidal tract signs. Children with encephalitis without dis-
seminated disease have skin vesicles in approximately 60%
of cases at any time during the disease course (3, 167). Virus
can be cultured from cerebrospinal fluid (CSF) in 25–40% of
all cases. CSF findings usually include pleocytosis and pro-
teinosis (as high as 500–1000 mg/dl), although a few babies
with CNS infection have no CSF abnormalities. Death
occurs in 50% of babies with CNS disease who are not
treated and is usually related to brain stem involvement.

With rare exceptions, survivors are left with severe neuro-
logic impairment. The long-term prognosis following either
disseminated infection or encephalitis is poor. As many as
50% of surviving children have some degree of psychomotor
retardation, often in association with microcephaly, hy-
drancephaly, porencephalic cysts, spasticity, blindness, reti-
nitis, or learning disabilities.

The diagnosis of encephalitis can be challenging. For
children with disease localized to the CNS, skin vesicles, the
classic sign of disease, may not be present in as many as 40%
of babies. Thus, for the baby with CSF pleocytosis and
protein elevation at 2–3 weeks of life, other diagnostic clues,
such as skin vesicles, may not be present. For the neonate
with CSF findings indicative of infection, HSV must be
considered along with other bacterial pathogens (e.g., group
B streptococcus, Escherichia coli, etc.). A reasonable diag-
nostic approach, if all antigen and Gram stain studies are
negative, would be serial CSF examinations to document
progression in protein and mononuclear cell counts.

Skin, Eye, and/or Mouth Infection
Infection localized to the SEM is associated with morbidity
and not mortality. Vesicles occur in 90% of children with
SEM infection. When infection is localized to the skin, the
presence of discrete vesicles remains the hallmark of disease.
Clusters of vesicles often appear initially on the part of the
body that was in direct contact with the virus during birth.
With time, the rash progresses to involve other areas of the
body as well, particularly if viremia occurs. Vesicles occur in
90% of children with SEM infection. Children with disease
localized to the SEM generally present at about 10–11 days
of life. Babies with skin lesions invariably will suffer from
recurrences over the first 6 months (and longer) of life, re-
gardless of whether therapy was administered. Approx-
imately 30% of these children eventually develop evidence
of neurologic impairment in the absence of therapy (4). The
skin vesicles (Fig. 13) usually erupt from an erythematous
base and are usually 1–2 mm in diameter. Other manifesta-
tions of skin lesions include a zosteriform eruption. In-
fections involving the eye manifest as keratoconjunctivitis,
or later, as retinitis. The eye can be the only site of HSV
involvement in the newborn.

FIGURE 13 Vesicular rash of neonatal herpes simplex virus infection.
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Long-term neurologic impairment may develop in chil-
dren whose disease appears localized to the SEM. The sig-
nificant findings include spastic quadriplegia, microcephaly,
and blindness. Despite normal clinical examinations in these
children, neurologic impairment has become apparent be-
tween 6 months and 1 year of life.

Prognostic Factors
Babies with the most severe disease have worse outcomes, as
identified by disease classification (145). Level of con-
sciousness also predicts a poor prognosis, as does the devel-
opment of HSV pneumonia or disseminated intravascular
coagulopathy. With encephalitis, prematurity and seizures
predict a poor outcome. Finally, for babies with SEM disease,
frequently recurrent HSV-2 cutaneous lesions define a group
at risk for a poor neurologic outcome.

Application of PCR technology to CSF evaluation at the
time of presentation SEM disease has identified a subgroup
of babies with detectable HSV DNA. This group of children
has asymptomatic infection of the CNS and accounts for
those who develop neurologic impairment (168).

Herpes Simplex Keratoconjunctivitis
Viral infections of the eye beyond the newborn age are
usually caused by HSV-1 (169). Approximately 300,000
cases of HSV infections of the eye are diagnosed annually in
the United States where these infections are second only to
trauma as the cause of corneal blindness. Herpetic kerato-
conjunctivitis is associated with either unilateral or bilateral
conjunctivitis, which can be follicular in nature, followed
soon thereafter by preauricular adenopathy. Eye infection is
also associated with photophobia, tearing, eyelid edema, and
chemosis, accompanied by the pathognomonic findings of
branching dendritic lesions. Less commonly, with advanced
disease, the infection is associated with a geographic ulcer of
the cornea. Healing of the cornea can take as long as 1
month, even with appropriate antiviral therapy.

Recurrence frequency is similar to that for herpes labialis.
Most frequently, lesions are unilateral in involvement, but a
small percentage of cases involve both eyes. Characteristi-
cally, either dendritic ulceration or stromal involvement
occurs. Visual acuity is decreased in the presence of the ul-
cers; and with progressive stromal involvement, opacifica-
tion of the cornea may occur. Progressive disease can result
in visual loss and even rupture of the globe.

Skin Infections
Infections of the digits, known as herpetic whitlow, are par-
ticularly common among medical and dental personnel. The
estimated incidence is 2.4 cases per 100,000 population per
year, being caused by HSV-1 or HSV-2. An increasing inci-
dence of HSV-2 herpetic whitlow has been reported (170).

The prevalence of HSV skin infections in Skaraborg,
Sweden, has been assessed among approximately 7500 in-
dividuals over 7 years of age and was has been found to be
about 1% in those aged 7 years and older. In another
Swedish study performed in dermatology clinics, 2% of men
and 1.5% of women had evidence of herpetic skin infections
over a 6-year period. In addition to individuals with atopic
disease, patients with skin abrasions or burns appear partic-
ularly susceptible to HSV-1 and HSV-2 infections, and some
develop disseminated infection (171).

Skin infections caused by HSV generally manifest as
eczema herpeticum in patients with underlying atopic der-
matitis, as reviewed in Chapter 8. Lesions can either be
localized, resembling herpes zoster, or disseminated, as occurs

with Kaposi’s varicella-like eruption. Disseminated HSV
infections have been reported among wrestlers (herpes gla-
ditorium) (143). Burn patients are also at increased risk of
severe skin infections, especially at sites of active epithelial
regeneration. Other skin disorders associated with extensive
cutaneous lesions include Darier’s disease and Sezary’s syn-
drome. As would be predicted, localized recurrences fol-
lowed by a second episode of dissemination were observed.
HSV infections of either type can trigger erythema multi-
forme (142). The detection of HSV DNA in skin lesions of
erythema multiforme is as high as 80%.

Infections of the Immunocompromised Host
Patients compromised by immune therapy, underlying dis-
ease, or malnutrition are at increased risk for severe HSV
infections. Renal, hepatic, bone marrow, and cardiac trans-
plant recipients are all at high risk for increased severity of
HSV infection (172) (Fig. 14). In organ transplant recipi-
ents, the presence of antibodies to HSV before treatment
predicts the individual at greatest risk for recurrence (152).
These patients may develop progressive disease involving
the respiratory tract, esophagus, or even the gastrointestinal
tract. The severe nature of progressive disease in these
patients appears to be directly related to the degree of im-
munosuppressive therapy employed. Esophagitis is a com-
mon occurrence in the immunocompromised host and can
be caused by HSV, CMV, or Candida albicans. Notably,
acyclovir-resistant HSV disease can develop in treated im-
munocompromised hosts and be progressive. Reactivation of
latent HSV infections in these patients can occur at multiple
sites, and healing occurs over an average of 6 weeks (173).

Since the first reports of acquired immunodeficiency
syndrome (AIDS), the increased frequency and severity of
HSV clinical disease in these severely immunocompromised
hosts was evident (174), especially in those with low CD4
counts. Because of persistent and high-level viral replication,
resistance to antiviral therapy can develop. Asymptomatic
excretion of HSV can occur even in the immunocompro-
mised host. Parenthetically, acquisition of HSV infection
from a transplanted organ (kidney) has been reported (175).

Infections of the CNS
Herpes simplex encephalitis is the most devastating of all
HSVinfections (Fig. 15) and is considered the most common

FIGURE 14 Cutaneous dissemination of herpes simplex virus
infection in an immunosuppressed host.
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cause of sporadic, fatal encephalitis (176). The incidence of
severe hemorrhagic focal encephalitis is approximately one
in 200,000 individuals per year, for a national annualized rate
of approximately 1250 cases in the United States.

The manifestations of HSV encephalitis in the older
child and adult are indicative of the areas of the brain af-
fected, classically localized temporal lobe disease (166, 177).
These include primarily focal encephalitis associated with
fever, altered consciousness, bizarre behavior, disordered
mentation, and localized neurologic findings. Clinical signs
and symptoms reflect localized temporal lobe disease (166,
177). No signs are pathognomonic for HSV, but progres-
sively deteriorating level of consciousness, expressive apha-
sia, bizarre behavior, fever, an abnormal CSF formula, and
focal neurologic findings in the absence of other causes
should make this disease highly suspect. Diagnostic evalua-
tions should be initiated immediately, as other treatable
diseases mimic HSV encephalitis. Mortality in untreated
patients is in excess of 70%, and only 2.5% of untreated
patients return to normal neurologic functions.

Standard neurodiagnostic procedures include CSF ex-
amination, electroencephalogram, and preferably a mag-
netic resonance image. Characteristic CSF abnormalities
include pleocytosis (usually mononuclear) and elevated
protein. Red blood cells are found in most (but not all) CSFs
obtained from patients with HSV encephalitis. Upon serial
examination, CSF protein levels and cell counts rise dra-
matically. The electroencephalogram generally localizes
spike and slow-wave activity to the temporal lobe. A burst
suppression pattern is characteristic of HSV encephalitis.
Imaging will allow for localization of disease to the temporal
lobe. Early after onset, only evidence of edema is detectable,
if at all. This finding is followed by evidence of hemorrhage
and midline shift in the cortical structures. Specific diag-
nostic assays are delineated below.

Other Neurologic Syndromes
In addition to encephalitis, HSV can involve virtually all
anatomic areas of the nervous system, causing meningitis,
myelitis, radiculitis, and other syndromes. Aseptic menin-
gitis is a common occurrence in individuals with primary
genital HSV infections.

Other Forms of Infection
HSV has been isolated from the respiratory tract of adults
with adult respiratory distress syndrome and acute onset
bronchospasm (139). Both were associated with increased
mortality and morbidity.

Genetic Susceptibility
Genetic susceptibility to HSV infections is attracting in-
creasing attention, as noted above with the CSSG-1. A
growing body of evidence has defined a polymorphism re-
sulting in an IFN-g defect that has been reported in children
with recurrent herpes encephalitis (178).

Furthermore, numerous reports have incriminated or re-
futed human leukocyte antigen (HLA) associations with
human HSV infections. For recurrent fever blisters, these
studies have included HLA-A1, HLA-A2, HLA-A9, HLA-
BW16, and HLA-CW2. Recurrent ocular HSV infections
have been associated with HLA-A1, HLA-A2, HLA-A9,
and HLA-DR3 (44).

LABORATORY DIAGNOSIS
Polymerase Chain Reaction
The use of PCR is the diagnostic method of choice for HSV
infections of the CNS (179, 180) and is rapidly replacing
culture for routine skin and mucosal site infections because
of its sensitivity. The sensitivity of PCR exceeds culture for
detection of infection in genital and labial herpes (182).

Primers from an HSV DNA sequence common to both
HSV-1 and HSV-2 (either the glycoprotein B domain or
HSV DNA polymerase) can identify HSV DNA in CSF.
The evaluation of CSF specimens obtained from patients
with biopsy proven herpes simplex encephalitis (HSE) and
those with proven other diseases indicates a sensitivity
> 95% at the time of clinical presentation and a specificity
that approaches 100% (179, 181). False-negative assess-
ments can be found when there is hemoglobin contamina-
tion in the CSF or the presence of inhibitors, such as
heparin. Likely, PCR analyses of CSF specimens continue to
reinforce the focal presentation of HSV infections of the
CNS. Importantly, PCR evaluation of CSF can be used to

FIGURE 15 Coronal section of brain from patient with herpes simplex encephalitis.
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follow therapeutic outcome in patients with HSE. Persis-
tence of HSV DNA in the CSF of newborns with suspected
HSE requires continued therapy. The sensitivity of PCR
exceeds culture for detection of infection in genital and la-
bial herpes (182).

Cell Culture
Virus isolation remains an important diagnostic tool, espe-
cially if resistance is suspected. If skin lesions are present, a
scraping of skin vesicles should be made and transferred in
appropriate virus transport medium to a diagnostic virology
laboratory. Clinical specimens should be shipped on ice for
inoculation onto cell cultures (e.g., human foreskin fibro-
blasts, Vero cells, etc.), which are susceptible to cytopathic
effects characteristic of HSV replication. Cytopathic effect
usually develops within 24–48 hours after inoculation of
specimens containing infectious virus, thus the shipping and
processing of specimens should be expedited. In addition to
skin vesicles, other sites from which virus may be isolated
include the CSF, stool, urine, throat, nasopharynx, and
conjunctivae. Duodenal aspirates from infants with hepatitis
or other gastrointestinal abnormalities are useful for HSV
isolation. Because outcome with treatment does not appear
to be related to the virus type, identification is only of epi-
demiologic and pathogenetic importance, and, therefore,
not usually necessary.

Cytologic Evaluation
Cytologic examination of cells from the maternal cervix or
from the infant’s skin, mouth, conjunctivae, or corneal le-
sions is of low sensitivity, being approximately 60–70%, and
is not recommended (85). Cellular material obtained by
scraping the periphery of the base of lesions should be
smeared on a glass slide and fixed promptly in cold ethanol.
The slide can be stained according to the methods of Pa-
panicolaou, Giemsa, or Wright before examination by a
trained cytologist. Giemsa or Tzanck smears likely will not
demonstrate the presence of intranuclear inclusions. The
presence of intranuclear inclusions and multinucleated giant
cells are indicative, but not diagnostic, of HSV infection, as
varicella-zoster virus induces the same histopathology.
Electron microscopy assays are available but impractical.

Serologic Assessment
Serologic diagnosis of HSV infection is of little clinical value
for purposes of therapeutic intervention but can assist in
counseling sexually active individuals. Serologic assays that
distinguish HSV-1 from HSV-2 are commercially available,
being type specific. These tests are predicated on the use of
gG-1 and gG-2 antigens and can assist physicians counseling
individuals, i.e., discordant serologic status between sexual
partners. The use of enzyme-linked immunoassay (ELISA)
antibody assays only allows definition of past infection or
recent seroconversion, but cannot distinguish HSV-1 from
HSV-2. Other commonly used tests for measurement of
HSV antibodies are complement fixation, passive hemag-
glutination, neutralization, and immunofluorescence.

PREVENTION
Education
Because of the increasing incidence of genital herpes and
neonatal herpes and its association with acquisition of HIV,
every effort should be made to prevent HSV-2 infections.
Until a vaccine is proven effective, educational efforts must

be developed for adolescents and adults at greatest risk. The
use of condoms should be promoted.

Neonatal HSV Infection
The detection of type-specific antibodies to gG-2 will be of
value in identifying those women at greatest risk. Doc-
umentation of discordant serologic status between sexual
partners may assist in prevention of maternal primary in-
fection. Clearly, male partners who are seropositive should
be educated regarding HSV transmission.

Surgical abdominal delivery will decrease transmission of
infection when membranes are ruptured less than 4 hours,
but cesarean section has not been proven efficacious when
membranes are ruptured for longer periods of time. Never-
theless, cesarean section is recommended when membranes
are ruptured up to 24 hours in the presence of active lesions.
Although the recommendation seems logical, no data exist
to support it.

For women with a past history of genital HSV infection, a
careful vaginal examination at presentation to the delivery
suite is of paramount importance. Visualization of the cervix
is often difficult, but speculum examination for documenta-
tion of recurrent lesions is important and should be attempted
in all women. A culture for HSV obtained at the time of
delivery can be of value in establishing whether excretion can
lead to transmission of infection to the fetus. Clearly, iden-
tifying women who excrete HSV at delivery and then using
either antiviral prophylaxis in the neonate with safe and
acceptable antivirals or delivery by cesarean section remains
the optimal management of genital infection at delivery.

For babies born to women with known primary infections
during the third trimester, routine prophylaxis of the new-
born with acyclovir is recommended by the American
Academy of Pediatrics (183). On the other hand if the child
is born in the presence of lesions, surface cultures are indi-
cated and therapy initiated. If cultures are negative, treat-
ment can be discontinued (183). An algorithm for managing
these babies has been developed (184).

Nosocomial Transmission
At many institutions, a policy that requires transfer or pro-
vision ofmedical leave for nursery personnel whohave a labial
HSV infection is impractical and causes an excessive burden
in those attempting to provide adequate care. Temporary re-
moval of personnel who have cold sores has been suggested.
Individuals with herpetic whitlows also shed virus, and these
individuals should be removed from the care of newborns at
risk for acquiring neonatalHSVinfection because even gloves
may not prevent transmission of infection. Education re-
garding the risks of transmission of virus and the importance of
hand washing when lesions are present should be repeatedly
emphasized to healthcare workers. In addition, hospital per-
sonnel should wear masks when active lesions are present.

VACCINE DEVELOPMENT
Development of an HSV vaccine has been attempted for
over a century, but remains investigational at present. Two
approaches have attracted the most attention, as reviewed
(68, 106). The first is based on either microorganisms or cell
lines producing gB or gD2 for use as subunit vaccines in
combination with an adjuvant. The second is based on ge-
netically engineering the virus to yield either a live, atten-
uated vaccine from which putative neurovirulence and
immune evasion sequences have been removed or to pro-
duce a vaccine virus that is only capable of a single round of
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replication. Each of these approaches has been evaluated
extensively in animal models and to varying extents in hu-
man investigations. Extrapolating protection from animal
model systems to humans has not been possible because there
are no validated markers of protection comparable to neu-
tralizing antibodies for other viral diseases (165,185–191).
Initial HSV vaccines were oriented toward the prevention of
recurrent infections and thus considered therapeutic vac-
cines, whereas more recent efforts have been devoted to the
prevention of HSV infection or disease following exposure to
an infected partner.

Subunit Vaccines
A history of HSV vaccines and basis for failure appears
elsewhere (106, 192), and we will focus here on the current
approaches. Subunit vaccines have been studied extensively,
evolving from attempts to avoid viral DNA. In addition,
these vaccines eliminate the potential for cellular transfor-
mation, enhance antigenic concentration, and induce
stronger immunity as well as exclude any possibility of re-
sidual live virus contamination (193). Current subunit
vaccines have been prepared by a variety of methods com-
bining antigen extraction from infected cell lysates by de-
tergent and subsequent purification; immunogenicity of
vaccines derived from all of the envelope glycoproteins, free
of viral DNA, has been demonstrated in animals (194–197).
However, vaccination with envelope glycoproteins does not
protect uninfected sexual partners against genital HSV in-
fection (198, 199).

Specific subunit vaccines have been developed by clon-
ing selected glycoproteins in either yeast or Chinese hamster
ovary cell systems (186, 200, 201), as well as by other
methods (202–204). When studied in a variety of animal
models (205, 206), neutralizing antibodies can be detected
in vaccinated animals, and in some systems, binding anti-
bodies as well (207). In these systems the quantity of neu-
tralizing antibody correlates with the degree of protection
upon challenge. Because each of these models utilized dif-
ferent routes of challenge and different viral inocula, inter-
pretation of these results is extremely difficult. In general,
the subunit vaccines elicit a degree of protection, as evi-
denced by amelioration of morbidity and reduction in
mortality in immunized animals. Several injections and an
appropriate adjuvant are required to induce protection (208,
209). Notably, protection in the rodent is significantly easier
than in primate species. This may be especially the case
because the HSV is not indigenous to rodent species, and
thus protection studies may be totally irrelevant when
evaluating human responses. Vaccination of primates, spe-
cifically rhesus monkeys (205), chimpanzees (194, 205), and
rhesus monkeys (210), induces neutralizing antibodies,
leading to an amnestic response following subsequent im-
munization months later. The significance of the protection
in these animals remains unclear for human prophylaxis.

Clinical trials have evaluated gB2 plus gD2 and gD2
alone subunit vaccines in humans. One of the earliest hu-
man vaccine studies was with a glycoprotein envelope sub-
unit vaccine (198, 199, 210, 211). In sexual partners of
patients known to have genital herpes, the number of in-
dividuals developing herpetic infection was nearly equal
between placebo and vaccine recipients; thus, vaccination
failed to provide any benefit at all. However, vaccine im-
munogenicity was poor because it induced ELISA antibody
titers to HSV-2 glycoproteins D (gD2) and B (gB2) that
were only 10% and 5%, respectively, of titers found in per-
sons with recurrent genital HSV-2 infection (196).

Subsequent gB2 plus gD2 and gD2 alone subunit vac-
cines incorporated unique adjuvants, namely MF59, potent
for Th-2 responses, and AS04 (50 mg of 3-O-desacyl-4¢-
monophosphoryl lipid A (212) and 500 mg of aluminum
hydroxide). Both afforded a high level of protection from
HSV disease in animal models (208, 213), and notably
elicited higher neutralizing antibody and the total HSV
antibody titer (as measured by ELISA) titers than following
infection by wild-type virus. Furthermore, these antibody
titers correlated with protection from disease (214, 215).

In Phase III studies, the combined antigen vaccine-
induced antibody titers exceeded those found in individuals
who had HSV-2 infection. However, the vaccine failed to
provide significant long-term prevention of infection in
susceptible sexual partners, although 50% reduction in the
rate of infection among HSV seronegative women was
present for the first 5 months (216). The overall efficacy of
the vaccine for 1 year following a 6-month vaccination
period was 9%. The vaccine had no apparent effect on the
frequency of recurrences amongst vaccine recipients who
became infected (217).

The monovalent gD2 vaccine (134) is a potent inducer
of Th1 responses (218) and the vaccine induces robust hu-
moral and cellular immune responses in vaccinees. The
vaccine-induced titers of HSV gD-specific antibody are
higher than those observed in patients who had sexually
acquired genital HSV-2 infection (219). In controlled
studies, women who were seronegative for both HSV-1 and
HSV-2 were significantly protected from disease (72% effi-
cacy; p=0.01–0.02), and there was a trend toward protection
against infection (43% efficacy; p=0.06–0.07). However, in
individuals seropositive for HSV-1, irrespective of sex, and
seronegative men, no significant clinical benefit could be
demonstrated. A Phase III study sponsored by the National
Institutes of Health failed to protect against HSV-2 but did
impact HSV-1. Likely the changing epidemiology of genital
herpes, namely an increase in genital HSV-1 infection,
influenced these results.

Live-Attenuated Vaccines
Live vaccines, in general, are considered more immuno-
genic, but have increased safety concerns compared to killed
or subunit vaccines. Several approaches to live virus vac-
cines have been attempted: HSV mutants, heterologous
herpesviruses, antigens expressed in non-HSV viral vectors,
and genetically engineered viruses.

Numerous constructs have been tested in animal models,
but none have advanced to Phase II or III trials (106, 192).
The most promising are genetically engineered attenuated
(220–223) HSVs. The construction of these viruses was
based on the use of an HSV-1 [HSV-1(F)] as a backbone.
The genome was deleted in the domain of the viral thymi-
dine kinase (TK) gene and in the junction region between
the unique long and short sequences to excise some of the
genetic loci responsible for neurovirulence and to create
convenient sites and space within the genome for insertion
of other genes. Last, an HSV-2 DNA fragment encoding the
HSV-2 glycoproteins D, G, and I was inserted in place of the
internal inverted repeat. The purpose of type 2 genes was to
broaden the spectrum of the immune response a chimeric
pattern of antibody specificities as a serological marker of
vaccination. Because TK is expressed, it is susceptible to
antiviral chemotherapy with acyclovir. When evaluated in
rodent models, pathogenicity was attenuated and the ability
to establish latency diminished; however, protective immu-
nity was not induced.
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Similar results were found in owl monkeys (Aotus triv-
irgatus) (224). While 100 PFU of wild-type viruses admin-
istered by peripheral routes were fatal to the monkeys,
recombinants given by various routes in amounts at least
105-fold greater were innocuous or produced mild infections,
even in the presence of immunosuppression by total lym-
phoid irradiation (221).

Human studies with this vaccine were disappointing, as
the maximum dose of vaccine administered (105 PFU)
elicited only mild immunogenicity, even with the adminis-
tration of two doses (224). The ability to pursue higher doses
of vaccine was limited because of an inability to produce
satisfactory concentrations of vaccine.

Another replication-impaired deletion mutant is soon
approaching clinical trials, having shown promise in animal
model systems (225, 226). This HSV vaccine is using rep-
lication-defective viruses, as reviewed (227). While first
studied over a decade ago (228, 229), a current construct
deletes UL5 and UL29 in HSV-2 to generate the dl5-29
vaccine candidate. Importantly, this vaccine candidate was
compared to a gD2 subunit vaccine in Freund’s adjuvant.
Significant protection was induced along with high titers of
neutralizing antibodies and CD8+ T cells (230–232).

GENE THERAPY
The use of HSV for gene therapy has been reviewed (233).
Genetically engineered HSV has undergone extensive pre-
clinical studies and, recently, led to the licensure of one
product for the treatment of nonsurgically resectable mela-
noma. Predicated upon the demonstration that viruses
lacking the g134.5 gene are incapable of replicating in
postmitotic cells, such as the brain, an important degree of
safety is incorporated; yet these viruses kill cancer cells.
Furthermore, they can serve as a vector for foreign expres-
sion, particularly proinflammatory genes.

Melanoma
Indeed, an HSV deleted in g134.5 and expressing
granulocyte-macrophage colony-stimulating factor (GM-
CSF), talimogene laherparepvec [IMLYGICR (Amgen)],
was recently licensed in the United States and Europe for
the treatment of stage IIIB, IIIC, and IV melanoma. The
virus is derived from the pathogenic clinical isolate JS-1
(234). Attenuations in this vector include replacement of
both g134.5 genes with the gene encoding human GM-CSF
and deletion of the a47 coding sequence such that the US11
gene is expressed from the IE a47 promoter. This virus is
“armed,” meaning it expresses a transgene hypothesized to
enhance antitumor effects by complementing the lytic
mechanism of tumor clearance. In this case, the additional
mechanism is immune stimulation through the cytokine
GM-CSF, a hematopoietic growth factor that promotes the
maturation and development of DCs as well as eliciting the
formation of Th1 skewed immune responses.

Glioblastoma Multiforme
Genetically engineered HSV has been assessed for the
treatment of human glioblastoma multiforme. These con-
structs have included mutations in the viral genes TK, DNA
polymerase, ribonucleotide reductase, and g134 (235–241)
and have been identified as HF10, HSV1716, NV1020,
G207, G47D, OncoVEXGM-CSF, rRp450, M032, and C134
(224, 234,242–245). While virtually any alteration of HSV
ameliorates neurovirulence, only the deletions in the g134.5
gene consistently demonstrate safety and efficacy in animal

models. Tumoricidal effects are demonstrable in vitro and
in vivo in multiple glioma models (mouse, rat, and human
glioma cell lines, human glioma explants). In vivo models
include tumor reduction in subrenal capsule and flank sub-
cutaneous implants, but more importantly, increased sur-
vival and some tumor cures in intracranial implant models.
These effects are reproducible in vivo for both immune-
deficient animals (nude, scid mice) (236,239–241) as well as
immune-competent models (rats and mice) (237, 238, 241,
246). Three approaches to the experimental therapy of
glioblastoma are in human investigations.

G207
G207, derived from the HSV-1 (F) strain, is deleted for both
g134.5 genes and is further attenuated by insertion of the
lacZ gene into the UL39 locus, preventing expression of
ribonucleotide reductase. G207 was demonstrated to be safe
following direct intracranial injection in both mice and in
highly susceptible Aotus nancymaae primates (247, 248).

The first Phase I safety trial with G207 evaluated direct
intratumoral injection of virus in escalating doses ranging
from 1x106 to 3x109 PFU. A total of 21 patients with re-
current grade III–IV malignant glioma were enrolled in the
trial (249). Even at the highest dose (3x109 PFU), no sig-
nificant adverse events related to G207 administration were
reported. Importantly, no evidence of encephalitis was ap-
parent in any biopsy samples taken to monitor tumor pro-
gression or at postmortem.

Additional Phase Ib studies in patients with recurrent
glioblastoma multiforme have employed a variety of designs
to define safety upon injection into a resected tumor bed, the
ability of the virus to replicate in tumors, the effect of mul-
tiple administrations, and the definition of the contribution
of radiation to improved outcome (250). At total doses of
1.15x109 PFU of G207, the results continue to define safety,
evidence of virus replication at the highest doses, radio-
graphic improvement, and some long-term survivors.

HSV1716
HSV1716 is one of two conditionally replication-competent,
engineered HSVs directly injected into malignant glioma
with demonstrated safety and the absence of neurovirulence.
HSV1716 has been clinically studied for the treatment of
malignant glioma in the United Kingdom. A series of Phase I
studies of direct intratumoral and surrounding normal pa-
renchyma administration of HSV1716 at doses ranging from
1x103 to 1x105 PFU proved safety and, subsequently, viral
replication in the tumor (212, 251, 252).

HSV1716 has also been assessed as a therapy of oral
squamous cell carcinoma (1x105 PFU of virus intra-
tumorally) and melanoma with evidence of safety but no
documentation of viral replication (253, 254).

M032, C134
The engineered HSV recombinants M032 and C134 are
similar in that both were originally derived from the wild-
type HSV-1 (F) strain. They share identical deletions of the
g134.5 gene, but differ with regard to the inserted genes
replacing g134.5. M032 expresses the human im-
munostimulatory cytokine IL-12. IL-12 promotes the acti-
vation of IFN-g secretion and Th1 polarization of CD8+ T
lymphocytes and also has antiangiogenic effects. Preliminary
studies of a murine IL-12-expressing virus M002 demonstrate
increased survival in intracranial tumor-bearing mice treated
with M002 and increased infiltration of innate and adaptive
immune cells into tumors (255). An Investigational New
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Drug (IND) application has been submitted to evaluate the
safety of M032 in patients with recurrent glioblastoma and is
currently awaiting FDA approval.

C134 expresses the CMV PKR evasion and IFN-g resis-
tance molecule IRS1 (256). IRS1 has equivalent functions
as the g134.5 gene product ICP34.5 in terms of PKR evasion,
but unlike ICP34.5 it does not contribute to neurovirulence.
Cells infected with C134 do not undergo PKR-mediated
host protein shutoff. This has been found to occur in neu-
roblastoma cell lines, prompting the submission of an IND
application for a Phase I clinical trial of C134 in pediatric
patients with neuroblastoma (242). A recent review sum-
marizes these data (257).

TREATMENT
Acyclovir has become the standard of systemic therapy of
HSV infections. Acyclovir (9-[2-hydroxyethoxymethyl]
guanine), its prodrug valacyclovir (Valtrex), and other an-
tiherpes agents are described in detail in Chapter 12. When
valacyclovir is administered at 1 gram every 8 hours, re-
sulting plasma levels are similar to 5 mg/kg of acyclovir given
intravenously. Famciclovir (Famvir), the prodrug of penci-
clovir, and valacyclovir are both available as generic drugs
and provide enhanced oral bioavailability compared to
acyclovir (81, 258, 259).

Genital Herpes
In initial genital HSV infection, topical application of acy-
clovir reduces the duration of viral shedding and the length
of time before all lesions become crusted, but it is less ef-
fective than oral or intravenous therapy (260). Indeed,
topical therapy is not recommended. Intravenous acyclovir
is the most effective treatment for first-episode genital herpes
and results in a significant reduction in the median duration
of viral shedding, pain, and length of time to complete
healing (8 versus 14 days) (261). Intravenous acyclovir
therapy usually requires hospitalization, thus it should be
reserved for patients with severe local disease or systemic
complications. Oral acyclovir therapy (200 mg 5 times daily
or 400 mg t.i.d.) is nearly as effective as intravenous acy-
clovir for initial genital herpes (156, 262), and was the first
licensed approach. Because of ease of administration and
improved pharmacodynamics, valacyclovir and famciclovir
have replaced acyclovir at most institutions. Neither intra-
venous nor oral treatment of acute HSV infection reduces
the frequency of recurrences (258, 261, 262).

Recurrent genital herpes is less severe and resolves more
rapidly than primary infection; thus, there is less time to
introduce antiviral chemotherapy successfully. Oral acyclo-
vir therapy shortens both the duration of viral shedding and
the length of time to healing (6 versus 7 days) when initiated
early (within 24 hours of onset), but the duration of symp-
toms and length of time to recurrence are not affected (263,
264). Valacyclovir and famciclovir provide added benefit,
particularly with short-course therapy as described in
Chapter 12 (81, 258, 265, 266).

Long-term oral administration of acyclovir, valacyclovir,
and famciclovir all effectively suppress genital herpes in
patients who have frequent recurrences (137, 267, 268).
Daily administration of acyclovir reduces the frequency of
recurrences by up to 80%, and 25–30% of patients have no
further recurrences while taking acyclovir (268). Successful
suppression for as long as 10 years has been reported, with no
evidence of significant adverse effects. Titration of the dose
of acyclovir (400 mg twice daily or 200 mg two to five times

daily) may be required to establish the minimal dose that
is most effective and economical. The emergence of acy-
clovir-resistant strains of HSV appears to be infrequent in
immunologically normal individuals (269). Importantly,
asymptomatic shedding of virus can continue despite clini-
cally effective suppression with acyclovir, so that the possi-
bility of person-to-person transmission persists (136).

Valacyclovir and famciclovir are also efficacious in the
treatment of recurrent genital herpes or for suppression.
Valacyclovir for treatment is administered at a dosage of
500 mg b.i.d for 5–7 days and for suppression 500 mg or
1 gram daily. Famciclovir is administered at 250 mg t.i.d. for
treatment and suppression. Valacyclovir was proven to de-
crease person-to-person transmission when administered to
the seropositive partner (270).

Tenofovir topical gel has been shown to impact viral
shedding but remains experimental at this time and may
prove useful in the developing world because of its activity
for preventing HIV transmission as well.

Herpes Labialis
Topical therapy is of no value. Orally administered acyclovir
(200 mg 5 times or 400 mg t.i.d. daily for 5 days) reduces the
length of time to the loss of crusts by approximately 1 day (7
versus 8 days), but does not alter the duration of pain or the
length of time to complete healing (271). If the dose is
increased to 400 mg 5 times daily for 5 days, treatment
started during the prodromal or erythematous stages of in-
fection reduces the duration of pain by 36% and the length
of time to the loss of crusts by 27% (272). Thus, oral acy-
clovir has modest clinical benefit only if initiated very early
after recurrence. Both valacyclovir and famciclovir can be
administered for short courses, 3 days or 1 day, respectively,
with similar results.

Oral administration of acyclovir can alter the severity of
sun-induced labial reactivation of labial HSV infections.
The administration of 200 mg five times daily to skiers did
not decrease the frequency of recurrent labial infections as
compared with placebo, but significantly fewer lesions
formed on days 5–7 among acyclovir recipients. Short-term
prophylactic therapy with acyclovir may benefit some pa-
tients with recurrent herpes labialis who anticipate engaging
in a high-risk activity (e.g., intense exposure to sunlight).
The intermittent administration of acyclovir does not
alter the frequency of subsequent recurrences. No data sup-
port the use of long-term treatment with acyclovir for the
prevention of herpes labialis.

Mucocutaneous HSV Infections
in Immunocompromised Patients
HSV infections of the lip, mouth, skin, perianal area, or
genitals may be much more severe in immunocompromised
patients than in normal hosts. In the former, the lesions tend
to be more invasive, slower to heal, and associated with
prolonged viral shedding. Intravenous acyclovir therapy is
beneficial in such patients (141). Immunocompromised
patients receiving acyclovir had a shorter duration of viral
shedding and more rapid healing of lesions than patients
receiving placebo (273). Oral therapy with valacyclovir and
famciclovir are also very effective in immunocompromised
patients (274).

Antiviral prophylaxis of HSV infections is of clinical
value in severely immunocompromised patients, especially
those undergoing induction chemotherapy or transplanta-
tion. Intravenous of acyclovir or oral administration of any
of the three drugs reduces the incidence of symptomatic
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HSV infection from about 70% to 5–20% (275). A se-
quential regimen of intravenous acyclovir followed by oral
acyclovir, valacyclovir, or famciclovir for 3–6 months can
virtually eliminate symptomatic HSV infections in organ
transplant recipients. A variety of oral dosing regimens
(acyclovir 200 mg t.i.d. to 800 mg b.i.d.; valacyclovir 500 mg
or 1 gram q.d. or b.i.d.; famciclovir 500 mg t.i.d.) have been
used successfully. Among bone marrow transplant recipi-
ents and patients with poorly controlled HIV infection,
acyclovir-resistant HSV isolates have been identified more
frequently after therapeutic acyclovir administration than
during prophylaxis.

Herpes Simplex Encephalitis
HSE is associated with substantial morbidity and mortality
despite the use of antiviral therapy (144, 276). The ad-
ministration of acyclovir at a dose of 10 mg/kg every 8 hours
for 10–14 days reduced mortality at 3 months to 19%,
compared with approximately 50% among patients treated
with vidarabine (144). Furthermore, 38% of the patients
treated with acyclovir regained normal function. Patients
with a Glasgow coma score of less than 6, those over 30 years
of age, and those with encephalitis longer than 4 days had a
poor outcome. For the most favorable outcome, therapy
must be instituted before semicoma or coma develops.
Current recommendations utilize a 21-day regimen. Of note
there is no benefit of long-term suppressive valacyclovir
therapy (277), in contrast to that observed in neonatal in-
fection.

Neonatal HSV Infections
Babies with CNS or disseminated disease when treated with
20 mg/kg every 8 hours for 21 days have mortality rates of 5%
and 25% compared historically to 10% and 55%, respec-
tively. Among those survivors, 35% and 80% of babies de-
velop normally, respectively (278–280). No baby with
disease localized to SEM died. Of note, PCR assessment of
the CSF should be used to classify extent of disease (i.e.,
CNS involvement) as well as to identify SEM babies who
have asymptomatic CNS involvement. Furthermore, as-
sessment at the end of therapy should be performed on the
CSF, because some newborns will require longer therapy.
Chronic suppressive therapy (300 mg/m2 t.i.d.) for 6 months
has been proven effective in improving neurologic outcome
as defined by higher Bayley Developmental Score (280).

Other HSV Infections
Case reports have described the successful use of acyclovir,
valacyclovir, and famciclovir in the treatment of other HSV
infections, such as hepatitis, pulmonary infections, herpetic
esophagitis, proctitis, eczema herpeticum, erythema multi-
form, and herpetic whitlow (Table 1). Topical therapy with
acyclovir for HSVocular infections is effective, but probably
not superior to trifluridine (281, 282) (Table 2).

Antiviral Resistance
HSV can develop resistance to acyclovir through mutations
in the viral gene encoding TK, through the generation of
TK-deficient mutants, or through the selection of mutants

TABLE 1 Indications for acyclovir therapy

Type of infection Route and dosage* Comments

Genital HSV
Initial episode 200 mg p.o. 5 x/day for 7–10 days
Acyclovir 5 mg/kg intravenously every 8 hours for 5–7 days Preferred route in normal host
Valacyclovir 400 mg p.o. t.i.d. Reserved for severe cases
Famciclovir 1 gram p.o. b.i.d. x 7–10 days

Recurrent episode
Acyclovir 250 mg p.o. t.i.d. x 5–10 days Limited clinical benefit
Valacyclovir 400 mg p.o. b.i.d. x 5 days
Famciclovir 500 mg p.o. b.i.d. x 5 days

Suppression 125–250 mg p.o. b.i.d. x 5 days
Acyclovir 400 mg p.o. b.i.d. Titrate dose as required
Valacyclovir 500 or 1000 mg p.o. 1 x/day
Famciclovir 250 mg p.o. b.i.d.

Mucocutaneous HSV in an
immunocompromised patient
Acyclovir 200–400 mg orally 5 x/day for 10 days For minor lesions only

5 mg/kg intravenously every 8 hours for 7–14 days
Valacyclovir 400 mg p.o. 5 x/day for 7–14 days

Famciclovir 500 mg b.i.d. p.o.
250 mg t.i.d p.o.

HSV encephalitis
Acyclovir 10–15 mg/kg intravenously every 8 hours for 14–21 days

Neonatal HSV§

Acyclovir 20 mg/kg intravenously every 8 hours for 14–21 days

*The dose are for adults with normal renal function unless otherwise noted.
§Not currently approved by the FDA.
HSV, herpes simplex virus.
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possessing a TK that is unable to phosphorylate acyclovir
(see Chapter 12) (283). Clinical isolates resistant to acy-
clovir are almost uniformly deficient in TK, although iso-
lates with an altered DNA polymerase have been recovered
from HSV-infected patients. Drug resistance was considered
rare, and resistant isolates were thought to be less pathogenic
until a series of acyclovir-resistant HSV isolates from patients
with the AIDS were characterized (284). Although sensitive
to vidarabine, cidofovir, and foscarnet in vitro, only foscarnet
and cidofovir have been shown effective in the treatment of
acyclovir resistant HSV. Acyclovir-resistant HSV isolates
have been identified as the cause of pneumonia, encepha-
litis, esophagitis, and mucocutaneous infections in immu-
nocompromised patients.

Toxicity
Acyclovir, valacyclovir, and famciclovir therapy is associated
with very few adverse effects. Renal dysfunction has been
reported, especially in patients given large doses of acyclovir
by rapid intravenous infusion, but appears to be uncommon
and is usually reversible. The risk of nephrotoxicity can be
minimized by administering acyclovir by slow infusion and
ensuring adequate hydration. Oral acyclovir therapy at doses
of 800 mg five times daily and valacyclovir at doses of 2
grams b.i.d. have not been associated with renal dysfunction
(285). A few reports have linked intravenous administration
of acyclovir with disturbances of the CNS, including agita-
tion, hallucinations, disorientation, tremors, and myoclonus
(140).

The Acyclovir in Pregnancy Registry has gathered data
on prenatal exposure to acyclovir. No increase in the risk to
the mother or fetus has been documented, but the total
number of monitored pregnancies is too small to detect any
low-frequency events (286). Because acyclovir crosses the
placenta and is concentrated in amniotic fluid, there is
concern about the potential for fetal nephrotoxicity, al-
though none has been observed.

New Therapies
There is a paucity of new drugs in development for the
treatment of HSV infections. Only one, Pritelivir, a helicase-
primase inhibitor, has been shown to have clinical and vi-
rologic value in a controlled clinical trial (287). However,
because of concerns of toxicity in nonhuman primates, the
FDA has put the drug on “clinical hold” (288).
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Cercopithecine Herpesvirus 1 (B Virus)
RICHARD J. WHITLEY

21
B virus, endemic in macaque monkeys, has the unique dis-
tinction of being the only one of nearly 35 identified non-
human primate herpesviruses that is highly pathogenic for
humans. Infection has resulted in over 50 cases, with a
mortality in excess of 80% in the absence of therapy. The
actual number of cases worldwide is unknown. The unique
biology of B virus includes its neurotrophism and neuro-
virulence. Because untreated B-virus infections are associ-
ated with high mortality in humans, individuals handling
macaques or macaque cells and tissues are at risk for infec-
tion. Human infection is associated with a breach of skin or
mucosa and subsequent virus infection. Fomites and con-
taminated particulates or surfaces can serve as a source of
virus infection. Since the early 1980s, 80% of infected in-
dividuals given antiviral treatment have survived. Timely
antiviral intervention is the only effective means of reducing
B-virus-associated morbidity and preventing a fatal outcome.

HISTORY
In 1932, a young physician Dr. William Brebner was bitten
by a monkey and later developed localized erythema at the
site of the animal bite. This apparent localized infection was
followed by lymphangitis, lymphadenitis, and, ultimately, a
transverse myelitis with demise ascribed to respiratory fail-
ure. Autopsy tissue specimens from WB were obtained for
laboratory investigation by Frederick P. Gay and Margaret
Holden, who reported that an ultrafilterable agent recovered
from neurologic tissues caused a cytopathic effect in tissue
culture similar to herpes simplex virus (HSV) (1). The iso-
late was initially designated as “W” virus. Gay and Holden
noted that it caused a similar disease in rabbits infected by
either intradermal or intracranial routes of infection. Im-
portantly, a rhesus macaque exposed to this virus showed no
evidence of illness but developed antibodies, indicating
asymptomatic infection.

Within a year of this first report, Albert B. Sabin inde-
pendently also found an ultrafilterable agent in the tissue of
this same index patient. He identified this as “B” virus (2),
naming the virus by the initial of the patient’s last name.
Thus, the virus subsequently has been called Herpesvirus
simiae, Cercopithecine herpesvirus 1, or more simply, B
virus. Sabin also described the lethality of B-virus infection
in rabbits, in which infectivity was independent of route of

inoculation. Experimentally infected dogs, mice, and guinea
pigs showed no susceptibility to infection, regardless of the
route of inoculation (2). Both groups observed that B virus
induced immunologic responses in an infected host simi-
lar to HSV (3). The virus was also noted to share similarity
with pseudorabies, among other viruses, including SA8 and
two additional more recently described nonhuman primate
alphaherpesviruses, human papillomavirus 2 (HPV-2) and
Langur herpesvirus (3–8).

By 1959, B virus had resulted in 12 cumulative fatalities
with 5 recognized survivors (9–11), suggesting that this in-
fection was not always fatal. Although B-virus antibodies
were detected in a number of individuals who had no clin-
ical symptoms but a history of working with macaques (12),
the early serologic assays could not distinguish between HSV
and B-virus infection. Once differentiation of humoral im-
mune responses to these viruses was possible, a high-risk
group of 325 subjects exposed to rhesus macques rarely, if
ever, had antibodies in the absence of clinical symptoms.

During the decades since the initial reports of B-virus
infection, investigators have defined the molecular biology
of this virus and the resultant illness in humans and non-
human primates, including its natural host, the macaque
monkey. Because of neurovirulence in a foreign host, B virus
is considered by some to be one of the most dangerous oc-
cupational hazards for those who work directly with ma-
caques or their tissues or with monkeys who have been in
contact with macaques.

VIROLOGY
Isolation and Growth Properties
According to the CDC guidance, isolation of the virus is
recommended in a Biosafety Level 3 (BSL-3) laboratory,
whereas propagation should be strictly confined to a BSL-4
facility (39). The initial isolation of B virus was achieved
using rabbits for passage of the virus (1, 2, 40); shortly
thereafter, the virus was also grown on chorioallantoic
membranes of embryonated eggs (4).

In 1954, B virus was isolated from rhesus kidney tissue
that was used for preparation of poliomyelitis vaccines (41)
and from rhesus central nervous system (CNS) tissue (42).
Subsequently, cultured cells derived from monkey kidney
and chick embryo were found to support the replication of B
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virus (43, 44). The virus is stable in cell culture media stored
at 4°C and can be maintained for years at - 80°C but not
at - 20°C.

Replication kinetics of B virus follows a time course
similar to HSV in vitro, with Vero cells being the best system
for propagation (3, 4, 7, 8, 45, 46). Host cell machinery
ceases once virus enters the cell in a fashion similar to HSV
(47). Notably, glycoprotein D (gD) is functional, but dis-
pensable, for virus entry into macaque and human cells,
varying slightly from HSV (48). An eclipse of cell and viral
activities is noted during the first 2 to 3 hours after infection,
followed by synthesis of polypeptides early during infection.
By 4 hours after infection, DNA synthesis increases dra-
matically and in parallel with the synthesis of viral poly-
peptides. Morphogenesis is also similar to HSV, as shown by

studies using electron microscopy (49). Infectious virus is
detectable within 6 to 10 hours after infection, and both
extracellular and intracellular virus levels plateau about 24
to 28 hours after infection, declining thereafter (44, 50). B
virus, like HSV, has been observed to express sequential
classes of proteins, that is, immediate early, early, and late
proteins (50), and to possess glycoproteins and other struc-
tural proteins that were studied in detail with respect to their
antigenic relatedness to HSV and later to other nonhuman
primate alphaherpesviruses (51–54).

B virus replicates to high titer in cell lines of Old World
monkeys, particularly in Vero, African green monkey, and
vervet kidney cell lines, as well as rabbit kidney, BSC-1, and
LLC-RK cells (31, 55). Although B-virus replication in
cultured cells usually results in syncytium formation (Fig. 1),
some primary isolates produce only cell rounding. Generally,
cells balloon, fusing into polykaryocytes that expand out-
wardly as more cells become infected. In this manner, virus
infection spreads through the entire cell monolayer, de-
stroying cells. Eosinophilic intranuclear inclusions (Cowdry
type A) can be detected after fixation and staining infected
cell monolayers; however, these inclusions are not observed
either in infected animals or in some humans with zoonotic
infection (56, 57). Thus, the presence of characteristic in-
tranuclear inclusion bodies is not a reliable diagnostic
marker of infection.

The B-Virus Genome
B virus contains a double-stranded DNA genome of about
162 kb. One strain of virus originating from a cynomolgus
monkey has been mapped and subcloned (58, 59). The ge-
nome contains two unique regions—unique long (UL) and
unique short (US)—flanked by a pair of inverted repeats,
two of which are at the termini and two located internally,
an arrangement that results in four sequence-orientated
isomeric forms, as occurs with HSV. Figure 2 shows the
comparative genomic organization of B virus and HSV-1, as
established by using HSV-1 genes to identify and locate
specific B-virus homologs (58). The overall size of the ge-
nome is slightly larger than HSV-1 (152 kb) and HSV-2
(155 kb). The guanosine and cytosine (G+C) content of the
DNA has been calculated to be 75% on the basis of the
buoyant density of viral DNA (60). The location of genes
within the UL regions of HSV and B virus is co-linear (58).
Homologs of HSV US9 and US10 genes are located up-
stream of the US glycoprotein gene cluster. This is in con-
trast to the downstream location of these genes in the HSV
US region (58). Sequence analysis of the prototype strain
(E2490), which originated from a rhesus macaque, however,

FIGURE 1 Vero cell monolayer infected with B virus.

SHBV

HSV-1

UL19 UL23 UL27 UL30 UL30 UL40

UL18 UL23 UL27 UL30 UL30 UL40

10kb

SHBV

HSV-1

10kb

US9 US10 US6 US7 US8

US3 4 5 6 7 8 9 10

FIGURE 2 Physical map of B virus as proposed by Harrington and colleagues (58).
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showed that B-virus DNA is colinear in these same regions
with the HSV-1 genomic arrangement.

To date, sequences for only a few B-virus genes have been
submitted to GenBank—homologs of gB, gD, gC, gG, gI,
and gL—largely covering the sequence of the US region
(61–63), although an entire genome sequence is available
(59, 60). Each of the glycoproteins for which sequence in-
formation is available, except gG, has about 50% identity
with HSV, slightly higher for HSV-2 than HSV-1. B-virus
gG is a homolog of HSV-2 gG and is closer in size to gG-2
(699 kb) than gG-1 (238 kb) (63). Glycoprotein sequences
demonstrate that all cysteines are conserved, as are most
glycosylation sites. This conservation suggests that B-virus
glycoproteins have similar secondary structure to that of
HSV. Sequence analyses also suggest that B virus and HSV
types 1 and 2 probably diverged from a common ancestor
during the evolution of these pathogens.

Restriction-length polymorphisms (RFLPs) analysis in-
dicates that intrastrain variation, commonly seen in HSV,
exists among both human and nonhuman primate-derived
isolates, although the significance of this remains to be de-
fined (64–66). The existence of three distinct B-virus ge-
notypes raises the possibility that these may vary with respect
to pathogenicity for nonmacaque species (67). These ge-
notypes were identified when collected data were analyzed
phylogenetically; however, this postulate must be studied in
a suitable animal model. Published case summaries that
implicate other macaque species, and in one case a baboon,
are difficult, if not impossible, to confirm (24).

Viral Proteins
More than 50 polypeptides ranging from about 10,000 to
250,000 daltons have been identified by immunoblot anal-
ysis of infected cells. Each has been assigned an infected cell
polypeptide number as an initial reference point (50). This
number may be an underestimate of the total synthesized,
but it serves as a basis for comparison in ongoing studies.
More than 75% of the expected coding capacity of the viral
DNA is accounted for by these infected cell polypeptides.
Many of these glycoproteins have been cloned and se-
quenced (61, 67, 68). The proteins encoded were mapped to
genes in the US region, which was largely colinear with
the HSV glycoproteins gD, gI, gJ, and gG, as previously
described. Sequence analysis of selected genes showed that B

virus is most closely related to herpesvirus papio 2 (HVP-2)
(69). There are protein homologs in herpesviruses of New
World monkeys. Very little, if any, cross-reactivity exists
between B virus and the New World monkey herpesviruses.

The kinetics of protein and glycoprotein synthesis in
infected cell cultures are similar to that observed for HSV,
although infectious virus is detected earlier, appearing 6
hours after infection. Both host cell DNA and protein syn-
thetic activities appeared curtailed during the first 4 hours
after infection. The polypeptides of B-virus-infected cells,
summarized in Table 1, may represent an overestimate of the
primary gene products of the virus; however, this summary
should serve as a fairly complete listing of B-virus-induced
polypeptides for future reference. As for glycoproteins, only
glucosamine and some mannoses are incorporated during the
infection in vitro. B-virus polypeptides and glycoproteins can
be grouped into classes that differ in their relative rates of
synthesis at different times throughout the virus replication
cycle, as is characteristic of alphaherpesviruses (50).

EPIDEMIOLOGY
Distribution
B virus is endemic in macaques, one of the Old World
monkeys widely distributed throughout Asia. All species of
macaques tested thus far serve as natural hosts. The virus can
infect other nonhuman primates, but in such cases, the in-
fected animal is not considered a natural host, and infection
generally results in death within a relatively short time.
Transmission of virus occurs by direct contact between
members of the Macaca genus, from infected animal to hu-
man, from virus-contaminated surfaces, or, in one case, from
human to human, as reviewed (13–26).

B-virus infection in the macaques rarely causes disease,
and if so, it is mild ulcerative lesions. Infection in macaques
is seldom associated with death, unless conditions prevail
that facilitate generalized systemic infections (30).

Natural Hosts

Macaques
Most adult wild macaques are seropositive for B virus (28).
Prevalence estimates of B-virus infection, using different
serologic methods and sampling approaches in both wild and

TABLE 1 Hybridization of plasmids containing HSV-1 DNA fragments to simian herpes B virus DNA blot membranes

Probe DNA
SHBV fragment(s) to
which probe hybridized

HSV-1
KpnI clone Fragment Gene function BamHI SalI

h SstI Glycoprotein D (HSV US6) g i
h SstI Glycoprotein E (HSV US8) g p¢n¢
h SstI Glycoprotein I (HSV US7) g ip¢
h BamHI Tegument phosphoprotein (HSV US9) r c¢
h BamHI Virion protein (HSV US10) r c¢
n XhoI/AspI Glycoprotein B (HSV US27) d pz
a¢ NotI DNA polymerase (HSV US30) z e¢f
i BstX Major capsid protein (HSV US19) j s, y
s KpnI/BglI Ribonucleotide reductase 1 (HSV US39) m t
s KspI/KpnI Ribonucleotide reductase 2 (HSV US40) p t

HSV-1, herpes simplex virus 1; SHBV, simian herpes B virus.
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captive macaque colonies, indicate wide variability (27).
Spread of infection in the colony correlates with onset of
sexual activity, which facilitates transmission of the virus
among animals (28, 29). Crowding of animals during
transportation also accelerates the spread of infection (28).

Colonies of macaques that have been found to be pre-
dominantly seronegative do exist in the wild. More recently,
such colonies have been established, apart from original
natural habitats, to meet escalating needs for seronegative
animals by the scientific community. These efforts have
proven difficult (102). The seroprevalence in wild ma-
caques, in addition to the noted high infectivity (27) and
low morbidity within captive colonies (4), has confirmed
the macaque as the natural host.

Macaques belonging to captive breeding colonies also
have a high seroprevalence, in fact, one that increases after
the onset of puberty (27, 101). Increasing seroprevalence
appears to be associated with sexual transmission within the
colony (89, 101). Infants and juveniles have a very low
incidence of infection, judged by low prevalence of specific
B-virus antibodies (27). There is evidence of transplacental
antibody transmission. Importantly, all age groups have been
found to be virus positive, indicating that routes of trans-
mission other than sexual activity exist (76).

No particular species of macaque appears to be excluded
as a natural host for B-virus infection, although there are
minimal or no data available from certain species. While
detection of antibodies has been confirmed in most macaque
species, there has been speculation that virus isolated from
certain species is less neurovirulent or less neurotropic than
virus shed by rhesus macaques (103).

Virus shedding during either primary or recurrent infec-
tions has been noted to occur. In general, macaques shed
virus for a longer duration during primary infection and, for
short periods, even hours with recurrent infections. Levels of
virus, as measured from mucosal swabs, range from 102 to 103
plaque-forming units (PFU). Asymptomatic excretion of
virus occurs in slightly more than 2% of antibody-positive
animals from mucosal sites and the eye. These observations
suggest that reactivation is only transient (27–2931–38).

Humans
B virus is an infection that humans rarely contract, but when
they do, 80% of untreated cases result in death. B virus is
usually acquired through zoonotic transmission from either a
macaque or infected cells or tissues from the animal. In one
case, human-to-human transmission was attributed to a
shared tube of antiviral medication that was applied to treat
the patient’s bite wound. Later, the same patient auto-
inoculated an eye, supporting the assumption that B virus
can be transmitted in a fashion similar to HSV. A fatal case
resulted from exposure of ocular membranes to virus from a
monkey in the process of being transported. This tragedy has
refocused attention on an earlier report implicating this type
of transmission in the epidemiologic analysis of zoonotic
transmission of the virus (43).

Interestingly, current case analyses suggest that categori-
zation of risk levels with regard to the severity of injury is not
useful. The low incidence of B-virus infection in humans
makes it difficult to reach firm conclusions, but analyses of
cases occurring during the 1990s support the observation
that immediate medical attention ameliorates, if not pre-
vents, disease. Only minimal disruption of the protective
skin layer or instillation directly to a mucosal membrane can
result in initiation of infection. The level of virus required
to initiate infection in humans remains unknown. Rhesus

macaques have been most frequently implicated as the
source of infectious virus in the known human cases, but
alone, this is insufficient to conclude that rhesus-derived
virus is uniquely important in the establishment of zoonotic
infections. Other species of macaques, including baboons,
have been linked to fatal zoonotic infections (24).

The incidence of zoonotic infections has been correlated
retrospectively with periods of increased usage of macaques
for biomedical research. Evaluation of past cases underscores
that transmission of the virus is often associated with no
more than a superficial scratch or puncture, suggesting that
once virus gains entry into a host, the ability to initiate
disease is perhaps dose independent, at least in some cases.

PATHOLOGY AND PATHOGENESIS
During the course of B-virus infection, several observations
are common to the natural host, the experimentally infected
host, and infected humans. First, pathogenetic outcome
varies according to the infected host. The route of inocu-
lation predicts differences in the time course of infection,
development, and spread through the CNS and visceral
organs (e.g., spleen, adrenal, kidney, and, in some cases,
even heart). These routes of infection are unique to the
mode of infection—natural, experimentally infected, and
human zoonotic infections. For example, venereal trans-
mission of the virus is common in macaque hosts, whereas an
intranasal route of virus delivery defines the experimental
rabbit model, or, in the case of human zoonotic exposure,
accidental aerosolization of virus. However, these routes
share one common feature: All require exposure of mucosal
membranes to infectious virus.

The cells that come into contact with the virus initially
are also important to the permissiveness of infection. For
example, nasal mucosa is a less ideal site for virus replication
than lung (10,70–73). Another important consideration in
B-virus infection is the quantity of the virus introduced
initially into a host. For example, a far greater quantity of
virus is required to infect rabbits by aerosolization than by an
intradermal route of inoculation, although practically,
whether these routes and doses influence human or non-
human primate infection is unconfirmed. Another common
feature of natural, experimental, or zoonotic infection is that
B virus can be found in the CNS shortly after the onset of
acute infection. But the distribution of virus and its conse-
quences differs widely in natural infection as compared with
infection failure of susceptible foreign hosts.

The Natural Host
The macaque suffers little or no morbidity as a consequence
of infection. Exceptions occur rarely and appear to involve
specific accompanying factors, such as immunosuppression
or stress (30, 74, 75). Infection is self-limiting (22, 23,
29,76–78). Virus replicates at the site of inoculation and
induces localized erythema. Limited focal infection of liver
and kidney may occur in some macaques (22, 23). Virus
travels through the peripheral nerves from the site of in-
oculation to the representative sensory ganglia. Latent in-
fection is established in the ganglia with intermittent
reactivation of the virus throughout the life of the macaque
(17, 27, 32, 36, 45, 79, 80). In rare cases, viremia has been
observed (74, 81, 82). Virus has also been recovered from
urine as well as multiple organs of animals. Reactivation
from latency occurs in the natural host as judged by in-
creasing antibody titers, recovery of virus by cocultivation of
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sensory ganglia, and isolation of virus in the absence of de-
tectable lesions (30, 35, 83).

During active B-virus replication, isolation of virus is
readily accomplished from buccal, conjunctival, or genital
mucosa sites (76, 84). The frequency of active infection
among seropositive macaques is low, with relatively short
time periods for successful virus recovery from mucosal sites
(27, 29).

Mucosal ulcers, if present, extend down to the papillary
layer of the dermis. Two distinct zones have been described,
namely a central area of necrosis and a surrounding zone of
ballooning degeneration. “Normal” epithelium exists around
the lesion. An eosinophilic polymorphonuclear infiltration
characterizes the histopathology of the lesion. Postmortem
histopathologic examination of monkey tissues from animals
euthanized at the time of active virus shedding reveals per-
ivascular lymphocytic cuffing in sections of spinal cord.
Examinations of latently infected but healthy animals failed
to detect virus excretion routinely from peripheral sites, but
virus can still be recovered from sensory ganglia (79).

Experimental Infections
Rabbits, mice, rats, guinea pigs, and chickens have been
studied as B-virus models, as previously mentioned (3, 40,
45). Disease is not a uniform consequence following B-virus
inoculation of mice and guinea pigs; however, several strains
of B virus that have increased virulence for the mouse have
been identified. One strain, identified as E2490, was aviru-
lent for rats and chickens; nonetheless, antibody developed
after infection (19). Cotton rats infected by intraperitoneal,
subcutaneous, or intracerebral routes succumbed to infection
with selected strains. Rats had typical hind leg paralysis
secondary to transverse myelitis similar to symptoms in the
rabbit. Serially passaged human B-virus strains are capable of
infecting mice, hamsters, and white chicks (85, 86). With
respect to experimental infections, the rabbit is the most
useful small animal model because virus replicates to high
titers, making it a particularly good model for testing anti-
viral agents.

Using the rabbit or the mouse model, viral dose is im-
portant, depending on the route of inoculation, for estab-
lishment of infection. Experimentally infected animals
inoculated intradermally with low doses of virus developed
only erythema that resolved within a few days and was not
associated with further apparent symptoms. In contrast,
animals receiving a larger dose developed a necrotic lesion
that was generally followed by CNS invasion (87, 88). B
virus subsequently appeared in the regional lymph nodes late
after infection. These nodes drained the area of initial in-
fection, and, with time, necrosis of the infected nodes oc-
curred, as seen upon postmortem examination. In the CNS,
focal lesions are evident in pons, medulla, and spinal cord.
Although virus spread through peripheral nerves is most
common, in rare cases a hematogenous route of spread in
experimentally or inadvertently infected hosts occurs (8,
30,87–89).

The cervical spinal cord and medulla oblongata are the
primary sites of postmortem virus recovery. With time after
infection, virus is also found in olfactory regions of the brain
that may be the consequence of movement of the virus
centripetally through the nerves innervating nasal mucosa.
Perivascular cuffing and glial infiltration are characteristic
histopathologic findings upon examination of brain tissue.
Hepatic congestion is accompanied by infiltration of poly-
morphonuclear and mononuclear cells seen in the periportal
areas of the liver. Scattered foci of necrosis can be found

throughout the lobes of the liver. The presence of inclusions
is detected mainly in the regions of inflammation around
pyknotic or karyorrhetic hepatocytes. When lesions are
present on skin, the depth of the involved tissue is signifi-
cantly greater than that of mucous membranes, perhaps
explaining the reason B virus can be recovered weeks or
months later from these sites (56, 57, 90).

Human Infection
Human B-virus infection generally occurs through occupa-
tional exposure to a macaque shedding virus at a site that
comes into contact with broken skin or mucosal membranes
of the susceptible human. Several human cases in which
monkey contact had not occurred in years suggest that virus
can infect and subsequently be reactivated.

The most striking characteristic of human B-virus in-
fection is the involvement of the CNS, specifically the upper
spinal cord and brainstem. These areas are the principal sites
for virus replication. Initially, the infected individual expe-
riences an influenza-like syndrome followed by numbness or
paresthesia around the site of inoculation. An ascending
transverse myelitis occurs during the final stages of the in-
fection in humans, resulting ultimately in respiratory failure.
Virus can be recovered at skin sites of inoculation for ex-
tended periods of time, and viral DNA can be detected
generally in cerebrospinal fluid (CSF) by the time neuro-
logic symptoms are experienced; CSF antibodies can also be
detected. Cutaneous vesicular lesions are a source of virus
isolation, even late in infection (91). Edema and degener-
ation of motor neurons are prominent. Even with advanced
disease, Cowdry type A eosinophilic intranuclear inclusions
can be found in only a few cases and certainly not uniformly.
Gliosis and astrocytosis are late histopathologic findings;
thus, there can be evidence of myelitis, encephalomyeli-
tis, or encephalitis, or combinations of each of these con-
ditions (24).

In several reports, ocular disease has been reported (95,
96). Histopathologic examination of the eye revealed a
multifocal necrotizing retinitis associated with a vitritis,
optic neuritis, and prominent panuveitis. Herpes-like viral
particles were identified in the involved retina by electron
microscopy in one case. Postmortem vitreous cultures taken
from both eyes and retinal cultures taken from the right eye
in the later case were positive for B virus. Thus, B virus can
infect and destroy retinal tissue similarly to other herpesvi-
ruses. Ophthalmic zoster-like symptoms have been reported
as well (33), and in one case, reactivation of latent infection
was postulated.

To summarize human pathogenesis, the tissues and organs
that become infected by B virus vary, likely according to the
route of inoculation. If skin is the primary site of infection,
the virus usually, but not always, replicates in the skin, re-
sulting in localized erythema. Knowledge of the site of initial
replication is useful for the development of guidelines for
disease prevention and also for retrieval of a virus isolate
that then allows unequivocal diagnosis. Subsequently, lym-
phangitis and lymph node involvement are observed. Al-
though viremia has been documented in rabbits and
monkeys, it has not been proven in humans, although with
the application of more sensitive assays (e.g., polymerase
chain reaction [PCR]), more details of infection can be
uncovered. Certainly, with lymphatic involvement, virus
can spread, particularly to abdominal viscera, where it has
been isolated. Nevertheless, spread through neuronal routes
is the fundamental route of transmission of the virus, as it is
with HSV, given the involvement of the spinal cord and
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CNS. Visceral organs, including heart, liver, spleen, lungs,
kidneys, and adrenals, demonstrate congestion and focal
necrosis with variations in the extent of involvement from
patient to patient. Recent human cases failed to demonstrate
necrosis, but virus was isolated from adrenal, kidney, lung,
and liver tissue collected at autopsy (56, 57). In cases in
which B-virus infection is suspected, medical personnel
should follow published guidelines at the time of injury or
observation of symptoms of possible infection (97–100).

Immune Responses
B-virus antibodies have been studied in both natural and
foreign hosts by a variety of methods, including serum
neutralization with or without complement, competitive
radioimmunoassay (RIA), multiple types of enzyme-linked
immunosorbent assay (ELISA) including competition ELI-
SA, and Western blot. Relatively consistent antibody re-
sponses are induced in both hosts (104–109). The natural
history of antibody development has been measured in wild
macaques, captive colony populations, individually import-
ed animals, experimentally infected macaques, zoonotically
infected humans, and even vaccine trial recipients. The
ELISA methodologies provide a rapid diagnostic tool with
increased sensitivities of detection and with enhanced
specificity when competition protocols are used. Host hu-
moral response to B-virus infections both in humans and
nonhuman primates neutralize HSV-1 and HSV-2 as well as
nonhuman primate alphaherpesviruses. Interestingly, HSV
antibodies do not neutralize B virus, indicating the presence
of virus-specific antigens unique to B virus (110, 111). Se-
quence data have been useful in confirming the existence of
B-virus-specific epitopes (61–63).

The humoral immune response to B-virus infection has a
characteristic pattern (56, 90, 112). The glycoproteins in-
duce antibodies early in the course of infection. Antibodies
begin to appear within 7 to 10 days after the infection and
consist of immunoglobulin M (IgM). Within 14 to 21 days
after the onset of acute infection, IgG antibodies are present.
In rare cases, the infected host remains persistently antibody
negative despite virus isolation. The pattern of the immune
response is somewhat altered in the cases of humans who
have had a previous infection with HSV-1 or HSV-2, be-
cause viral antigens that are shared among the three viruses
induce an anamnestic response toward shared protein or
glycoprotein sequences. Neutralizing antibodies develop in
both the natural and foreign hosts, but at significantly lower
levels in the foreign host. The nature and specificity of the
humoral responses make it possible to design enhanced se-
rologic testing strategies to identify detectable antibod-
ies rapidly and to provide the basis for future diagnostic
strategies.

Latency
A characteristic of all herpesviruses is the ability to establish
latency and to reactivate when provoked by the proper
stimulus. B virus is no exception. Reactivation has been
described in both wild macaques and established captive
colonies (25, 27, 29, 35, 101). Unequivocal evidence of
latent B-virus infection in macaques came with studies on
frequency of recovery of virus in monkey kidney cell culture
systems. At least 1% of macaque kidneys harbor latent virus
that can be reactivated in cell culture (41). Virus has been
isolated from rhesus tissues (32, 79) as well as by coculti-
vation from a variety of neuronal tissues, including gasserian
ganglia, trigeminal ganglia, dorsal route ganglia, and spinal
cord (38). Latent virus has been isolated by cocultivation of

tissues from experimentally infected rabbits (38), further
supporting the rabbit as a potentially acceptable animal
model for B-virus infections. Latency likely occurs after
human infection.

As with human HSV infections, a prominent factor as-
sociated with reactivation of B virus in macaque monkeys
appears to be stress, particularly that associated with the
capture and shipment of animals from the wild to captivity.
Shedding of virus after reactivation also occurs with illness
and during the breeding season of the natural host. No in-
formation is yet available on the state of the viral DNA
during latency or on the molecular or biochemical events
associated with the establishment and reactivation of la-
tent virus.

CLINICAL MANIFESTATIONS
Observations of the clinical pattern of disease are impor-
tant for rapid diagnosis of B-virus infection in both macaques
and humans.

Humans exposed to B virus demonstrate clinically vari-
able signs of disease. Surviving cases have varying degrees of
morbidity, ranging from little or no neurologic impairment
to more extensive CNS involvement (9,92–94). Some sur-
vivors experience slow neurologic decline, whereas others
report few if any long-term effects. Several infected indi-
viduals have subsequently given birth to healthy children
with no ill effects in either mother or infant. Monitoring of
the vaginal canal for virus shedding in these individuals
before delivery has produced negative results. Most often,
illness is apparent within days to weeks, but in some cases,
there appears to be a delay in development of acute disease.
The reasons for this delay are unknown, and, although rare,
delays may even range from months to years, making diag-
nosis difficult. Once symptoms appear, the clinical pro-
gression is associated with relatively consistent symptoms,
including influenza-like illness, lymphadenitis, fever, head-
ache, vomiting, myalgia, cramping, meningeal irritation, stiff
neck, limb paresthesias, and urinary retention with an as-
cending paralysis culminating in respiratory failure requiring
ventilatory support. Cranial nerve signs, such as nystagmus
and diplopia, are common in most published cases. Sinusitis
and conjunctivitis have been observed in some (56, 90).
The array of symptoms may be related to the dose of virus
with which the individual was infected or the route of in-
oculation. A summary of descriptions of human cases can be
found in two comprehensive reviews (24, 25).

The highest percentage of deaths occurs within a few
weeks after onset of disease. In some cases, however, life has
been prolonged artificially for months or years. Incubation
times from identifiable exposures to onset of clinical symp-
toms ranges from days to years, but most cases occur within
days to months. Virus has been recovered from throat,
buccal, and conjunctival sites as well as from lesions, vesi-
cles, or injury sites as late as weeks to months after infection.
Most clinical cases are associated with bites (50%), fomites,
(8%) saliva ( < 5%), and aerosols (10%).

DIAGNOSIS
Nonhuman Primates

Macaques
B-virus infection in macaque monkeys is identified by vi-
rus isolation, the presence of specific antibodies, or both
(65, 113, 114). The neutralization antibody test was the
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predominant diagnostic tool in macaques and humans for
many decades, but the time required for obtaining results was
a drawback. Thus, dot blot, RIA, ELISA, and Western blots
were developed (115–121); the results of these tests can be
acquired in less than 1 day. Three of these techniques (dot
blot, ELISA, and Western blot) rely on the use of mono-
clonal antibodies. These tests are available through com-
mercial laboratories as well as through a national resource
laboratory subsidized through the NIH National Center for
Research Resources. All of these assays use B-virus-infected
cells for antibody detection, making such tests more effective
than other types of assays that rely on HSV-1 (122). This is a
particularly important point with respect to diagnostic tools
used to identify signs of infection for the establishment of B-
virus-free colonies. Tests dependent on monoclonal anti-
bodies or recombinant reagents have defined sensitivity and
specificity for each macaque species to be tested. Finally,
evaluation of a macaque is only optimal when analysis is
performed on multiple samples at different dates, especially
in cases in which antibody titer is low (less than 1:50). A
constellation of different tests for deployment at varying
time points after infection may be necessary in some cases to
determine the status of an animal with a very low antibody
titer correctly, particularly when such an animal is housed in
a B-virus-free colony (123).

While virus isolation is the gold standard for diagnosis of
infected macaques, it is not a particularly sensitive diagnostic
tool and has the possibility of many false-negative results.
Nonetheless, standard cell culture for virus isolation remains
a valuable tool for the colony manager and for the veteri-
narian. Virus-positive cultures can be easily recognized by
their unique cytopathic effect, but unequivocal confirmation
requires either electrophoretic analysis of infected cell po-
lypeptides or restriction-endonuclease-digested DNA. Sev-
eral PCR tests have been described that can be used to verify
the identity of the virus; however, this diagnostic tool for
colony management is costly. Nonetheless, when a possible
zoonotic infection must be confirmed, PCR may be benefi-
cial for identification of B virus in macaques.

Nonmacaques
Other species of monkeys infrequently become infected with
B virus. These are usually animals that have been cohoused
or housed in close proximity to B-virus-infected macaques at
some time. Because many, if not all, nonhuman primates
harbor indigenous alphaherpesviruses, the important diag-
nostic point is to differentiate specific antibodies from cross-
reactive ones. Euthanasia is generally advised in the case of a
B-virus infection in a nonmacaque monkey because it is
likely that the animal will succumb, and, in the meantime,
would pose a great risk to anyone attempting to treat the
infection. B virus has been identified in the patas monkey
and colobus monkey (124–126). In each case, there is a
major concern for the people responsible for care of the
animal, particularly because these animals often have severe
morbidity and are shedding virus. Currently, the most ef-
fective assay for diagnosis of B virus in a nonmacaque
monkey is a competition ELISA to facilitate discrimination
between specific and cross-reactive antibodies similar to the
challenge faced when diagnosing infection in humans.

Humans
Both serologic and virologic techniques are available for
diagnosis of B-virus infection in humans. Clinical symptoms
in association with detection of specific antibody or virus
positivity are the gold standard for diagnosis of B-virus in-

fection in an exposed individual. The CDC has published
specific guidelines for recognition and treatment of such
infections (57). In the case of a suspected infection, several
emergency resources are available. Contact with the CDC or
laboratories recommended by the CDC (see CDC guide-
lines) can expedite laboratory assistance for the clinician
suspecting B-virus infection.

Generally, a rise in B-virus-specific antibodies over sev-
eral days during acute infection substantiates B virus as the
etiologic agent. However, in other cases, data are equivocal,
and decisions with regard to patient management must be
based on a complex decision table collectively using all di-
agnostic tools, including clinical symptoms. Serologic diag-
nosis of B virus in humans is a complex task when an
individual with a suspect infection has detectable antibodies
as a result of a previous HSV infection (127). As discussed
previously, significant cross-reactivity of host response exists
among these viruses. In the absence of these cross-reactive
antibodies, diagnosis is rapid and straightforward, with
confirmation using the neutralization assay, Western blot, or
both. This was not the case before the development of rapid
diagnostic competitive ELISAs and RIAs (119, 120). The
diagnostic tests for humans are performed currently by only
a few facilities that have been licensed and have access to
BL-4 containment laboratories for the preparation of B-virus
antigen.

Virus isolation remains the gold standard for diagnosis but
is frequently not possible, even under the best of circum-
stances. Virus identification can be accomplished by isola-
tion using conventional cell culture and, in clinical
emergencies, by PCR (128). The identity of isolates should
be confirmed by electrophoretic analysis of infected cell
polypeptides or restriction-endonuclease-digested DNA
(50). The application of PCR is most helpful in the symp-
tomatic patient if virus cannot be recovered. PCR is also a
useful tool for monitoring the efficacy of antiviral inter-
ventions.

PREVENTION
Guidelines for treatment and prevention of B-virus infection
can be accessed rapidly either through the CDC or the di-
agnostic resource using the URL www.gsu.edu/bvirus. Be-
cause of the risk of human disease, precautionary methods
must be followed in the workplace. Proper attention to the
details of housing, management, and handling of macaque
monkeys and organized exposure response measures using the
CDC guidelines can minimize B-virus zoonotic infections.

Exposure Risk Reduction
Multiple levels of prevention are used to prevent B-virus
infection in both humans and nonhuman primates, ranging
from attempts to eliminate virus-positive animals from col-
onies to designing methods to work safely in environments
where there is increased risk for contracting this agent.
Recognition of early infection allows removal of infected
monkeys from captive colonies that are being established as
B virus free. In B-virus-free colonies, it is important to remove
seropositive animals and isolate animals with equivocal re-
sults to prevent infection of other colony members, or in
seropositive colonies to minimize risk to humans who handle
them. Macaques are not treated with antivirals because the
high prevalence of infection makes it cost prohibitive.

In cases in which B-virus infection is suspected, medical
personnel should follow published guidelines at the time
of injury or observation of symptoms of possible infection
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(97–100). The CDC has published detailed guidelines for
maximizing protection of individuals working with ma-
caque monkeys (97, 99). Furthermore, the NIH National
Center for Research Resources has funded the development
of B-virus-free colonies for NIH-funded research involving
these animals in an attempt to eliminate this virus from
colonies used for biomedical research. Nonetheless, B-virus-
infected monkeys are plentiful and require handling that can
be done safely if strict guidelines are followed, including
barrier precautions.

When B virus is detected, decontamination can be ac-
complished with either heat or formaldehyde (11). Other
virus inactivators include detergents and bleach, but indi-
viduals who are working in a decontaminated area should
still be alert for injury prevention. Minimizing fomites de-
creases worker risk and reduces virus spread among animals.
One B-virus infection in a human was acquired from a cage
after the person sustained a scratch (57), underscoring that
surface decontamination can play an important role in in-
fection control.

Vaccines
As early as the 1930s, attempts were made to identify an
effective vaccine for protection of individuals who could be
exposed to this virus while working with macaques or their
cells or tissues. Limited vaccine trials have been performed
in volunteers (108, 109), and, although short-term anti-
bodies were induced, they waned quickly. Thus, the vaccine
was not pursued further. Recently, a recombinant vaccine
was tested and found to induce antibodies in macaques, but
the duration of antibody persistence and efficacy remain to
be assessed (68).

Exposure Management
With respect to prevention, the value of first aid after a
potential exposure due to a bite, scratch, splash, or other
suspicious injury is very important. Guidelines for wound
cleaning are described in detail by the CDC. Every institu-
tion working with macaques should have an injury protocol
with immediate availability of first aid, a secondary care
plan, and last, but not least, an infectious disease specialist
who is a member of the institution’s prevention and care
response team.

Chemoprophylaxis
Antiviral therapy is recognized as an effective prevention
prophylactic of infection in human and animal trials when
administered early after exposure (56, 57,129–131). Acy-
clovir and the related family of nucleoside analogs were
noted to be effective when given in high doses (90), for
example, acyclovir at 10 mg/kg intravenously three times
daily for 14 to 21 days. Antivirals are used by an increasing
number of facilities for postinjury prophylaxis or after labo-
ratory results indicate an animal may have been actively
infected around the time of the exposure. Postinjury pro-
phylaxis has been performed with famciclovir or valaciclo-
vir, and both have demonstrated efficacy in vitro.

TREATMENT
Antiviral therapy is uniformly used in humans with clinical
disease. Efficacy of therapy in cases of infection in humans
has been monitored by inhibition of peripheral virus shed-
ding in some cases and by reduction in cerebrospinal fluid
antibodies or viral DNA load in others (56, 57, 132). Some
physicians follow intravenous therapy with long-term oral

suppression (acyclovir, valaciclovir, or famciclovir). Ganci-
clovir has a greater efficacy in vitro and thus has been used in a
few cases since 1989 with success. Interestingly, before 1987,
in at least five retrospectively analyzed cases, individuals
fared well in the absence of antiviral therapy, but the use of
one of these nucleoside analogs is recommended by CDC.
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Varicella-zoster virus (VZV) is the etiologic agent of two
diseases, varicella (chickenpox) and zoster (shingles). Var-
icella, which occurs after the initial encounter with VZV, is a
disease manifested by a pruritic rash accompanied by fever
and other systemic signs and symptoms that are usually mild
to moderate in nature. Most often, but not always, varicella
is a self-limited infection of childhood. Live attenuated
varicella vaccine was licensed for routine use in the United
States in 1995 and after more than 20 years of use has
changed the epidemiology of the disease, as the incidences of
varicella and its complications have now significantly de-
clined (1–3).

Zoster is mainly a disease of adults. A prerequisite for
developing zoster is a prior episode of varicella, which on
occasion may have been subclinical or following varicella
vaccination. During primary infection, VZV establishes a
latent infection in sensory, cranial, and enteric neurons; this
infection may result from invasion of nerves by VZV in skin
vesicles or from a viremia with VZV (or both) (3). During
latency the neurons do not show obvious effects from the
virus. Zoster results when the latent virus reactivates into an
infectious form and travels down the nerve (retrograde
transport) to infect the skin. Most often VZV reactivates
when the host is relatively immunologically compromised,
particularly in cell-mediated immunity (CMI), as occurs
with aging and following disease or various treatments such
as steroids, cancer chemotherapy, transplantation, and irra-
diation (3, 4).

Varicella was distinguished clinically from smallpox in
the mid-18th century. The origin of the name chickenpox is
uncertain, but it may have been derived from the French
pois chiche (chick pea), or from the domestic fowl (in Old
English cicen and Middle High German kuchen). Herpes is
derived from the Greek word meaning to creep; zoster comes
from the Greek word for belt, and the word shingles is de-
rived from the Latin word (cingulus) for girdle (3).

The delineation of the link between varicella and zoster
is of virologic, medical, and historical interest. In 1888 Bo-
kay recognized that cases of varicella often occurred fol-
lowing an exposure to patients with zoster and postulated
that there was a relationship between the two diseases (3). In
early attempts to develop a vaccine against varicella, medical
investigators inoculated vesicular fluid from zoster patients
into varicella-susceptible children, who subsequently de-

veloped chickenpox (3). Weller and Stoddard performed the
first successful in vitro studies and showed that viruses iso-
lated from patients with varicella and zoster are immuno-
logically similar (5). In the mid-1940s a possible analogy
with herpes simplex virus (HSV) infection was recognized,
and it was proposed that zoster was resulted from reactiva-
tion of latent VZV (6). Hope-Simpson was the first to rec-
ognize the importance of the immune system in controlling
manifestations of zoster; he postulated that zoster resulted
from waning immunity to VZV in the years following vari-
cella, permitting the latent virus to emerge (7). More re-
cently the importance of declining cellular immunity to
VZV was recognized in the pathogenesis of zoster (3). Using
molecular techniques for DNA analysis, it was demonstrated
that latent VZV is present in sensory neurons of individuals
with a history of varicella (8). VZV DNA from zoster isolates
was shown to be similar to the DNA of the virus that caused
the primary VZV infection or the DNA of the virus used for
vaccination, proving that zoster results from reactivation of
latent VZV (3). It is widely accepted that zoster is not ac-
quired from contact with patients with chickenpox. In a
placebo-controlled study of vaccination to prevent zoster in
the elderly with live attenuated VZV, the vaccinees were
not predisposed to develop early zoster as compared to
controls (4).

VIROLOGY
Classification
There is only one serotype of VZV; no differences in anti-
genicity among virus isolates have been identified. There are
minor differences in DNA sequence among VZV isolates,
and seven genotypes have now been identified, which on
the basis of single nucleotide polymorphisms are classified as
European, Japanese, or Mosaics (9). Analysis of 130 circu-
lating VZV strains from the United States in 2001 and 2002
indicated that 81.5%, 3%, and 15.5% were of the European,
Japanese, and Mosaics genotypes, respectively (10). The
Oka vaccine strain has not been demonstrated to circulate.

The genomes of the parental (wild-type) and vaccine
Oka strains have been fully sequenced; there are numerous
differences between the parent and vaccine strains, espe-
cially within open reading frame (ORF) 62 (3). Fifteen of 42
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(36%) base differences between vaccine and wild-type VZV
were present in ORF 62 (11).

The wild-type VZV DNA sequence is readily distin-
guished from that of vaccine virus by restriction enzyme
analysis of DNA from cultured virus and/or by PCR. In
countries other than Japan, a useful marker for the vaccine
strain is the absence of a PstI restriction site in ORF 38 (3);
however, this assay may become less useful should there be
significant circulation of Japanese wild-type VZV in the
United States. The presence of SmaI and NaeI restriction
sites in ORF 62 clearly discriminates between the Oka
vaccine strain and all wild-type strains, including Japanese
wild-type virus (3). Using DNA sequence analysis of a single
nucleotide polymorphism at 106262 in ORF 62, it is possible
to distinguish rapidly between vaccine and wild-type VZVs
(12). Molecular assays are useful for identification of ad-
verse events temporally associated with varicella vaccine (3,
13) (3)

Composition of the Virus
Enveloped virions are 150 to 200 nm in diameter, with a
central DNA core. The inner viral nucleocapsid has an
approximate diameter of 100 nm, consisting of 162 hexag-
onal capsomeres with central axial hollows organized as an
icosahedron with 5:3:2 axial symmetry (3). Consistent with
the morphological structure of other herpesvirus virions, a
biologically important coat, the tegument, surrounds the
nucleocapsid, which is in turn surrounded by an envelope
derived in part from cellular membranes.

The genome of VZV is composed of approximately
125,000 bp. It contains 74 ORFs, which account for 71 dif-
ferent gene products (3). The linear double-stranded DNA
consists of a long unique segment of approximately 100 kilo-
base pairs (kbp) and a short unique sequence of approximately
5.4 kbp, flanked by internal and terminal repeats of 6.8 kbp
(Color Plate 30) (14). It exists in four isomers; the predomi-
nant ones account for 95% of the VZV population (3).

By analogy with HSV, VZV is thought to replicate via a
temporally regulated cascade of gene expression, consisting
in general of synthesis of immediate-early (IE), early (E), and
late (L) genes. Expression of L genes culminates in lytic,
productive viral infection. Interruption of the cascade, par-
ticularly at the IE/E stages, can result in failure to synthesize
infectious virus and may result in latent infection (15). IE
genes are for the most part regulatory, E genes may be reg-
ulatory or structural, and L genes encode structural elements
of the virion. Some of the IE regulatory gene products that
also encode structural elements of the virion, such as the
regulatory ORFs 62, 4, and 63, are also found in purified
virions (16) (Table 1). Gene products of ORFs 21 and 29 are
lytic-cycle genes expressed early in infection. The ORF 62
protein acts as a transcriptional activator or as a repressor
and is required for further latent or lytic viral synthesis be-
cause IE gene 62 is thought to initiate the cascade of gene
expression of VZV (15). Gene 61 is a transcriptional re-
pressor (15) that encodes regulatory proteins; however, un-
like the ORF 62 protein, the ORF 61 protein is not present
in the virion (16).

The functions and biochemical characteristics of most
VZV proteins are still unknown. Many are nonstructural
proteins involved in different aspects of viral replication.
About 30 polypeptides have been detected in VZV, at least 9
of which are glycosylated (17). The virus-encoded glyco-
proteins are named alphabetically, corresponding to those of
HSV, as follows: gB, gC, gE, gH, gI, gK, gL, gM, and gN.
There is no VZVequivalent of gD, importantly, which is the

major glycoprotein of HSV. Some of these are essential to
viral synthesis (such as gE) and others less so (such as gC).
Some glycoproteins contain amino acid signal sequences or
acid-rich patches in their cytoplasmic tails that are traf-
ficking motifs that direct their movement, required for en-
velopment, to structures such as the trans-Golgi network and
the plasma membrane (18–21).

The most abundant glycoprotein of VZV is gE; encoded
by ORF 68, it is essential for production of infectious virus
(22). This glycoprotein exists as several glycopeptides in
different maturational stages with molecular masses ranging
from 60 to 98 kDa (23). It is highly immunogenic; it is a
phosphorylated high-mannose O-linked and N-linked
complex-type glycan which, in concert with gI, binds to the
Fc fragment of human immunoglobulin G (IgG) (23, 24).
Glycoproteins gE and gI are covalently linked and act as an
Fc receptor on infected cells. They play an important role in
cell-to-cell spread of virus and are also essential for envel-
opment (19, 25). They play roles in viral maturation,
transportation of other glycoproteins to the cell surface, and
virulence (19, 22, 26). Glycoprotein gE contains trafficking
sequences that mediate assembly of viral proteins and en-
velopment in the trans-Golgi network (20, 21). It also
(along with gI) acts as a navigator, directing additional
glycoproteins to the cell surface and back to the trans-Golgi
network, where final envelopment of virions occurs (19). A
variant VZV with a mutated gE has been isolated from five
individuals (27, 28). These viruses are thought to be escape
mutants, and their biological significance needs further study.

TABLE 1 Summary of genetic information on VZV

Protein ORF(s) Comments on likely importance

gB 31 Fusion, entry, egress
gC 14 Adhesion, cell entry
gE 68 Most abundant; essential for

replication, envelopment, spread
gH 37 Fusion, entry, egress
gI 67 Travels with gE; needed for

proper envelopment
gK 5 Essential
gL 60 Travels with gH
gM 50
Nucleocapsid 20, 40

10 Tegument, transactivator
61 Transcriptional repressor
28 DNA polymerase

Latency
associated
IE

63 Major protein; down-regulates
transcription of IE gene 62;
tegument

4 Tegument, transcriptional activator
62 Tegument, transcriptional

activator or repressor
E

21 Nucleocapsid protein
29 DNA binding protein
66 Protein kinase
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The second most abundant glycoprotein is gB, a het-
erodimeric glycopeptide linked by disulfide bonds. It too
plays important roles in viral entry, envelopment, and egress
from cells (29). This glycoprotein is thought to have an
important role in virus entry, egress, and cell-to-cell spread
in VZV infection (30). It exists as a single-species glyco-
peptide with a molecular mass of 118 kDa (31); it is a high-
mannose N-linked glycopeptide which does not contain
O-linked oligosaccharides. Glycoprotein gI is a 60-kDa
glycopeptide with both N-linked and O-linked oligosac-
charides; it is nonessential for growth of VZV in fibroblasts,
but mutants lacking it replicate poorly in cell culture (31).
Glycoprotein gC is a heterogeneous 95- to 105-kDa glyco-
peptide that contains N-linked oligosaccharides and possibly
O-linked oligosaccharides (32). Antibodies to gE, gI, gB,
and gH have neutralizing activity and are therefore hy-
pothesized to be critical for viral spread, particularly viral
attachment and penetration (30–35).

Biology
Entry of cell-free VZV particles appears to be dependent
upon several factors. These include cell surface heparan
sulfate proteoglycan (36), calcium-independent mannose
6-phosphate receptors (MPRci) (36, 37), and the cellular
insulin-degrading enzyme, which is a receptor for gE and is
critical for cell-to-cell spread of VZV (38–40). Entry of cell-
free enveloped virions into cells is highly cholesterol de-
pendent and occurs mainly by clathrin-mediated endocytosis
(Figure 1) (41).

After VZV DNA reaches the nucleus, VZV commences
replication, synthesizing its DNA core and capsid. The
capsid receives a temporary envelope from the inner lamella
of the nuclear membrane; in order for it to receive a tegu-
ment it is de-enveloped by passing through the rough

endoplasmic reticulum into the cytoplasm as a naked nu-
cleocapsid (42). Nucleocapsids and glycoproteins are trans-
ferred independently to the trans-Golgi network, where the
tegument is added and final envelopment occurs (Figure 2).
Additionally, because of the presence of mannose 6-phosphate
in VZV glycoproteins, there is an interaction between MPRci

and VZV that results in the inclusion of virions into late
endosomes, where they are exposed to lysosomal enzymes
and an acid environment, and the infectivity of the virions
thus becomes compromised (37). Most VZV synthesis occurs
in this manner, in vitro and in vivo. In cell cultures, infectious
VZV is not released into media. In contrast, in human skin,
during the natural maturation of superficial epidermal cells,
MPRcis are lost, along with the lysosomal pathway. In pa-
tients infected with VZV, free virions are produced in these
cells and are released into skin vesicles during acute varicella

FIGURE 1 A suggested mechanism of VZV virion entry. (1) The
incoming virion initially attaches to cellular heparan sulfate pro-
teoglycan (HSPG), facilitating specific interaction with cellular
receptor, e.g., MPRci (2). This leads to receptor-mediated (clathrin-
dependent) endocytosis (3) and delivery to an endosomal compart-
ment (4). Within this structure, the virion is exposed to cofactors for
membrane fusion, possibly including the insulin-degrading enzyme
(IDE) and/or altered pH. (5) Following triggered membrane fusion,
the VZV nucleocapsid is delivered to the cytoplasm. Cholesterol
may play a role at each stage. (Reprinted from reference 41 with
permission.)

FIGURE 2 Putative route of intracellular transport and matu-
ration of VZV in human embryonic lung fibroblasts. Structures are
not drawn to scale. (Top) Nucleocapsids assemble in the nuclei of
infected cells and bud through the nuclear envelope to reach the
perinuclear cisterna-rough endoplasmic reticulum (RER). A tem-
porary, primary viral envelope is acquired from the inner nuclear
membrane. This envelope fuses with the RER, delivering unenve-
loped nucleocapsids to the cytosol. The nucleocapsids move
through the cytosol to reach the trans-Golgi network (TGN).
(Bottom) The glycoproteins (gps) of the viral envelope are syn-
thesized in the RER independently of the nucleocapsids and are
integral membrane proteins. Tegument proteins are probably syn-
thesized by free ribosomes and are transported to the Golgi stack, as
are the gps. Virions receive their final envelope by wrapping the
TGN-derived sac and are delivered to acidic structures, identified as
prelysosomes. (Reprinted from reference 152 with permission.)
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and zoster. These 200-nm particles probably play roles in
airborne transmission of VZV and establishment of latent
infection in neurons (37, 43). If this hypothesis regarding
MPRcis is correct, it may explain why infectious virions are
not released into supernatant media in cell cultures and
in vivo in cells where MPRs are abundant. In contrast, in vivo
in the superficial epidermis, the lysosomal pathway is cir-
cumvented and infectious, cell-free VZV is released into
human skin lesions, accounting for the high degree of in-
fectivity of varicella and establishment of latent infection by
infection of neurons, with axons present in the area of the
epidermis where the cell-free virions are present (37).

VZVappears to spread, therefore, in two ways (43). It can
spread from one infected cell to another cell by fusion of the
two cells; fusion is mediated in all probability by gE, gI, gH,
and gB on the membrane of the infected cell. This form of
spread does not require envelopment of virions. In mutant
VZVs lacking gI, cell-to-cell spread takes place, although
proper viral envelopment does not occur (19). Cell-to-cell
spread is thought to be the major means of spread of VZV in
the body and would explain the importance of cellular im-
munity rather than antibodies in host defense against this
virus. The other form of spread, described above in the
discussion of viral entry, is by cell-free virus. It is hypothe-
sized that synthesis of cell-free VZV occurs only in skin
vesicles, because MPRs are not formed in the superficial
epidermis, and therefore infectious enveloped virions are not
exposed to the acid environment of endosomes, so they are
released from infected epidermal cells in an infectious form
(37). Cell-free VZV in skin vesicles can be aerosolized and
thus spread to persons susceptible to varicella. Cell-free vi-
rions are also able to establish latent VZV infection in an
in vitro neuronal animal model (43).

Latency of VZV differs from latency of HSV. While early
information suggested that latency might occur in various
cells, it is now widely accepted that latent VZV infection
occurs exclusively in neurons (44–46). At least six VZV
genes have been shown to be expressed during latent VZV
infection in a number of studies; these are mostly IE genes
(ORFs 4, 62, and 63). The IE ORF 61, however, is not
expressed in latent infection. ORF 63 protein, the pre-
dominant latency protein, in some studies interestingly in-
hibits apoptosis of neurons infected with VZV in vitro (47).
Some E genes are also expressed in latent infection (ORFs
21, 29, and 66), but L genes are not; their expression indi-
cates lytic rather than latent infection (15, 43, 48–52). All
of the VZV latency genes have HSV type 1 counterparts;
however, none of these genes is expressed in HSV latency. In
contrast to VZV, during HSV latency only one region of the
genome, termed latency-associated transcript, is expressed
(53). During VZV latency, it is hypothesized that the cascade
of viral synthesis is interrupted and that there is a block in the
synthetic cascade, perhaps at the level of expression of ORF
61 (15). VZV latency-associated proteins are present only in
the cytoplasm. The mechanism responsible for this aberrant
cell localization is poorly understood. At least one latency-
associated protein, ORF 29 protein, however, can be made to
enter the nuclei of latently infected neurons in response to
inhibition of the proteasome or ectopic expression of ORF
61p (54). Dephosphorylation of ORF 62 protein causes this
cytoplasmic protein to translocate to the nucleus (55).

While there are considerable data to indicate that during
VZV latency there is some gene expression, exactly what is
occurring is not fully understood. There are currently two
general hypotheses concerning how latent infection is es-
tablished. One is that neurons are infected by VZV and that

a certain level of viral multiplication takes place prior to the
virus becoming latent (56). The other posits that cell-free
virions are transported to a neuron, and latency is estab-
lished but multiplication does not occur. HSV is thought to
establish latency without viral replication (57), although
this model fails to account for the rather high number of
genomes that are present in each latently infected cell. In an
experimental in vitro model of VZV latency in guinea pig
enteric neurons, following infection with cell-free VZV the
virus does not replicate, latency results, and the neuron
survives in vitro for weeks. Infection of neurons with cell-
associated VZV, in contrast, results in replication with rapid
neuronal death, despite the presence of ORF 63 protein,
which becomes nuclear (43). Reactivation with production
of infectious VZV and rapid neuronal death was demon-
strated in an in vitro guinea pig neuronal model of latency,
induced by infection with an adenovirus vector carrying
VZV ORF 61 (43).

Whether VZV proteins are produced during latent in-
fection has recently been questioned (58, 59); however,
there seems to be agreement that RNA transcripts are pro-
duced (53). Several cytoplasmic VZV proteins have been
demonstrated in the guinea pig neuronal model (43).) In
patients undergoing gastrointestinal surgery, VZV transcripts
of IE and E genes have been found in the enteric nervous
system (ENS) in ~90% of those who either had a history of
varicella or had been vaccinated, but they were not found in
infants who had never been infected with VZV (60, 61).
Further research on latency of VZV hopefully will clarify the
participation of VZV transcripts and proteins during latent
infection.

Other important observations with regard to VZV la-
tency include the following. Patients with impaired CMI to
VZV have an increased incidence of herpes zoster, which is
consistent with the hypothesis that at least some aspects of
suppression of VZV infectivity are under immunologic
control (4). Various rodent animal models of VZV latency
have been developed, but reactivation of the virus has not
been demonstrated (3, 62). A recent exception is latent
infection in guinea pigs, in which VZV has been shown to
reactivate (63). See below.

VZV has an extremely limited host range, infecting
mostly primates. Hairless guinea pigs may be infected with
VZV that has been adapted in tissue culture to cells from this
species. The primary illness produced is extremely mild and
latent infection occurs only infrequently, but specific im-
mune responses can be demonstrated (3). When guinea pigs
are infected with VZV by intravenous injection of T lym-
phocytes infected with VZV, a latent infection occurs.
Animals with latent infection appear asymptomatic. When
they are treated with tacrolimus and cortisone-stimulating
hormone, however, the latent VZV reactivates to cause a
disseminated form of VZV infection in which the animals
develop marked weight loss and rashes (63). It is hoped that
in the future these animal models will provide information
on VZV pathogenesis and that they may be used for testing
various therapies and vaccines.

In vitro, VZV spreads rather slowly, from one cell to an-
other. After inoculation of diploid human cell cultures such
as human embryonic lung fibroblasts, a focal cytopathic ef-
fect (CPE) is not observed until at least 48 h after infection
(Figure 3). VZV is best propagated at 32ºC (3). The CPE of
VZV in cell culture is characteristically focal, the result of
cell-to-cell spread. Characteristic CPEs consist of foci of
swollen refractile cells in a spindle-shaped configuration.
Foci of infected cells enlarge and may slowly involve much
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of the monolayer, but infectious virions are not released from
cells. Diploid human cell cultures are the most convenient
host system for virus isolation; primary and heteroploid cell
lines such as MeWo cells can also be used (64).

There is little available information on the stability of
VZV, but it is usually classified as a rather labile agent. Virus
obtained from vesicular fluid is stable for years when frozen
in sterile fat-free milk at—70ºC. Cell-free VZV obtained by
sonication of infected cells can be stored at—70ºC in tissue
culture medium containing fetal bovine serum with sorbitol
at a final concentration of 10%. Infected cells can be pre-
served at—70ºC or in liquid nitrogen in medium containing
10% fetal bovine serum and 10% dimethyl sulfoxide.

EPIDEMIOLOGY
Distribution, Geography, and Seasonality
VZV infections occur worldwide. The virus spreads less
readily in countries with tropical climates than in those with
temperate climates (3), resulting in a higher rate of suscep-
tibility to varicella in adults in tropical countries than in
countries with cooler climates. It is possible that spread of
VZV is inhibited at high temperatures because the virus is
labile. In the prevaccine era, about 4 million cases of
chickenpox––an entire annual birth cohort––were esti-
mated to occur yearly in the United States. The disease
affects males and females equally. Varicella is most common
in the winter and early spring. In contrast, zoster occurs at
equal rates during all seasons of the year (3).

Incidence and Prevalence of Varicella
Varicella is one of the most contagious of infectious diseases
(65). Reported secondary attack rates of varicella following
household exposure of susceptible contacts range from 61%
to 100% (3, 65). Secondary varicella cases in a family are
usually more severe than primary cases (65), presumably be-
cause the intensity of exposure in that setting results in a
higher viral inoculum. The first child developing varicella in
a family thus usually has a milder infection than subsequent
family members who become ill (3).

About three fourths of U.S. adults with no history of
varicella have detectable antibodies to VZV (66), indicating
that subclinical varicella can occur. From an epidemiological

study in which parents with no history of varicella were
exposed to their children with chickenpox and did not
contract it themselves, it was estimated that the incidence of
subclinical varicella is approximately 5% (65).

In countries with temperate climates where vaccine is not
used universally, varicella is a disease of childhood; most
cases occur in children before they are 10 years old, with 8%
to 9% of children annually developing disease between the
ages of 1 and 9 years (3). These data were representative of
children in the United States before many began to attend
daycare facilities; it is possible that exposures to VZV in the
daycare setting lead to an earlier acquisition of disease. The
effect of daycare, however, on the epidemiology of varicella
may never be fully known because live attenuated varicella
vaccine was licensed for use in all varicella-susceptible
children in 1995 in the United States.

Second attacks of varicella are uncommon but have been
reported (67). Second attacks may be more frequent in
immunocompromised hosts than in healthy individuals.
One hypothesis that has been proposed for incomplete
protection against varicella in some individuals is that VZV
antibodies have lower avidity in patients with recurrent
cases (68). An absence of antibodies directed at gE, gB, and
gH does not account for reinfections (69). There is consid-
erable boost in humoral immunity to VZV upon exposure of
varicella-immune subjects to patients with VZV infections
(3). In one study, 32% of parents exposed to their children
with varicella manifested either transient IgM antibodies or
an increase in antibody titer or both (70). Whether a boost
in CMI also occurs after an exposure is not known, but
boosting of CMI by immunization years following natural
infection has been demonstrated (4). Hope-Simpson hy-
pothesized over 50 years ago that immunologic boosting is
important for long-term maintenance of immunity to VZV
and may result from either endogenous (asymptomatic
reactivation of latent virus) or exogenous exposure to VZV
(7). It has been demonstrated that endogenous boosting of
immunity to VZV occurs (71–76).

Nosocomial Varicella
Nosocomial varicella can be a serious and expensive prob-
lem in hospitals, where both patients and employees may be
susceptible to chickenpox (3). With the availability of var-
icella vaccine for adults and children since 1995, nosocomial
varicella appears to be less of a problem in the United States
than it was formerly. Because varicella-susceptible hospital
employees may serve as vectors for spread of VZV to sus-
ceptible patients, it is now common to test employees for
immunity to chickenpox serologically and to offer vaccine
to those who are susceptible. Passive immunization (with
preformed antibodies) is not useful to terminate potential
nosocomial varicella outbreaks, but it is useful to pro-
tect varicella-susceptible immunocompromised patients who
have been exposed to VZV (see below).

The risk of horizontal transmission of VZV in maternity
wards or the newborn nursery after a hospital exposure to an
adult or child is extremely low, which has been attributed to
several factors (77). Many hospitalized newborn infants are
placed in isolettes, and most hospital employees and moth-
ers and their newborn infants have antibodies to VZV and
are at reduced risk of developing clinical illness. Because
IgG antibodies to VZV cross the placenta, newborns of
immune mothers are at least partially protected. Even in
low-birth-weight infants, serum antibodies to VZV are usu-
ally detectable. Nevertheless, a few episodes of transmission
of varicella in the newborn nursery have been reported.

FIGURE 3 VZV propagated in human embryonic lung fibro-
blasts after several days in culture. The specimen was stained with
fluorescein-tagged monoclonal antibodies to gE of VZV. The arrow
indicates gE in the trans-Golgi network, and the arrowheads indi-
cate gE at the cell surface.
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Many more instances of an absence of transmission following
exposures in this setting, however, have been recorded (77).

Incidence and Prevalence of Zoster
Zoster is traditionally a disease of adults. Patients who have
zoster usually have a history of a previous attack of varicella
or vaccination (3, 7). Zoster is rare in childhood, but there
is an increased incidence in young children who had vari-
cella either in utero or before reaching their second birth-
day (77). Chickenpox in the first year of life increases
the risk of childhood zoster by a relative factor between
roughly 3 and 21 (3), possibly as a result of immaturity of the
immune response to VZV in young infants. Latent infection
is also extremely common in infants with congenital vari-
cella syndrome; zoster may occur in over 20% of affected
infants (77).

Over a lifetime, zoster occurs in approximately 30% of
individuals (4). The incidence of zoster in a population
begins to increase sharply at about the age of 50 years; the
incidence during the sixth decade, approximately 5 per
1,000 person-years annually, is almost double that of the
previous decade (7, 78). During the eighth decade the in-
cidence more than doubles again, to 14 per 1,000 person-
years annually (7). The increased incidence of zoster with
advancing age is attributed to a relative loss of CMI to VZV
that occurs naturally with aging (3).

Zoster occurs with increased frequency in immunocom-
promised patients; those who are severely immunocompro-
mised may also develop disseminated VZV infection with
viremia (79). Zoster may be particularly frequent and severe
following bone marrow transplantation, after which as many
as 35% of patients develop it within a year (3). Spinal
trauma, irradiation, and corticosteroid therapy may also be
precipitating factors. The distribution of lesions in chick-
enpox, which primarily involves the trunk and head, is
reflected in a proportionately greater representation of these
regions in the dermatomal lesions of zoster (3). Zoster may
recur, either in the same dermatome or in a different der-
matome; however, the chance of developing recurrent zoster
seems to be lower in healthy individuals than the chances of
recurrent HSV (7). The reported incidence of zoster in
various groups is shown in Table 2.

Mortality
The mortality for varicella and zoster are low, but the rates
increase with advancing age, pregnancy, and decreasing
immunocompetence. For varicella, the reported case fatality
rate is lowest in children aged 1 to 14 years (0.75 per
100,000). The reported case fatality rate in infants less than
1 year old is 6.23 per 100,000, in those aged 15 to 19 it is 2.7
per 100,000, and in those 30 to 49 years old it is 25.2 per
100,000 (80). In the prevaccine era 100 to 150 deaths were
reported in the United States annually (3). Pregnancy,
particularly when varicella occurs in the third trimester, may
increase morbidity and mortality (3, 77, 81, 82). In a report
of 44 consecutive cases of varicella during pregnancy, vari-
cella pneumonia occurred in 9% of women, with one fatality
(2.4%) (82). In a more recent collaborative study, however,
involving 347 pregnant women who were consecutively
monitored, there were no fatalities, although 5% developed
varicella pneumonia (81). The mortality for varicella in
children with leukemia receiving chemotherapy is reported
as 1,000 times higher than that in healthy children (3). A
fatality rate of 7% was reported for children with leukemia
and chickenpox in the preantiviral drug era (79). Epide-
miologic data from the 1990s suggest that the incidence of

severe varicella in healthy hosts was underestimated by a
factor of 5 (83). Mortality related to zoster is due primarily to
pneumonia; the overall risk of fatal infection is lower than
that for varicella in immunocompromised patients, less than
1% (84). Zoster also has a lower mortality than varicella in
otherwise healthy middle-aged or elderly adults (3).

Transmission
Varicella is a highly contagious disease, particularly in the
early stages of the illness; VZV is spread by the airborne route
(77). It was long thought that the source of transmitted virus
was the respiratory tract of infected individuals. Spread of
VZV in closed communities that were attributed to exposure
to an index case prior to development of rash has been
occasionally reported, suggesting that respiratory transmis-
sion occurs (85). It is possible, however, that an early in-
significant rash went unnoticed in such patients. Studies
utilizing PCR identified VZV DNA in the nasopharynx of
children during preeruptive and early varicella, although the
rates have been inconsistent (3). The presence of VZV
DNA, however, does not necessarily indicate the presence of
infectious virus. For example, VZV DNAwas recovered from
room dust 2 weeks after a patient was discharged, long after
the virus could remain infectious (3).

Evidence suggests that cell-free virions in vesicular skin
lesions of patients with VZV are the major source of infec-
tious virus (37). Secondary to the loss of MPRs in the su-
perficial epidermis, high concentrations of cell-free, 200-nm
particles of VZV develop in skin vesicles; these may be
aerosolized and thus transmit the virus to others by the air-
borne route (37). Presumably airborne virus infects the re-
spiratory tract of varicella-susceptible individuals. Clinical
studies of transmission of VZV in leukemic vaccinees (86)
and immunocompetent children (87, 88) have also impli-
cated skin lesions as the source of infectious virus. There was
a direct relationship between the number of skin lesions and
viral transmission (87, 88). In a recent study from China, an
outbreak among schoolchildren became controlled only
after children with rash were excluded from school atten-
dance (87). There is one report of transmission of VZV to
others during an autopsy of a patient with varicella; obvi-
ously the virus was not spread from the respiratory tract (89).

Studies of isolation of VZV from patients with varicella
also implicate the skin as the source of infectious virus rather
than the respiratory tract. VZV is readily isolated in cell
culture from skin lesions, but it is extremely difficult to
isolate the virus from the respiratory tract. Searches for in-
fectious VZV in throat secretions of immunocompetent
patients during the incubation period of varicella have

TABLE 2 Reported approximate incidence of zoster
in various populations per 1,000 person-years of observationa

Adults (all ages): 2–4 (7)*
Adults, age 70–79: 11 (4)
Adults, middle aged, vaccinated against varicella: 0.9 (158)*
Children with leukemia in remission (prior varicella) 25 (157)**
Children with leukemia, vaccinated: 8 (157)**
Adults with HIV (prior varicella): 51 (3)
Children with HIV (prior varicella): 163 (121)***
Children with HIV, vaccinated: 0–3 (155)***

aNumbers in parentheses are reference numbers. *Trend due only to
wide confidence limits; **significantly different values; ***significantly different
values.
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proved largely negative (90–92). There is, however, one
report of isolation of VZV from nasal swabs from 3 of 23
(13%) children and from pharyngeal swabs from 2 of 22
(9%) children on days 2 and 3 after the onset of rash (92). It
is possible that there may have been vesicles on the mucous
membranes in these children, and also it is not clear whether
any of them were immunocompromised. In contrast, VZV
can readily be cultured from vesicular lesions in patients
with clinical varicella. Isolation of VZV was successful in 23
of 25 (92%) cases when vesicle fluid was cultured within 3
days after the onset of rash in one study (90) and in 12 of 17
(71%) cases in another study (92). Vesicular fluid specimens
collected from 4 to 8 days after onset, however, yielded VZV
in only one of seven instances (90). Infectious VZV may
persist longer in vesicles of zoster patients (3). In general it
may be conservatively presumed that varicella is transmis-
sible to others from 1 to 2 days prior to the onset of rash and
during the first few days of rash. Skin lesions in either var-
icella or zoster are unlikely to harbor infectious virus once
they are dry. Taken together, these observations suggest that
VZV spreads predominately from skin lesions and that
within several days after the onset of rash, patients with
varicella are no longer contagious to others. In contrast,
zoster may be infectious for a somewhat longer period es-
pecially when vesicles in older patients are slow to heal.

Zoster is not transmissible to others as such, but the ve-
sicular lesions contain infectious VZV and are therefore
potentially contagious to others as varicella is (3). Even
patients with localized zoster may transmit VZV to varicella-
susceptible individuals, and therefore these patients should
be isolated when hospitalized. Whether VZV is spread
from the respiratory tract in zoster is unknown, but it seems
unlikely. Based on scant information regarding house-
hold transmission of VZV from zoster patients to varicella-

susceptible contacts, zoster was estimated to be only about
half as contagious as varicella (3).

PATHOGENESIS IN HUMANS
Incubation Period, Patterns of Virus Replication,
and Factors in Disease Production
The incubation period of varicella ranges from 10 to 23 days,
with an average of 14 days (3). During the incubation pe-
riod, VZV is thought to spread to regional lymph nodes,
undergo multiplication, and cause a primary low-grade vi-
remia about 5 days later (93) (Figure 4).

In varicella, two viremic phases have been hypothesized
to occur, based on studies with the virus that causes mou-
sepox (93). Following a putative early viremia that spreads
the virus to the reticuloendothelial system, there is local
replication of VZV. This results in the second and greater
viremia, which delivers the virus to the skin; there it causes
the characteristic skin rash, in which ``crops’’ of lesions
develop, possibly reflecting several viremic episodes (93)
(Figure 4).

A somewhat alternative proposal for varicella patho-
genesis is based in part on studies of mice with severe
combined immunodeficiency disease engrafted with various
human tissues (SCID hu mouse model) infected with VZV
(94). Following exposure of susceptible contacts, VZV in-
fects tonsillar T cells as cell-free virus and multiplies in the
respiratory mucosa, where T lymphocytes are infected. In
VZV-infected SCID hu mice, these T cells deliver VZV
promptly to implanted skin. In infected individuals, only
limited viral multiplication in the skin is thought to take
place at first, as a result of the innate immune response.
Innate immunity is eventually overcome as the incubation

FIGURE 4 Diagram showing proposed pathogenesis of varicella regarding events during the incubation period. (Reprinted from reference
93 with permission.)
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period of the disease comes to an end. Because of circulation
of infected Tcells, there is a low-grade viremia for a week or
so after infection, but as more T cells and keratinocytes are
infected, the viremia increases, innate immunity is over-
come, and the rash develops. At that time adaptive immu-
nity develops, and within a week or so the pathogen is
controlled and the patient recovers. VZV has been isolated
from blood cultures either a few days before onset of rash or
within 1 to 2 days after rash onset in immunocompetent
children (95). VZV has also been isolated from blood ob-
tained from immunocompromised patients with varicella or
zoster (3). Experiments in SCID hu mice and human skin
cellular implants indicate that human CD4 and CD8 lym-
phocytes are infected with VZV (96).

A number of strategies for immune evasion of VZV by
host cells that facilitate VZV multiplication have been de-
scribed, some unique to this herpesvirus (97–100). For ex-
ample, in infected fibroblasts, VZV down-regulates major
histocompatibility complex (MHC) class I antigens and
thereby interferes with antigen presentation to cytotoxic T
cells. Additionally, MHC class II expression can be blocked
by VZV gene products, resulting in a decreased gamma in-
terferon response. Immune evasion is thought to play an
important role, particularly in viral multiplication that oc-
curs during the incubation period of varicella.

The skin lesions of varicella begin as macules and prog-
ress rapidly to papules, vesicles, pustules, and scabs. Vesicles
are located in the superficial epidermis. With time, the fluid
changes from clear to cloudy, as polymorphonuclear leuko-
cytes (PMNs) reach the site. Interferon is present in vesic-
ular fluid, reflecting the adaptive cell-mediated immune
response of the host (101). The predominant cell in vesic-
ular lesions is the PMN, which may play a role in generating
interferon in vesicular lesions and play a role in recovery (3).
In vitro data also suggest that the PMNs are involved in host
defense against VZV, possibly by mediating antibody-
dependent cellular cytotoxicity (ADCC) (3). Natural killer
(NK) cells also play a role in host defense against VZV (8).
Cytotoxic CD4 and CD8 lymphocytes, however, represent
the major host response that controls VZV infection (3).

Histologic changes in the skin vesicles are similar for
chickenpox and zoster. The hallmarks of each are multinu-
cleated giant cells and intranuclear inclusions. In varicella
these are primarily localized in the epidermis, where bal-
looning degeneration of cells in the deeper layers is ac-
companied by intercellular edema. As edema progresses, the
cornified layers and basal layers separate to form a thin-
roofed vesicle. An exudate of mononuclear cells is seen in
the dermis without characteristic nuclear changes of epi-
thelial cells in this region (Figure 5) (102).

In zoster, in addition to skin lesions that resemble those of
varicella, the dorsal root ganglion of the affected dermatome
exhibits a mononuclear inflammatory infiltrate. There may
also be necrosis of ganglion cells and demyelination of the
corresponding axon (103).

Latent VZV is present in human sensory dorsal root and
cranial nerve ganglia in human autopsy specimens in persons
who have had varicella. Prior to development of zoster, VZV
reactivates in the neuron, resulting in lytic infection, and
then it travels down the affected sensory nerves to the skin,
causing a characteristic unilateral vesicular rash (Figure 6).
Zoster may last for several weeks, particularly in immuno-
compromised patients, who not only are at increased risk of
developing this disease as a result of low levels of CMI to
VZV but also may require long times to recover for the same
reason.

Immune Responses
Both humoral and cell-mediated adaptive immune responses
to VZV develop within a few days after onset of varicella.
Peak antibody levels are attained after 4 to 8 weeks, remain
high for about 6 months, and then decline. IgG antibody
to VZV is detected in healthy adults for decades after vari-
cella (3). After active immunization against varicella, anti-
body titers are lower than after natural infection but may
persist for periods of 20 years or more (104). Because doses
of varicella vaccine used in different countries and made
by different companies vary in composition and dosage,
persistence of antibodies after vaccination may vary in dif-
ferent locations. Serum IgG, IgA, and IgM develop after
both varicella and zoster. Zoster occurs in the face of high
levels of specific antibodies, but significantly higher titers
develop during convalescence, reflecting the anamnestic
response to this reactivated infection (3).

CMI plays the major role in host defense against VZV,
probably because the virus spreads almost entirely in the
body as an intracellular pathogen. CMI can be demonstrated
by stimulation of lymphocytes in vitro with VZV antigens
(105, 106), by an intradermal skin test (66), and by specific
lysis of histocompatible target cells by cytotoxic T cells
(107). Natural killer (NK) cells and antibody-dependent
cell-mediated cytotoxicity (ADCC) against VZV have also
been described (108). CMI reactions can be detected for
years after varicella, although this response may wane in
many individuals after age 50 (109).

FIGURE 5 Skin vesicle from a patient in the early stages of
varicella. The vesicle has not been unroofed. (A) The specimen was
stained with fluorescein-tagged monoclonal antibodies to gE of
VZV. (B) Same specimen as in panel A, viewed by Nomarski in-
terference contrast microscopy. V, vesicular space; S, outer surface of
epidermis.
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Exactly how immunity to varicella and zoster is mediated,
however, is still unclear. It is generally agreed that CMI, in
the form of T-cell cytotoxicity, is more important than hu-
moral immunity in recovery from infection. For example,
children with isolated agammaglobulinemia are not at in-
creased risk of developing severe varicella. CMI is probably
crucial during chickenpox because spread of VZV within
the body is almost exclusively by the intracellular route,
rather than by release of cell-free virus, as occurs in vesicular
fluid.

The response that prevents clinical illness after reinfec-
tion with VZV is not known for certain, although it is pre-
sumed to be some form of CMI, perhaps at times in concert
with antibodies. Patients with agammaglobulinemia are not
subject to recurrent varicella. On the other hand, elderly
adults, who often have low CMI or an absence of CMI to
VZV, are not particularly subject to second attacks of vari-
cella; presumably, their antibodies protect them from re-
current chickenpox. Specific antibodies may play a role in
immunity because passive immunization can be used to
prevent or modify varicella in exposed susceptible individ-
uals. It may be that antibodies are particularly effective right
after infection occurs because of a brief period of multipli-
cation in tonsils in which cell-free VZV, which can be
neutralized, is produced. It is thus possible that passive im-
munization lowers the initial viral load, resulting in modified
or asymptomatic infection. Certain antibodies, particularly
those to gH, moreover, may impede cell-to-cell spread of the
virus (30). Young infants, however, can develop varicella
after exposure despite detectable transplacental antibody
titers, but usually the illness is attenuated (77). Vaccinated
leukemic children have developed modified cases of break-
through varicella despite detectable VZV antibodies or
positive CMI responses as measured by lymphocyte stimu-
lation at exposure to VZV, but they do not have normal
immune systems (3). They are, however, highly likely to be
protected if they have both humoral and cellular immunity
to VZV at exposure (110). Healthy individuals with de-
tectable humoral immunity at exposure to VZV are far less
likely to develop clinical illness than those lacking these
responses (111). Both antibodies and CMI seem to partici-
pate in various aspects of protection against VZV, suggesting
that redundancy in the adaptive immune response may
provide the best strategy against the virus for the host.

VARICELLA
Clinical Manifestations
Varicella is a highly contagious, usually self-limited systemic
infection, characterized by fever and a generalized pruritic
rash, lasting about 5 days (Figure 7). A prodromal phase in
children is unusual, but it is not uncommon for adults to
experience a prodrome of malaise and fever for 1 to 2 days
prior to onset of the rash (3). The rash is characteristically
more concentrated on the trunk and head than on the ex-
tremities, and it typically evolves as a series of “crops” over 1
to 2 days in healthy hosts. Most children with varicella de-
velop from 250 to 500 skin lesions, many of which are ve-
sicular (65). In many cases a few lesions may develop in the
mouth or conjunctiva or on other mucosal sites. Rarely, the
skin lesions may be bullous or hemorrhagic. Residual scar-
ring is exceptional, but depigmented areas of skin may result
and be persistent. Constitutional symptoms may be mild
despite an extensive exanthem, but usually the extent of
rash reflects the severity of the illness. It is not uncommon to
observe a transient increase in hepatic aminotransferase
levels without jaundice during varicella, but this is not
considered a complication of the disease (3). Adults are
more likely to develop severe varicella than children, pre-
sumably because of lower CMI responses to VZV than in
children (3). Newborn infants who acquire varicella from
their mothers in the few days prior to delivery are also at risk
of developing severe varicella, presumably because of the
immature CMI response in very young babies in the absence
of specific maternal antibodies (3, 77). Patients with various
immunodeficiencies affecting the CMI response to VZV (T
lymphocytes and NK cells) (112) and those receiving high
doses of steroids for any reason are at risk to develop severe
varicella (3, 8).

Clinical Diagnosis
It is usually not difficult to make a clinical diagnosis of
varicella because the vesicular pruritic rash is so character-
istic. In questionable cases, epidemiologic information may
be useful, such as a history of recent exposure to varicella or
zoster and subsequent transmission of varicella to another
person. The differential diagnosis of varicella includes gen-
eralized HSV infection, rickettsial pox, impetigo, allergic
reactions (including Stevens-Johnson syndrome), poison

FIGURE 6 Proposed pathogenesis of zoster. (Reprinted from reference 180 with permission.)
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ivy, and insect bites. In locations where vaccine is being
used, laboratory confirmation of mild breakthrough varicella
in an immunized child (see below) may be required.

Complications
The most frequent complication of varicella in healthy
hosts is bacterial superinfection of the skin, lungs, or bones.
Severe morbidity and even mortality involving group A
beta-hemolytic streptococcal superinfections have been re-
ported (113). Central nervous system complications that
may precede or follow varicella in healthy hosts include
transient cerebellar ataxia, a severe form of cerebral en-
cephalitis, aseptic meningitis, transverse myelitis, and stroke.
Because aspirin is no longer recommended for children with
varicella, encephalopathy due to Reye syndrome has become
rare. Meningoencephalitis and cerebellar ataxia, which
usually occur between 2 and 6 days after onset of the rash,
may also occur during the incubation period (3, 114). With
these complications, the cerebrospinal fluid (CSF) may be
normal or may exhibit a mild lymphocytic pleocytosis
(< 100 cells/ml), a moderate elevation of protein (< 200mg),
and normal glucose. VZV encephalitis can be life threaten-
ing; symptoms may reverse rapidly or gradually improve.
Chronic neurologic or developmental sequelae may occur
(115). Cerebellar ataxia may persist for days to weeks but is
almost invariably self-limited. Strokes after varicella are
unusual, have only recently been recognized as a complica-
tion of the infection, and are hypothesized to be secondary
to vasculitis provoked by VZV (116). Varicella may rarely

cause neutropenia and thrombocytopenia with hemor-
rhagic complications 1 to 2 weeks after the initial infection
(117). Arthritis is an infrequent, transient complication;
VZV has on occasion been isolated from joint fluid. Vesi-
cular lesions that involve the eyelids and conjunctivae rarely
cause serious ocular complications (118). Other rare com-
plications of varicella include renal failure, myocarditis,
pericarditis, pancreatitis, orchitis, and purpura fulminans
(3, 102, 119).

Varicella may be severe and even fatal in immunocom-
promised patients. These include persons with an underlying
malignancy; congenital or acquired deficits in CMI, such as
those who have undergone organ transplantation or have
underlying human immunodeficiency virus (HIV) infection;
and individuals receiving high doses of corticosteroids for
any reason (3). Patients with deficiencies in CMI may
manifest progressive varicella, with continuing fever and
development of new vesicular lesions for as long as 2 weeks
(Figure 8). Their characteristic skin lesions are often large,
umbilicated, and hemorrhagic; primary varicella pneumonia
is a frequent complication. Alternatively, some immuno-
compromised patients develop an acute form of varicella
with disseminated intravascular coagulation that is rapidly
fatal (3). A visceral disease rate of 30% and a fatality rate of
7% were reported for leukemic children who developed
chickenpox prior to the availability of antiviral drugs (120).
Severe varicella has been observed in children with under-
lying infection with HIV, especially those who have clinical
evidence of AIDS, but most HIV-infected children develop
mild to moderate forms of varicella. The illness in this
population is not potentially as severe as in children with
leukemia (121). However, because it is difficult to predict in
advance whether a child with HIV infection will develop
severe varicella, most physicians routinely elect to treat
them at onset with antiviral drugs. Varicella does not seem
to be a cofactor for clinical progression of HIV infection to
AIDS, but chronic infections with wart-like hyperkeratotic
lesions with occasional virus dissemination may develop in
these patients (122) (Figure 9). These lesions appear to be a
persistent form of VZV infection rather than classic zoster.

Primary varicella pneumonia accounts for many of the
fatalities ascribed to varicella (Figure 10). It most commonly
occurs in immunocompromised patients, adults, and neo-
nates with chickenpox (3). In a chest X ray study of military
recruits with varicella, radiographic evidence of pneumo-
nia was found in 16%, although only one quarter of these

FIGURE 7 Varicella on day 5 in an otherwise healthy 2-year-old
boy, showing the typical distribution of skin lesions.

FIGURE 8 Hemorrhagic fatal varicella in a child with underly-
ing lymphoma.
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patients had pulmonary symptoms (123). Pneumonia usually
occurs within several days after the onset of rash, but
sometimes this interval may be longer. Symptoms include
fever and cough in almost all cases and dyspnea in more than
70%. Other common symptoms and signs include cyanosis,
rales, hemoptysis, and chest pain. The chest X ray typically
reveals a diffuse nodular or miliary pattern, most pronounced
in the perihilar regions (124). The availability of antiviral
chemotherapy has greatly improved the outcome of varicella
pneumonia.

ZOSTER
Clinical Manifestations
Zoster usually begins as a localized skin eruption involving
one to three dermatomal segments. The characteristic dis-
tribution of the unilateral rash reflects its pathogenesis, re-
activation of latent VZV from dorsal root or cranial nerve
ganglia (Figure 11). The skin lesions resemble those of
varicella but tend more toward confluence. Zoster usually

develops in patients who are at least somewhat immunode-
ficient, as a result of disease, chemotherapy, radiotherapy or
normal aging. Healthy young adults who are not immuno-
compromised may develop zoster, presumably resulting from
a transient decrease in CMI to VZV as a response to a
stimulus such as another viral infection or stress. Because
many immunocompromised persons do not develop zoster,
however, deficiency of CMI to VZV is thought to be a
necessary but not sufficient to develop this illness. It is likely
that reactivation of VZV first occurs and that clinical zoster
then results when the CMI response is deficient.

There is a spectrum of clinical manifestations of zoster.
Zoster with no rash but with dermatomal pain has been
described (zoster sine herpete) (125, 126), as has visceral
zoster without skin rash (125). Increases in VZV antibody
titer in the absence of an exposure to the virus have been
ascribed to silent reactivation of VZV (3). Subclinical vi-
remia in patients after bone marrow transplantation has
been demonstrated by PCR (75). Shedding and transmission
of infectious VZV from asymptomatic individuals has not
been documented as it has for HSV. Asymptomatic reacti-
vation of VZV following extreme stress has been detected
(127, 128).

Clinical Diagnosis
It is usually not difficult to make a clinical diagnosis of zoster
because the unilateral dermatomal rash is so characteristic.
In one study, however, 13% of cases clinically diagnosed as
zoster were proven by culture to be due to HSV infection
(129). HSV in particular should be considered in the dif-
ferential diagnosis when the rash has a trigeminal/maxillary,
breast (T4), or sacral distribution, and especially if the rash is
recurrent. The unilateral rash of zoster most often involves
the thoracic and cervical areas, followed by the face.
Laboratory verification is becoming of greater importance in
the vaccine era, when it may be of clinical interest to de-
termine if a zosteriform rash is due to VZV and if it is wild or
vaccine type.

Self-limited meningitis indicated by abnormalities of the
CSF, including pleocytosis (predominantly of mononuclear
cells) and elevated protein, may develop in many patients
with zoster (3). Complete healing of the rash usually occurs
within 2 weeks but may require 4 to 6 weeks, especially in
immunocompromised patients. Segmental pain and/or
itching are common symptoms in zoster. These sensations
may precede the onset of rash. Other causes of acute seg-
mental pain such as myocardial infarction, acute abdomen,

FIGURE 9 Chronic VZV skin lesion in a child with underlying
HIV infection.

FIGURE 10 Chest radiograph of a patient with primary varicella
pneumonia. (Courtesy of Walter Berdon.)

FIGURE 11 Zoster in a 10-year-old boy with underlying leuke-
mia, showing the unilateral lumbar distribution of the skin lesions.
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and pleurisy may need to be excluded in patients with pre-
eruptive zoster pain or zoster sine herpete.

Complications
From 25% to 50% of persons over the age of 50 who develop
zoster may develop protracted pain, or postherpetic neuralgia
(PHN), following healing of the rash. Treatment with an-
tiviral drugs has not led to a decrease in the incidence of
PHN, although therapy may decrease the duration of pain
(3). Pain may persist for months to years and is described as
aching, jabbing, or burning. Abnormal sensations may also
occur, such as pain after a minimal nonpainful stimulus
(allodynia) and severe pain after a mild pain stimulus
(hyperalgesia). The precise cause is unknown. Hypotheses
include an aberrant immune response to the virus in the
neuron, pain resulting from repair of neuronal damage, and
continuing low-level multiplication of virus in the ganglion,
with nerve damage from inflammation and hemorrhage.
Evidence against the last hypothesis is the observed usual
failure of antiviral therapy to relieve PHN. Both the inci-
dence and duration of PHN are directly related to increasing
age (4, 130).

Zoster can also involve various cranial nerves. Zoster in
the ophthalmic branch of the trigeminal (fifth) nerve may
cause dendritic keratitis, anterior uveitis, iridocyclitis with
secondary glaucoma, and panophthalmitis (131). Retinitis
from VZV is a particular problem for HIV-infected persons
(132). Reactivation of VZV involving the maxillary branch
results in oral lesions. Motor nerve deficits may also be as-
sociated with zoster of the trigeminal nerve. Reactivation in
the geniculate ganglion of the seventh (facial) cranial nerve
and the eighth (auditory) cranial nerve, termed the Ramsay
Hunt syndrome, is associated with facial palsy.

Motor deficits occur in approximately 1% of zoster cases
(133). Bladder dysfunction or ileus with intestinal obstruc-
tion is an unusual complication of lumbosacral zoster. Partial
paralysis of an extremity can also occur after zoster. The
prognosis for recovery from these motor deficits is good, al-
though residua may follow in as many as 15% of patients
(133). Transverse myelitis is an extremely rare complication
with a high mortality (130).

Zoster is complicated by clinical encephalitis in an esti-
mated 0.2% to 0.5% of cases. Risk factors include advancing
age and cranial nerve involvement. Symptoms, which often
occur about a week after onset, include altered state of
consciousness, headache, photophobia, and meningismus.
The average duration of encephalitic symptoms is about 2
weeks (130, 133). Neurologic sequelae may follow recovery.

Granulomatous angiitis resulting in signs and symptoms
resembling those of a cerebrovascular hemorrhage or
thrombosis (stroke) is an unusual complication of zoster that
occurs particularly in the elderly (130). The central nervous
system symptoms characteristically occur on the side oppo-
site the rash, and they may develop months after onset of the
rash. There is a high mortality, and at autopsy, vascular in-
flammation with thrombosis and microinfarcts are seen in
the temporal and other arteries (130, 134–136).

A syndrome of zoster accompanied by inappropriate se-
cretion of antidiuretic hormone has been described to occur
in immunocompromised patients. It may be associated with
severe abdominal pain and is associated with a poor prog-
nosis (137, 138).

Visceral zoster with predominant abdominal symptoms,
such as pain and even gastrointestinal obstruction, has been
described, particularly for immunocompromised patients.

Pain may precede the rash by several days, and in some cases
no rash develops (139). Latent VZV in the enteric nervous
system of humans has been described, and its consequences
(such as causing gastric ulcers resulting from reactivation of
VZV in the absence of rash) are being identified (43, 123).

CONGENITAL VARICELLA SYNDROME
Congenital varicella syndrome has a characteristic constel-
lation of developmental abnormalities and was first de-
scribed in case reports of infants born to mothers who had
varicella in early pregnancy. In 1947, LaForet and Lynch
described an infant with multiple congenital anomalies after
maternal chickenpox during the 8th week of pregnancy
(140). The infant had hypoplasia of the right lower ex-
tremity with clubfoot and an absence of deep tendon
reflexes, cerebral cortical atrophy, cerebellar aplasia, chor-
ioretinitis, torticollis, insufficiency of the anal and vesical
sphincters, and scarred cutaneous lesions of the left lower
extremity. While initially it was thought that the syndrome
occurred after maternal VZV infection in the first trimester
of pregnancy, an equal number of reported cases have oc-
curred following maternal varicella in the second trimester.
Over 100 affected infants have now been reported (77).
Almost all of these cases have followed maternal varicella; a
few cases following maternal zoster have been described but
rarely substantiated (3). If a woman develops varicella in the
first or second trimester of pregnancy, it is estimated that
there is a 2% chance that her baby will be affected by this
syndrome. In the prevaccine era it was estimated that about
40 infants were born annually in the United States with this
syndrome (38). Scars of the skin, usually described as cica-
tricial, are the most prominent stigmata, reported in 70% of
cases (Table 3) (77). Other frequent abnormalities include
those involving the eyes, such as chorioretinitis, micro-
phthalmia, Horner syndrome, cataract, and nystagmus.
Hypoplastic limbs, cortical atrophy and/or mental retarda-
tion, and early death are also commonly observed.

TABLE 3 Clinical data on over 100 reported infants with
developmental defects whose mothers had VZV infections
(over 95% with varicella) during the first or second
trimester of pregnancy between 1947 and 2002a

Defect
% of infants
with defect

Skin scars 70b

Eye abnormalities (chorioretinitis,
Horner syndrome/anisocoria,
(microphthalmia, cataract, nystagmus)

60

Neurologic abnormalities (retardation,
seizures, paralysis)

60

Abnormal limbc (hypoplasia, equinovarus,
abnormal/absent digits)

50

Prematurity, low birth weight 35
Early death 25
Zoster in infancy 20

aModified from reference 77 with permission of Elsevier.
bCicatricial in over 60%.
cOf infants with hypoplastic limb 50% had mental retardation.
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LABORATORY DIAGNOSIS
The diagnosis of VZV infection can usually be made clini-
cally, but laboratory diagnosis may be necessary in unusual
cases, particularly for vaccinated individuals who develop
either possible varicella or zoster. Laboratory diagnosis of
active VZV infection is facilitated by the presence of VZV in
superficial skin lesions, where it is accessible for testing.
Diagnosis is best made by demonstration of VZV DNA or
specific viral antigens in vesicular skin lesions. PCR has
supplanted viral culture as a diagnostic tool; it has been
successfully employed for diagnosis of VZV utilizing skin
scrapings, vesicular fluid, respiratory secretions, and CSF
(64). PCR can also be used to differentiate between vaccine
and wild-type VZV (13) and to demonstrate susceptibility to
antiviral drugs (141). VZV antigen may be demonstrated by
immunofluorescence (IF), using a commercially available
monoclonal antibody to gE of VZV that is conjugated to
fluorescein (64). This is a highly sensitive and rapid diag-
nostic method that can be completed within about an hour
and is therefore clinically useful.

The presence of VZV by IF or culture in clinical material
obtained from skin or other lesions, or autopsy tissue, is
diagnostic of an active infection (142) because unlike for
HSV, there is no known infectious carrier state in asymp-
tomatic individuals. The presence of VZV DNA in speci-
mens such as nervous tissue, however, suggests but does not
prove latent VZV infection.

If a culture is to be successfully performed, vesicular fluid
should be obtained as early in the course of illness as possi-
ble to facilitate isolation of VZV. Within several days after
onset of varicella, vesicular fluid is no longer likely to be
infectious, although viable VZV may be present in zoster
lesions for a longer period, especially in immunocompro-
mised patients. Isolation of VZV is a relatively slow method,
since it takes at least 48 hours before the first signs of viral
CPE are seen. It is also less sensitive than IF staining, since
infectious virus persists for a shorter length of time in vesi-
cles and is more labile than viral antigens. PCR is the most
sensitive technique (143). VZV is rarely isolated from
CSF, throat, pharyngeal, and conjunctival specimens.
Human lung fibroblasts such as WI-38 cells are most fre-
quently utilized to isolate VZV in tissue culture. The Tzanck
test provides only nonspecific information; it has been
replaced by more sensitive and specific methods mentioned
previously.

A number of sensitive serologic tests are available to
measure antibodies to VZV. These include the fluorescent
antibody to membrane antigen (FAMA) method, latex ag-
glutination, and enzyme-linked immunosorbent assay (64).
Antibody to VZV develops within a few days after onset of
varicella, persists for many years, and is present before the
onset of zoster. VZV infections may be documented by a ‡ 4-
fold rise in VZV antibody titer in acute- and convalescent-
phase serum specimens. The presence of specific IgM in one
serum specimen suggests but does not necessarily prove
recent VZV infection, either varicella or zoster (64). Per-
sistence of VZV antibody in infants beyond 8 months of age
is highly suggestive of intrauterine varicella (144). Immunity
to varicella is highly likely to be present if a positive titer of
antibody (measured by a reliable assay) to VZV is demon-
strated with a single serum sample from a child or an adult
with no history of disease. Serologic methods, however,
particularly commercial enzyme-linked immunosorbent as-
says, may fail to identify many individuals who have been
immunized with live attenuated varicella vaccine (64).

While the FAMA assay is the most sensitive test for this
purpose, it is not generally available.

The value of serologic procedures for diagnosis of zoster is
limited, since heterologous increases in titer of antibody to
VZV may occur in patients with HSV infections who have
previously had varicella. This phenomenon has been as-
cribed to antigens common to the two viruses (64).

PREVENTION
VZV is such an infectious agent that general measures are
not very useful for prevention of varicella in susceptible
individuals. Some protection for hospitalized patients,
however, can be accomplished by isolation of patients with
moist VZV skin lesions, particularly if they are placed in
rooms with negative-pressure ventilation. Hospitalized pa-
tients with active VZV infections should be admitted to a
private room, and hospital personnel and visitors should
wash their hands before and after entering the room and
wear masks, gowns, and gloves while in it. Spread of VZV by
fomites does not occur. Children with obvious varicella
should be excluded from school until the skin lesions are dry.
Vaccinated children who develop a few skin vesicles be-
tween 2 and 6 weeks after vaccination are unlikely to spread
VZV and can attend school if they are otherwise well.
Vaccinees with rash 1 to 14 days after immunization are
likely to be infected with wild-type VZV. In recently vac-
cinated patients the development of more than 50 vesicles is
highly suggestive of wild-type infection, which unlike the
Oka strain, is highly transmissible. These patients, therefore,
should be excluded from school and if hospitalized should be
isolated from other patients.

Prevention of varicella may be accomplished with either
active or passive immunization. Varicella-susceptible chil-
dren at high risk of developing severe chickenpox should be
passively immunized if they are closely exposed to someone
with either varicella or zoster. Passive immunization usually
modifies varicella but may prevent it. Passive immuniza-
tion may be a life-saving measure for a high-risk susceptible
child.

Passive Immunization against Varicella
Varicella-zoster immunoglobulin (VZIG) was approved by
the Food and Drug Administration (FDA) for use in 1981.
Because the demand for this product decreased sharply after
licensure of varicella vaccine in 1995, it is no longer being
produced in the United States. It was shown to be most
effective when administered up to 3 days after exposure and
perhaps helpful for as long as up to 5 days. VZIG was re-
placed by a new varicella immunoglobulin product (Var-
iZIG), manufactured in Canada (telephone numbers for
information are 800-843-7477 and 800-746-6273). The
dose is 1.25 ml (one vial or 125 U) for each 10 kg of body
weight, with a maximum dose of 6 ml (five vials or 625 U)
intramuscularly.

The major use of passive immunization is for prevention
of severe varicella in people (usually children) who have
been closely exposed to varicella or zoster and are at high risk
of developing severe or fatal chickenpox. This includes
immunocompromised patients and also newborn infants
whose mothers have active varicella at the time of delivery.
Passive immunization is customarily readministered to high-
risk susceptible persons who are closely reexposed to vari-
cella or zoster 3 weeks following a first exposure for which
passive immunization was given.
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Infants and children who are listed in the high-risk
groups should be considered to be susceptible to varicella if
they have no history of having had chickenpox. It is po-
tentially hazardous to withhold passive immunization in an
immunocompromised child who based on a positive anti-
body titer has no history of previous clinical varicella be-
cause of the possibility of a false-positive antibody test. Only
about 25% of adults with no history of varicella are truly
susceptible; therefore, passive immunization should gener-
ally be administered to VZV-exposed adults only if they are
serologically proven to be susceptible to chickenpox. Pre-
sumably, passive immunization is useful for adults, but in
contrast to use in children, for whom efficacy has been es-
tablished, no efficacy studies have been performed in adults.
An alternative for healthy varicella-susceptible adults with a
known exposure to VZV would be to institute oral antiviral
therapy at the very first sign of clinical varicella. The latter
approach is considerably less expensive than passive im-
munization. Susceptible adults who do not develop varicella
after a close exposure should be strongly considered for ac-
tive immunization against varicella (see below).

Patients with HIV infection, especially those with AIDS,
are at increased risk of developing severe varicella (3, 77).
Their management should be similar to that of other varicella-
susceptible immunocompromised children and adults.

Infants whose mothers have active varicella at delivery
should receive passive immunization; specifically, this in-
cludes infants whose mothers have onset of chickenpox 5
days or less prior to delivery or within 48 hours after delivery.
The transplacental route of infection and the immaturity of
the immune system probably account for the severity of
varicella in these infants (77). The dose of VZIG or VariZIG
for newborn infants is 125 U intramuscularly. Attack rates
for varicella of up to 50% in infants exposed to mothers who
have varicella have been reported, despite administration of
VZIG (77). Usually varicella is mild in passively immunized
infants; severe varicella after timely administration of VZIG
is rare (3). Passively immunized infants should be monitored
carefully, but usually these infants can be managed on an
outpatient basis even if they develop varicella. They may be
given therapeutic oral acyclovir (ACV). The rare passively
immunized exposed infant with varicella who develops an
extensive skin rash (more than 100 vesicles) or possible
pneumonia should be hospitalized and treated with intra-
venous ACV.

It is unnecessary to passively immunize full-term infants
who are exposed to VZV after they are 48 hours old. Passive
immunization is optional for newborn infants (under 1 week
old) if their siblings at home have active varicella, particu-
larly if the mother has no history of chickenpox or if the
mother develops varicella. Infants whose mothers have
previously had varicella and who are exposed to siblings or
others with chickenpox are unlikely to develop severe var-
icella because they are at least partially protected by trans-
placental maternal antibody. Infants exposed to mothers
with zoster do not require passive immunization because they
and their mothers have high titers of antibodies to VZV.
Some low-birth-weight infants may have undetectable VZV
antibody titers at birth; therefore, it is recommended that
newborn infants weighing less than 1,000 g or who are of less
than 28 weeks’ gestation who are exposed to VZV be pas-
sively immunized, even if their mothers had varicella.

Zoster occurs despite humoral immunity to VZV, and
patients with zoster have very rapid rises in VZV antibodies;
passive immunization is thus not useful to treat or prevent
zoster. It is not known whether passive immunization of

pregnant varicella-susceptible women who have been closely
exposed to VZV will protect the fetus against the congenital
varicella syndrome. Passive immunization is potentially use-
ful to prevent severe varicella in varicella-susceptible preg-
nant women who are exposed to VZV.

Alternatives to VariZIG include intravenous immuno-
globulin, 400 mg/kg, and zoster immune plasma (3).

Active Immunization against Varicella
Active immunization against varicella can be successfully
accomplished with live attenuated varicella vaccine. This
vaccine was developed in Japan in 1974 (145) and was ap-
proved by the FDA in the United States in March 1995 for
universal administration to healthy children and adults who
are susceptible to varicella (146). The vaccine is well tol-
erated and safe (3). The major complication following
vaccination of healthy persons is a vaccine-associated rash,
which occurs in 5% of vaccinees about 1 month later (3).
These rashes are usually extremely mild in healthy vacci-
nees, with an average of five skin lesions that are generalized
and/or at the injection site. The risk of transmission of Oka
vaccine virus to others is present only while the vaccinee has
rash, is exceedingly rare (1 transmission per 10 million
vaccinees), and is much lower than the rate of transmission
after exposure to wild-type VZV (3). The risk to anyone
from wild-type VZV is greater than the risk from vaccine-
type VZV. Therefore, it is recommended to immunize hos-
pital workers and individuals whose family members are
immunocompromised or pregnant, especially if they are
susceptible to varicella (146). Highly immunocompromised
individuals inadvertently closely exposed to a vaccinee with
rash can be passively immunized if they are susceptible to
varicella, although this is not considered mandatory.

Vaccinated individuals who develop a rash within 2 to 3
weeks after immunization may have been exposed to wild-
type VZV prior to being vaccinated and are likely to have a
rash caused by the wild-type virus (44). This should espe-
cially be suspected if many lesions occur and are accompa-
nied by systemic symptoms, which are unlikely to be caused
by the vaccine-type virus. It is extremely helpful in trying to
evaluate such a situation to utilize PCR to differentiate be-
tween wild-type and vaccine-type VZV (3).

Live attenuated varicella vaccine is highly protective
against chickenpox in healthy and immunocompromised
children and in healthy adults. Not all vaccinees, however,
are completely protected, particularly after one dose of
vaccine (3). Roughly 15% of children may manifest a
modified illness, referred to as breakthrough varicella,
months to years after receipt of one dose. Varicella vaccine
has, however, been over 95% effective in preventing severe
varicella (3). Varicella vaccine is less effective in adults than
in children; even after two doses of vaccine, only 70% of
adults achieve complete protection from varicella following
a close exposure to VZV, although the remainder usually
have partial protection (147). In contrast, 85% of immu-
nized healthy children are protected after only one dose of
vaccine (3, 143, 148). Breakthrough varicella is almost al-
ways a modified illness, with fewer than 50 skin lesions and
minimal systemic signs. In one study, about two thirds of
cases of breakthrough varicella were classified as mild (< 50
skin lesions) (148).

In order to improve protection against breakthrough
varicella in healthy child vaccinees, a second routine dose of
vaccine was recommended by the Centers for Disease
Control and Prevention (CDC) and the American Acad-
emy of Pediatrics in June 2006 (146). The second dose may

472 - THE AGENTS—PART A: DNA VIRUSES



be administered at any time after 1 month following the first
dose, but an interval of at least 3 months is preferred. Var-
icella vaccine for children may be given either as monova-
lent vaccine or as measles-mumps-rubella-varicella (MMRV)
vaccine. In a case control efficacy study of monovalent
vaccine, two doses of varicella vaccine were significantly
more protective against breakthrough chickenpox than one
dose (149). Anamnestic humoral and cellular immune re-
sponses to VZV after two doses of vaccine given months or
years apart have been reported in several studies (3).

The observation of breakthrough varicella in about 15%
of children following one dose of vaccine prompted analyses
of whether this phenomenon could be due to primary or
secondary immune failure. A result of either or both could be
an accumulation of young adults who are susceptible to
varicella a decade or so after vaccination. A study of 148
children indicated that the rate of primary vaccine failure
was 24%, based on FAMA testing for VZV antibodies in the
first 4 months after vaccination (111). An epidemiological
study of children in Antelope Valley, CA, indicated that
there was an increase in breakthrough varicella with time
(over a 9-year period), with increasing severity of break-
through cases (150). These data were interpreted to repre-
sent immunity’s waning with time (secondary vaccine
failure). In contrast, however, a case control study did not
reveal any decrease in immunity in years 2 to 8 after im-
munization (143). The issue of whether waning immunity
occurs after receipt of one dose of vaccine is therefore con-
troversial but seems unlikely based on recent information
(151). In any case, a recommended second dose of vaccine
for all children addresses the possibility of both primary and
secondary vaccine failure following one dose.

Varicella vaccine has been used effectively to protect
immunocompromised children. It is no longer recommended
that children with leukemia be vaccinated because of the
development of vaccine-associated rash in roughly 50% that
often requires treatment with acyclovir (ACV) (152). In
contrast, children with HIV infection whose immune func-
tion remains relatively intact (more than 15% CD4 lym-
phocytes) have tolerated varicella vaccine as well as healthy
children have (153, 154). Two doses at least 1 month apart
are recommended for HIV-infected children. Vaccination
against varicella protects HIV-infected children from both
varicella and zoster (155). Vaccination of children prior to
renal transplantation has also been highly successful in
preventing severe varicella and also zoster (3). Small studies
suggest that vaccination after liver transplantation may be
safely accomplished (156).

Vaccinated individuals are at risk of developing zoster,
but the incidence appears to be lower after vaccination than
after natural infection (Figure 12) (157). Possibly this is
because after vaccination the viral latency load is lower than
after natural infection. A small study of healthy adult vac-
cinees also suggests similar protection against zoster (158).
One third of the reported zoster cases in vaccinees are caused
by the wild type virus (159).

Significant progress has been made in development of a
vaccine to prevent zoster in the elderly. Interest in this ap-
proach was generated by the recognition of immunologic
boosting that accompanies reexposure to VZVand the loss of
VZV CMI prior to developing zoster. In this case, the ra-
tionale behind prevention of zoster with vaccination is to
minimize reactivation by increasing CMI to VZV in persons
who have latent infection.

Zoster can be prevented by immunizing elderly individ-
uals with VZV latent infection due to a prior attack of

varicella. This was shown in a double-blind placebo-
controlled study involving 38,546 healthy adults over the
age of 60 years, which was conducted from 1999 to 2004 (4).
The dose of vaccine used, marketed as Zostavax (Merck and
Co.), contains about 14 times the dose of live virus that is
present in monovalent varicella vaccine (Varivax) in the
United States (not less than 19,400 PFU per 0.65-ml dose).
The vaccine proved to be extremely safe; adverse events
were similar in vaccinees and placebo recipients, with the
exception of transient reactions such as rash or redness at the
injection site in 43% of vaccinees, compared to 17% in
controls. Although the development of zoster was not the
original primary endpoint of this study, a decrease in inci-
dence of zoster of 51% was found in vaccinees compared to
placebo recipients. There was better protective efficacy
against zoster in vaccinees aged 60 to 69 years (64%) than in
vaccinees aged 70 to 79 years (41%). In the original analysis,
when development of significant pain, not zoster itself, was
the primary endpoint, there was a 61% reduction of signif-
icant pain in vaccinees (some vaccinees had mild zoster with
only minor or no pain). Vaccination was also highly effec-
tive in prevention of PHN, especially in patients aged 70 to
79 years (55% effectiveness). Efficacy persisted for ~8 years
after vaccination (160).

A subunit (glycoprotein E) well-tolerated vaccine mixed
with the adjuvant As01B (called HZ/su) was recently
reported to have over 97% efficacy in elderly individuals
(50 to > 70 years of age) who were followed for ~3 years. In a
double-blind placebo-controlled study of 15,411 subjects in
18 countries, the incidence of HZ was 0.3 in vaccinees and
9.1 in placebo recipients per 1000 person-years of observa-
tion (161). This vaccine has not yet been licensed for use,
but rapid licensure seems likely.

These vaccines against zoster are important clinical
advances, although many questions remain, such as the
best age at which to immunize, the duration of the effec-
tiveness of the vaccine, and whether booster doses are
necessary.

FIGURE 12 Kaplan-Meier product limit analysis of the proba-
bility of remaining free of zoster in 96 children with leukemia who
had naturally acquired varicella before or after the diagnosis of
leukemia. (Reprinted from reference 157 with permission of the
Massachusetts Medical Society. All rights reserved.)
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Drug Prophylaxis
The antiviral drug ACV has been examined for prevention
of varicella in exposed persons (162). Despite apparent
prevention of clinical varicella in almost all cases in such
studies, the approach is not recommended in countries
where passive and active immunization is available. Whe-
ther there is long-term maintenance of immunity after pro-
phylactic ACV is not known. The CDC recommends
postexposure vaccination for healthy nonpregnant varicella-
susceptible individuals who have been exposed to VZV (2).
Long-term ACV therapy (1 year) as a preventive against
development of zoster in patients who have undergone bone
marrow transplantation appears to be useful, as well as in
patients who have undergone stem cell transplantation
(163, 164).

Treatment
Specific antiviral therapy became available in the mid-
1970s. The first drugs used were relatively ineffectual and
also toxic. The modern age arrived with the introduction of
ACV, which as its triphosphate is an inhibitor of DNA
polymerase and a DNA chain terminator that is highly ef-
fective against VZV (165). Current recommendations for
antiviral therapy for VZV are summarized below. For addi-
tional details the reader is referred to chapter 12.

ACV is extremely useful for therapy of VZV infections.
Patients with severe or potentially severe infections should
be treated with the intravenous formulation at dosages of
30 mg/kg/day for adults and adolescents and 1,500 mg/m2/day
for children (both given in three divided doses). Orally ad-
ministered ACV is less reliable for immunocompromised
patients because only about 20% of this formulation is
absorbed from the gastrointestinal tract. ACV is excreted by
the kidneys; patients with creatinine clearances of less than
50 ml/min/1.73 m2 should receive one-half to one-third of
this dosage. Intravenous ACV is infused over at least 1 h,
with maintenance fluids given both before and during the
infusion. Adequate hydration is important to prevent pre-
cipitation of the drug in the renal tubules, which can result
in increases in serum creatinine levels. This complication of

ACV has also been associated with bolus administration.
Other adverse effects of ACV include phlebitis, rash, nausea,
and neurologic manifestations such as headache and tremor.
In general, however, ACV is extremely well tolerated.

Because ACV has little associated toxicity, and therapy
within 2 to 3 days of onset has been associated with the best
outcomes, it is recommended that early therapy be instituted
for patients at high risk of developing severe VZV infections,
such as children with leukemia, in order to prevent dis-
semination of the virus, as well as patients with ophthalmic
zoster (166, 167). Therapy with ACV not only is potentially
lifesaving in immunocompromised patients with VZV in-
fections but also it prevents considerable morbidity. In zoster
patients, use of intravenous ACV is associated with more
rapid healing of skin lesions and resolution of acute pain
than if no specific treatment is given (Table 4) (166, 167).

Orally administered ACV may be used for treatment of
varicella and zoster in otherwise healthy adults and children,
although most of these infections are self-limited. Dosages
used are 4 grams per day (in five divided doses) for adults and
80 milligrams per kilogram per day (in four divided doses) for
children. Double-blind placebo-controlled studies with
healthy children and adolescents given 80 milligrams of
ACV or placebo per kilogram a day for 5 days, beginning
within 24 hours of onset of the varicella rash, revealed that
the number of chickenpox skin lesions was reduced by ACV
therapy. There was, however, only about 1 less day of fever,
and children who were treated with ACV did not return to
school any more rapidly than those who received placebo,
reflecting a modest benefit conferred by ACV therapy.
Therapy with oral ACV did not prevent complications or
prevent spread of VZV (168). The therapeutic effect of oral
ACV is no more pronounced in adults with varicella than in
children (169). Because of the possibility of a therapeutic
effect with the use of a very safe drug, however, it has become
customary to treat most immunocompetent adolescents and
adults who develop varicella with ACV or a related com-
pound.

For zoster, drug efficacy has been shown even if 3 days
have elapsed since onset, but the earlier ACV is begun, the

TABLE 4 Drugs for treatment of VZV infectionsa

Dosage for treatment

Drug Varicella Zoster Comments

Acyclovir 20 mg/kg q.i.d. p.o.b for 5 days,
500 mg/m2 every 8 hr i.v.

800 mg 5 times/day p.o. (adult
dose) for 7–10 days, 10 mg/kg
every 8 h i.v.

i.v. drug of choice for
immunocompromised patients;
p.o. administration shortens
course of varicella by ca. 1 day in
children and decreases acute
pain of zoster

Valacyclovir (p.o.) 20 mg/kg t.i.d. p.o. for 5 days,
age 2–18 yrs

1 g t.i.d. for 7 days (adult dosage)
p.o.

High oral bioavailability; decreases
ZAP duration; 0.5% of
immunocompromised patients
develop hemolytic-uremic-like
syndrome

Famciclovir (p.o.) NI 500 mg t.i.d. for 7 days (adult
dosage)

High oral availability; decreases
ZAP duration

Foscarnet Dosage for children not established 120 mg/kg/day divided TID (adjust
for renal function) i.v. up to 3
weeks

For ACV-resistant VZV infection
i.v.

aq.i.d., four times a day; t.i.d., three times a day; p.o., orally; i.v., intravenously; NI, not indicated because of lack of supporting data; ZAP, zoster-associated pain
(includes PHN).

bMaximum per day, 800 mg.

474 - THE AGENTS—PART A: DNA VIRUSES



greater the therapeutic effect. There is some indication that
early ACV therapy may decrease acute pain associated with
zoster (170). Therefore, it is recommended that elderly pa-
tients with early zoster be given prompt antiviral therapy
because the older the patient with this disease, the more
likely it is that pain will be a future problem. One study
showed no difference in outcome in older patients with
zoster whether they were treated with ACV for 7 or 21 days
(171). In this study, recovery was no more rapid, nor was
PHN less likely to occur, if a 3-week course of tapering
prednisolone (beginning at milligrams per day) were given
along with ACV.

Famciclovir (FCV), is a prodrug of the antiviral penci-
clovir, to which it is rapidly converted in the body after oral
administration. Penciclovir has an antiviral action similar to
that of ACV. FCV was approved by the FDA in 1994 for oral
therapy of zoster in adults. An advantage of FCVover ACV
is that FCV is given three times a day (500 milligrams per
dose) rather than five times a day, which may lead to better
patient compliance. One study suggests that FCV given to
elderly patients with zoster early in the course of infection
decreases the duration of PHN but not its incidence (172).
There are no data as to whether varicella may be successfully
treated with FCV, nor are there any published data on use of
FCV in immunocompromised patients or in children.

The prodrug of ACV, valacyclovir, which is also given
orally, reaches levels in blood that are about four times
higher than ACV levels after oral administration. Valacy-
clovir is approved for use in the United States, and one study
suggested that it may be superior to ACV in immunocom-
petent patients with zoster (173). Valacyclovir may not be as
effective as intravenous ACV, however, in highly immuno-
compromised adults, particularly those with AIDS with se-
vere VZV infections (174). The dosage of valacyclovir for
immunocompetent adolescents and adults with zoster is 1
gram three times a day, orally. As for all antivirals, early
therapy (within 3 days of onset of rash) is required for ef-
fective results.

Foscarnet is useful for treating VZV infections caused by
viruses that are resistant to ACVand FCVand was approved
by the FDA for this purpose. Foscarnet acts by directly in-
hibiting the DNA polymerase of VZV (175). Intravenous
foscarnet has been used for adults at a dosage of 120 milli-
grams per kilogram per day (in three divided doses) for VZV
infections that are resistant to ACV. The dosage for children
is not established. Its main toxicity is renal.

VZV retinitis is a potentially very serious but fortunately
rare form of infection. Some forms require treatment with
combination antiviral therapy including foscarnet and gan-
ciclovir; consultation with an experienced ophthalmologist
is strongly recommended for these patients.

Of concern about the potential widespread use of ACV
is that drug resistance may develop and that resistant VZV
may spread to others. At present, resistance is less a problem
with VZV than with HSV. As for HSV, however, VZV re-
sistant to ACV has been reported, most commonly for pa-
tients with underlying AIDS (176, 177). Rarely, the Oka
vaccine strain of VZV has developed resistance to ACV
(142, 178, 179).
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Human cytomegalovirus (HCMV) was first isolated in the
mid-1950s, when the new technology of cell culture became
available. It was isolated independently by three different
investigators and named because of its cytopathic effect
(CPE), which produced large, swollen, refractile cells causing
“cytomegaly.” The virus is ubiquitous, having infected most
individuals by early adulthood in developing countries and
by late adulthood in developed countries. Most individuals
show no symptoms as a result of primary infection, reacti-
vation, or reinfection, indicating that the virus is well
adapted to its normal host, which commits substantial im-
mune resources to controlling HCMV. However, in indi-
viduals whose immune system is either immature (as in the
fetus) or compromised by immunosuppressive therapy or
human immunodeficiency virus (HIV) infection, HCMV
can cause serious end-organ disease (EOD). Furthermore,
accumulation of HCMV-specific T cells over decades con-
tributes to immunosenescence. Thus, HCMV acts as an op-
portunist, damaging the very young and the very old as well
as adults and children whose immune systems are impaired.

The pathogenesis of HCMV disease is complex, involv-
ing contributions from the host as well as from the virus.
Increasing knowledge about the genetic composition of the
virus can help to illuminate this complex series of relation-
ships and provide a rational basis for therapeutic interven-
tion and prevention of disease.

VIROLOGY
Classification
HCMV is a member of the Betaherpesvirinae subfamily of the
Herpesviridae. This classification was originally based on its
slow growth in vitro and strict species specificity but is now
based on genetic sequence homologies among the Alpha-,
Beta-, and Gammaherpesvirinae subfamilies. Based on re-
striction enzyme analysis of virion DNA, there are multiple
genetic variants, termed strains. These genetic differences do
not allow classification into distinct genotypes.

Likewise, the corresponding differences in antigenic
constitution do not allow distinct serotypes to be defined.
Strains are still best characterized as having an antigenic
mosaic, which is recognized broadly by the host cellular and
humoral immune responses. Individuals infected with one
strain of HCMV thus have cross-reactive immunity against

all strains, although the extent to which this provides cross-
protection from disease remains to be defined.

The International HCMV Workshop in 1993 agreed
upon a nomenclature for the description of HCMV proteins,
which is used in this chapter (1). The system designates p for
protein, gp for glycoprotein, or pp for phosphoprotein, fol-
lowed by the genetic locus and any preferred trivial name in
parentheses. For example, gpUL55 (gB) is the glycoprotein
encoded by the 55th open reading frame (ORF) in the
unique long (UL) region, known as glycoprotein B (gB).

Composition
Purified HCMV virions contain about 60 virus-encoded
proteins and more than 70 host proteins (1). In common
with all herpesviruses, the HCMV virion has three basic
structural units.

Capsid
The HCMV capsid has a diameter of 125 nm and, by
cryoelectron microscopic (cryo-EM) reconstruction, is made
up of 162 capsomeres arranged as an icosahedral lattice with
a triangulation number of 16. There are 150 hexons, which
comprise 6 copies of the major capsid protein (MCP, encoded
by the UL86 gene), 11 pentons (5 copies of the MCP), and,
by analogy with herpes simplex virus (HSV), 1 penton that is
structurally distinct and acts as the portal for DNA packag-
ing. In HSV, the portal is a dodecamer of the UL6 protein;
the HCMV homolog of this is UL104. The capsid provides
the architecture to contain the viral genome, a double-
stranded DNA molecule.

Tegument
Historically, the tegument has been described as an amor-
phous layer. Cryo-EM reconstructions of HSV have revealed
a more structured protein layer (2), and it seems likely that
the HCMV tegument has a broadly similar appearance.
Structurally, the tegument is a link between capsid and en-
velope and may play a pivotal role in particle assembly.
Functionally, the tegument contains key regulatory proteins,
pp65 and pp71, that are delivered in significant amounts to
the host cell.

pp65
Protein pp65 (ppUL83), the most abundant virion protein,
accounts for about 15% of the total. It is the antigen that is
detected in the diagnostic antigenemia assay and is also the
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major component of dense bodies (accounting for an excess
of 90% of total virion proteins). The latter are noninfectious
particles comprising a core of tegument proteins enclosed in
a lipid envelope, which are formed during HCMV infection.
Protein pp65 is trafficked to the nucleus very early in the
infection via an unusual bipartite nuclear localization signal.
The pp65 is a multifunctional protein that is required for
various immunomodulatory roles: affecting presentation of
immediate-early (IE) peptides (3), down-regulation of
human leukocyte antigen-antigen D related (HLA-DR) (4),
inhibiting natural killer (NK) cell responses (5), and an-
tagonizing aspects of interferon response (6) known to be
activated during viral infection (7). The protein also binds
another tegument component, the viral protein kinase
UL97 (8). Immunologically, pp65 is a significant target for
CD4 and CD8 T-cell responses (9). Remarkably, a virus
mutant lacking pp65 has no growth defect in vitro–except
that no dense bodies are formed (10)–which would be
consistent with the premise that pp65 is required for the
evasion of host immune responses in vivo.

pp71
Protein pp71 (ppUL82) is rapidly translocated to the nu-
cleus after virus entry. It is a transcriptional transactivator,
recognizing promoters with AP1 or activating transcription
factor (ATF) sites in their regulatory regions, particularly the
major IE promoter (MIEP) (11). This transactivation is
enhanced by an interaction with another tegument protein,
ppUL35. As a potent transactivator, pp71 is analogous to the
VP16 virion transactivator protein of HSV. In addition,
pp71 overcomes hDaxx-mediated suppression of HCMV
replication and is thus essential for the onset of productive
replication (12). Another key binding partner of pp71 is the
retinoblastoma protein (13), an interaction that provides
sensitive regulation of a key cellular protein that is also re-
quired for efficient viral replication (14).

pp150
The basic phosphoprotein ppUL32 (pp150) accumulates
late in infection at the putative sites of virus assembly, and a
UL32-negative virus fails to complete the cytoplasmic stages
of egress, consistent with a role in envelopment (15). The
tight physical association of pp150 with capsids (16) em-
phasizes the presumed structural role of tegument in linking
capsid with envelope and perhaps in driving virus assembly.
Protein pp150 is an immunodominant B-cell target.

Envelope
The viral envelope is a host-derived lipid bilayer that
contains viral glycoproteins. Envelopment is thought to
occur in the endoplasmic reticulum (ER)-Golgi intermedi-
ate compartment (17), and the envelope is thus most likely
derived from membranes in this region of the cell (see
below). The HCMV genome codes for over 50 predicted
glycoproteins, 19 of which are detected in mass spectro-
metric analysis of purified virions (18). The envelope gly-
coproteins represent the main point of contact between
intact virus and host, and as such they are important in-
ducers of neutralizing antibodies.

An important subset of envelope glycoproteins mediates
virus entry (Table 1). The entry glycoproteins fall into two
groups: those that are conserved throughout herpesviruses,
i.e., gpUL55 (gB), gH, gL, gM, and gN, and those lim-
ited to Betaherpesviruses, i.e., gO, gUL128, gpUL130, and
gpUL131. The precise role of these proteins remains debated
although the conserved glycoproteins appear important for

gB-dependent fusion in all cell types whereas the pentameric
complex (including UL128/130/131) may act through a
distinct mechanism (19) that is an important determinant of
tropism for endothelial/epithelial cells (20).

The HCMV envelope glycoproteins appear to exist in
three distinct complexes: gCI, gCII, and gCIII (21). The gCI
is made up of oligomers of gB, which are thought to have a
role in attachment, fusion, and receptor binding (see below).
The gB monomer (Fig. 1) comprises two subunits, gp116 and
gp55, derived by furin cleavage of a precursor. This cleavage
is not essential for virus infectivity in vitro (22). The protein
subsequently undergoes further processing and oligomeriza-
tion (23). Studies of the crystal structure of HSV gB have
shown a homotrimer, and HCMV gB probably shares this
overall structure (24).

The gCII comprises heterodimers of gM (UL100) and gN
(UL73). This complex plays a role in virus attachment via
the host cell proteoglycan-binding activity of gN. Both
components also have roles in assembly (25).

The gCIII is based on the disulfide-linked heterodimer of
gH (UL75) and gL (UL115). This in turn interacts with gO
(UL74) or with gpUL128, gpUL130, and gpUL131A,
forming two or more distinct complexes (26). Virus-free
fusion assays have implicated gH/gL alone as a fusogenic
complex (27).

A number of other envelope glycoproteins have been
recognized. gpUL4 is a glycoprotein of unknown function
that is expressed with early kinetics. HCMV encodes four
chemokine receptor homologs, US27, US28, UL33, and
UL78. Two (UL33 and US27) are known to be in the virion
(28). In contrast to most host receptors, the viral CCR
homologs are constitutively activated. Those in the virion
are theoretically able to signal as soon as they become in-
corporated into host membranes following virus entry. US28
induces migration of smooth muscle cells (29), and this is
perhaps significant in terms of an association of HCMV with
vascular disease.

Genome
The most accurate representation of the HCMV genome has
come from comparisons of the complete genomic sequence
of a minimally passaged strain, Merlin, with partial se-
quences from other strains, including some obtained directly
from clinical material (30). HCMV genomic analyses have

TABLE 1 HCMV envelope glycoproteins

Complex in
envelope

Constituent
protein(s)

Mapped
ORF

gCI gB gpUL55
gCII gM gpUL100

gN gpUL73
gCIII gH

and
gL
plus
gO
or
gH/gL
plus

gpUL75

gpUL115

gpUL74

gpUL128
gpUL130
gpUL131A
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been complicated by the tendency of the virus to lose a 22-
kilobase (kb) segment of the genome, termed ULb¢, rapidly
upon isolation and passage in fibroblasts (31). The ULb¢
segment contains genes that are not essential for replication
in vitro but ones that play key roles in immune evasion and in
determining cell tropism.

The HCMV Merlin genome is a 235,645-base pair (bp)
linear double-stranded DNA molecule with a coding ca-
pacity of 165 genes (30). It is the largest genome among the
human herpesviruses. The genome comprises two unique
regions, termed UL and unique short (US), flanked by re-
peated sequences. Inversions of the unique regions give rise
to four isomeric forms of virion DNA present in equimolar
amounts. No pathological significance has been attributed to
these isomers.

The Merlin genome (Fig. 2) has a central section that
contains the core genes, approximately 40 genes that are
conserved throughout the Alpha-, Beta-, and Gamma-
herpesvirinae. Many of the other genes are grouped into
families of related genes (Fig. 2) thought to have evolved by
duplication events. There are numerous spliced genes.
MicroRNAs have been detected across the genome encoded
by both strands (32–34). A functional RNA is encoded that
regulates mitochondrial-induced cell death (35). The UL36-
38 gene region encodes potent inhibitors of apoptosis which
inhibit activation of caspase 8 (UL36), mitochondrial acti-
vation (UL37) exon 1 and apoptosis following endoplasmic
reticulum stress (UL38; UL37).

Sequence variation occurs across the genome but appears
to be highest at either end of the UL segment. A number of

FIGURE 1 Schematic representation of glycoprotein B from HCMV. A: The locations of the known antigenic domains (AD) mapped
onto gB. B: Linear representation of domain architecture. C: gB monomer, trimer, and three-dimensional representation showing domains.
AD1 is a linear, immunodominant epitope, AD2 a linear epitope, AD3 a linear epitope located where the transmembrane portion of gB abuts
the cytoplasmic portion, AD4 a discontinuous epitope, and AD5 a discontinuous epitope. SP, signal peptide; TM, transmembrane domain;
CD, cytoplasmic domain; dom, domain. Adapted from Potzch et al., (2011) PLOS Pathogens vol 7, issue 8; e1002172.
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FIGURE 2 Consensus genetic map of wild-type HCMV based on the Merlin genome. RL and RS (which contain the a sequence as a direct
repeat at the genome termini and as an inverted repeat internally) are shown in a thicker format than UL and US. Protein coding regions are
indicated by colored arrows grouped according to the key, with gene nomenclature shown below. Introns are shown as narrow white bars.
Genes corresponding to those in AD169 RL and RS are given their full nomenclature, but the UL and US prefixes have been omitted from
UL1–UL150 (12 to 194 kbp) and US1–US34A (199 to 231 kbp). Colors differentiate between genes on the basis of conservation across the
Alpha-, Beta-, and Gammaherpesvirinae (core genes) or between the Beta- and Gammaherpesvirinae (sub core genes), with subsets of the
remaining noncore genes grouped into gene families. GPCR, G protein coupled receptor. (Reprinted from reference 30 with permission).
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genes, notably UL146, which encodes a functional alpha
chemokine, as well as UL73, UL74, and UL144, show a
remarkable level of sequence variation (36). The functional
significance of this variation is not known. “Next genera-
tion” sequencing techniques revealed extensive genetic di-
versity on an order of magnitude greater than previously
identified (37). It remains possible that these techniques
accurately document genetic variation in transcription but
that most changes are deleterious to infectivity so that the
CMV virion produces a genetic bottleneck containing a
relatively conserved genome. Ribosomal profiling revealed
that genetic information was being translated from regions of
the genome that were not recognized as distinct ORFs (38).
Indeed, proteins may be produced from 700 distinct regions
of the genome rather than from the 165 named ORFs, al-
though confirmation of these findings is needed.

Replication Cycle

Virus Entry
Like other herpesviruses, primary attachment of HCMV is
mediated by interactions between virion glycoproteins and
sulfated proteoglycans on the host cell surface (39). This
primary attachment serves to bring the virus into close as-
sociation with the target cell to allow receptor binding.
HCMV entry can occur by direct fusion between the virion
envelope and the plasma membrane or via endocytosis fol-
lowed by fusion from within the endosome (40, 41). The
cellular and viral factors contributing to the choice of
pathway are not known. Three glycoproteins—gB, gH, and
gL—constitute the core herpesvirus entry machinery. The
roles played by each protein in the entry process remain
unknown.

The crystal structure of HSV gB shows convincing sim-
ilarities to the G protein of vesicular stomatitis virus, a
known fusion protein (42). HCMV gB appears to be fuso-
genic when stably expressed in U373 cells, although fusion
assays have shown that HCMV gH/gL alone can mediate
fusion (27), and HSV gH/gL has certain characteristics that
resemble fusion proteins. These proteins cooperate closely to
mediate fusion, and coimmunoprecipitation studies show
that HCMV gB and gH interact transiently during virus
entry (43).

The gH/gL heterodimer is found in at least two distinct
complexes (Table 1), one with gO and one with glycopro-
teins encoded by members of the genes from UL128 to
UL131. The latter have been shown to have a role in me-
diating entry to endothelial cell types, but not fibroblasts
(44), and blocking studies with soluble UL128 protein
suggest that this may bind a receptor on endothelial cells
(43). The use of different forms of gH/gL complex as a means
of regulating host cell tropism is an emerging theme in the
Beta- and Gammaherpesviruses (45), although recent data
challenge this view (19) and instead argue that gH/gL/gO is
required for gB-mediated fusion in all cell types and that the
pentameric complex defines endothelial cell tropism
through an additional undefined mechanism.

The virus cell contacts that are a precursor to entry in-
duce a range of signaling events, but their role in the context
of virus entry is not clear. Various candidate receptors for gB
and gH/gL have been proposed, but there is as yet no con-
sensus as to their role in entry.

Transport to the Nucleus
After entry, the tegument and capsid are released into the
cytoplasm. Transport of the capsid to the nucleus occurs in a

microtubule-dependent manner, and capsids appear to retain
some tegument throughout this process (46). The viral ge-
nome is released from capsids when they reach the nuclear
pores. The mechanism underlying localization and release of
the genome is unknown, although recent data implicate the
UL47 tegument protein in this process (47).

Transcription and Gene Expression
HCMV gene expression, in common with other herpes-
viruses, occurs in three phases, termed immediate early (IE),
early (E), and late (L). In general, IE genes encode regulatory
proteins, E genes encode replication proteins, and L genes
encode structural proteins. The IE genes are the first to be
transcribed in the replication cycle. A defining characteristic
is that they are transcribed in the absence of viral protein
synthesis. There are five IE transcription loci in the ge-
nome: UL36-37, UL122/123, UL119-115, US3, and TRS1.
The most abundant, and by far the best studied, transcripts
are those arising from the major IE locus: UL122/123.
Expression of these genes is controlled by the MIEP, well
known from its widespread use in expression plasmids. The
MIEP is complex, with multiple transcription factor binding
sites in the upstream enhancer element. This combination of
sites may well play a role in allowing IE gene expression to
occur in a diverse array of cell types, perhaps containing
a varied repertoire of transcription factors. Broadly speak-
ing, the MIEP is active in differentiated cell types and is
repressed in undifferentiated cell types. This differential
activity appears to be a significant regulator of latency and
reactivation.

Though numerous gene products are produced through
intricate patterns of splicing, the two major products are the
IE1 and IE2 proteins (Fig. 3). These two proteins have a
common N-terminal region, corresponding to exons 2 and 3
of the gene locus; they differ in the C-terminal region, IE1
corresponding to exon 4 and IE2 corresponding to exon 5.

MIEP-driven transcription is favored by events that occur
concurrently with virus entry. Cell surface binding by gB and
gH induces NF-kB and Sp1 expression (51), which could
favor MIEP activation due to the presence of binding sites
for both these transcription factors. A more important aspect
is the delivery of the virion transactivator, pp71, which is
released as soon as incoming virions are uncoated (11) and
targets a number of antiviral host factors to drive MIE viral
gene expression. The detailed functions of the IE1 and IE2

FIGURE 3 The major IE region of HCMV showing the splicing
events that produce distinct proteins. TA, transcriptional activa-
tion; PA, polyadenylation; l.mRNA, late mRNA.
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proteins have been reviewed (52). IE1 binds PML and dis-
rupts ND10 (53). An IE1-negative virus fails to replicate at a
low multiplicity of infection. This deficit can be overcome
by histone deacetylase (HDAC) inhibitors (54), highlight-
ing the importance of these molecules in the regulation of
MIEP activity (see below). Binding of IE1 to HDAC3 pro-
motes transcription by antagonizing histone deacetylation
through sequestration away from target viral promoters. This
drives acetylation of histones bound to viral promoters
driving viral gene expression (54). IE1 is also capable of
direct transactivation (55).

IE2 is essential for virus replication. It has dual roles in
regulating expression of viral and cellular genes and nega-
tively autoregulating the MIEP via an upstream cis-acting
repressive sequence (Fig. 4). IE2 also binds HDAC3, po-
tentially resulting in an effect similar to that of IE1 (54)
although this could also contribute to repression of MIEP
seen at late times of infection (56). IE2 localizes to ND10-
like structures in association with the viral genome. These
foci develop into replication compartments, consistent with
a role for IE2 in the early stages of genome replication (57).
Indeed, IE2 binds a promoter in the lytic origin of replication
in complex with the E protein UL84 (see below).

Both IE1 and IE2 activate E and L gene expression. E
genes are defined as those genes that (i) require prior ex-
pression of the IE genes for transcription and (ii) can be
expressed in the presence of inhibitors of DNA replication,
such as ganciclovir and foscarnet.

DNA Replication, Capsid Assembly,
and DNA Packaging
In contrast to transcription, for which the virus relies on cel-
lular machinery, the virus encodes its own DNA replication
apparatus. Thus, viral DNA replication is a key target for the
development of antiviral drugs. HCMV also stimulates pro-
gression of the host cell cycle toward S phase yet suppresses
host DNA synthesis, thus ensuring a cellular environment
suitable for viral DNA replication (58). Upon delivery to
the nucleus, genomes are deposited at ND10 sites, where
transcription and DNA replication both occur (59).

The input genome is thought to be circularized inde-
pendently of viral gene expression. Circularization is con-

sistent with a rolling-circle mode of replication, but this has
not been proven for HCMV. Indeed, HCMV genome rep-
lication intermediates are more complex than would be
produced by this method (60).

Eleven loci (Table 2) are required for HCMV genome
replication (61). The core replication proteins correspond-
ing to UL54 (DNA polymerase), UL44 (DNA polymerase
accessory protein), UL57 (single-stranded DNA binding
protein), UL105 (helicase), UL70 (primase), and UL102
(primase-associated factor), which are present in all her-
pesviruses, provide the basic DNA replication machinery.
However, the details of their function and interactions are
unknown (62).

The origin of replication, oriLyt, is adjacent to the UL57
gene, essential for virus replication, and distinct from other
viral origins (63). It is structurally complex and contains
numerous short repeated sequences, including transcription
factor binding sites, and has an overall asymmetry of nu-
cleotide distribution, being AT rich on the left side but GC
rich on the other (64). Transcripts are produced within
oriLyt (65), and two viral RNAs are present as RNA/DNA
hybrids within the region in packaged genomes (66). Given
the absence of an obvious origin binding protein in HCMV,
it seems likely that these are in some way involved in ini-
tiation of replication (66); indeed, the UL84 protein, which
is required for genome replication, binds stably to this region
of oriLyt (62). The initiation of L gene expression, which is,
presumably, in some way regulated by the onset of DNA
replication, is not understood.

Capsid Assembly
Based on their structural similarities, assembly of HCMV
capsids is likely to resemble that of HSV capsids. The MCPs
are conserved throughout the herpesviruses.

A transient internal scaffold coordinates assembly of the
nascent capsid (67). This scaffold contains two major
components encoded by the UL80 gene region: the protease
precursor (UL80) and the assembly protein, pAP (UL80.5),
which comprises the C-terminal half of the protease. The
first steps in capsid assembly occur in the cytoplasm, where
pAP interacts with itself and with the MCP and causes the
translocation of these capsid protomers to the nucleus (68).
Once in the nucleus, pAP associates with the protease pre-
cursor and other capsid components are recruited to the
protomers, giving rise to procapsids. Autoproteolysis of the
protease then liberates the scaffold components from the
nascent capsid (69).

FIGURE 4 Regulation of the major IE region of HCMV. CRS,
cis repression sequence.

TABLE 2 Eleven loci required for HCMV replication

Protein(s) Locus

DNA polymerase UL54
Polymerase-associated protein UL44
ssDNAa binding protein UL57
Helicase-primase UL70

UL105
UL101–102

Transactivators UL36–38
IRS1 (or TRS1)
IE1/2

Unknown functions UL84
UL112–113

assDNA, single-stranded DNA.
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Capsid maturation is coupled to DNA packaging. Based
on data from HSV, DNA is packaged through a unique
vertex containing the portal protein (UL6 in HSV). The
HCMV portal homolog, UL104, forms high-molecular-
weight complexes and binds DNA in a sequence-
independent manner (70). HSV UL6 is thought to act as a
nucleation factor for capsid assembly, explaining its asym-
metric localization in the capsid.

DNA packaging requires pac signals located at the ge-
nome termini. These are recognized by the viral terminase
complex, made up of UL56 and UL89 (71), which likely
interacts with the portal protein.

Egress
The broadly accepted model for HCMV egress is the
envelopment–de-envelopment–re-envelopment model.
Mature capsids bud through the inner nuclear membrane
(INM), acquiring a primary envelope. The resulting peri-
nuclear enveloped virions then fuse with the outer nuclear
membrane, liberating capsids to the cytoplasm. These traffic
to the site of envelopment, where they acquire tegument and
the final envelope. Mature virions are released from the cell
by exocytosis or lysis. However, much of this pathway is
inferred from studies of other herpesviruses, and some aspects
of the pathway remain controversial.

The earliest step is recruitment of capsids to the INM. For
HSV, the UL31 and UL34 proteins play a role in this re-
cruitment. The HCMV homologs of these proteins, UL53
and UL50, are thought to have a similar function, and UL53
colocalizes with lamin B at the INM, consistent with a role
in nuclear egress (72). Primary envelopment likely occurs by
budding into large infoldings of the INM. It is not clear
whether all of the tegument proteins are present in these
particles. Cryo-EM tomogram images of perinuclear envel-
oped HSV show that the tegument is distinct from that in
mature virions, suggesting that a subset of tegument proteins
may be included in these particles, although not all HCMV
tegument proteins have been detected in the nucleus. The
primary envelope is then lost by fusion between the primary
enveloped virion and the outer nuclear membrane, giving
rise to naked cytoplasmic capsids.

Based on confocal microscopic analysis, the site of final
assembly has been defined as a secretory vacuolar structure
that expresses Rab 3, TGN 46, and mannosidase II (49).
Data also support a role for endocytic compartments in
assembly and final envelopment. A fluid phase marker
colocalizes with sites of virus budding, and cell surface bio-
tinylation of infected cells leads to incorporation of bioti-
nylated gB into virions (73).

Some tegument proteins may play roles in driving the last
stages of virus assembly, including the secondary envelop-
ment step. A pp28-negative virus has cytoplasmic accumu-
lations of nonenveloped tegumented capsids (74);
accumulation of other viral proteins in the Golgi-associated
assembly region is not affected. Additionally, both gM and
gN (which form a heterodimer in the virion) have roles in
assembly.

During the later stages of virus assembly, an interaction
between phosphorylated gB and the host trafficking protein
PACS-1 is involved in recruitment of gB to the site of as-
sembly, although blocking of PACS-1 function has a modest
effect on progeny titers (75). EM studies have shown an
association of HCMV glycoproteins and budding particles
with cytoplasmic multivesicular bodies, and depletion of
endosomal sorting protein VPS4 using small interfering
RNA technology leads to enhanced release of HCMV par-

ticles and implicates the multivesicular bodies as compo-
nents in viral degradation (76).

BIOLOGY
Latency and Reactivation
A defining characteristic of herpesviruses is the establish-
ment and maintenance of a latent state from which the virus
can periodically reactivate to undergo productive replica-
tion. Peripheral blood monocytes are a major site of carriage
of HCMV DNA in healthy individuals (77). Monocytes
arise from bone marrow resident pluripotent CD34+ stem
cells, and this cell population appears to be a site of HCMV
latency, although it is not clear if this is the only one. CD34+
precursor cells are a self-renewing population, but it is not
clear whether successive generations of cells are reinfected
by virus produced from infected bone marrow stromal cells
or circulating infected endothelial cells or whether the
HCMV genome is maintained in this population by some
form of replication (78), perhaps analogous to the mainte-
nance of the latent Epstein-Barr virus (EBV) genome in
replicating B cells (79). The HCMV genome in CD14+
peripheral blood mononuclear cells is in a circular plasmid
form (80), but there is no conclusive evidence of a latent
origin of replication or of genes homologous to those re-
quired for EBV genome maintenance (79). UL84 may be
involved in the replication of latent genomes (78).

CD34+ monocytic precursors spend a relatively short
time in the bone marrow before differentiating and moving
to the peripheral blood. The regulation and initiation of
reactivation appear to be governed largely by differentiation-
dependent chromatin remodeling around the MIEP. Studies
of the MIEP in latently infected CD34+ cells and monocytes
from healthy donors show that it is associated with hetero-
chromatin protein 1 (HP-1) and non-acetylated histones,
both markers of transcriptional repression. Differentiation of
these cells led to loss of HP-1 and histone acetylation, pro-
viding an environment consistent with transcriptional ac-
tivation. This was correlated with recovery of infectious
virus, showing that HCMVreactivation is associated directly
with the chromatin remodeling that occurs with differenti-
ation (81).

Various viral transcripts have been associated with latent
infection, including those from the MIE region, the viral
interleukin 10 (IL-10) gene (UL111.5A), UL138, UL144,
US28, and an antisense transcript from the UL81-UL82
locus containing a 133-amino-acid ORF product. The role of
these transcripts in latency, and of any proteins encoded by
the transcripts, is currently unknown although recent evi-
dence points toward vIL-10 playing a key role in immune
evasion (82).

HLA Modulation
HCMV has evolved to contain a series of genes that are
capable of interfering with the immune response (see
Chapter 14). Most of these are proteins, but one is a mi-
croRNA, and HCMV also recruits some cellular proteins, in
the form of complement control proteins, to help avoid
innate immune responses (Table 3). The presence of these
multiple genes presumably allows HCMV to persist in
multiple sanctuary sites throughout the body.

Several proteins are responsible for down-regulating the
cell surface display of mature class I complexes (Fig. 5). At IE
times, pUS3 binds to HLA heavy chains in the lumen of the
ER and sequesters them. At E times, pUS6 blocks TAP, the
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transporter associated with antigen presentation. At E times
also, pUS2 and pUS11 re-export mature complexes back
from the ER to the cytosol, where they are degraded in the
proteasome. The coordinated action of these proteins pro-
duces a dramatic down-regulation of mature class I HLA
complexes, blocking the ability of cytotoxic T lymphocytes
(CTLs) to recognize the virus-infected cell. However, the
cell would then be susceptible to lysis by NK cells, which
recognize the absence of negative signals provided by
non-antigen-specific HLA molecules. Accordingly, HCMV
encodes two other proteins able to mimic these negative
signals: gpUL18 and gpUL40 (Fig. 5). The latter protein
encodes a canonical ligand within its leader sequence for
HLA-E that is identical to the HLA-Cw03 signal sequence
peptide. Expression of gpUL40 in HLA-E-positive cells
confers resistance to NK cell lysis via the CD94/NKG2A
receptor. The generation of the gpUL40 peptide ligand does
not require the TAP system, and the mature gpUL40 can up-
regulate expression of HLA-E.

HCMV also contains other genes that interfere with the
stress response of the cell, which would normally activate
NK cells to destroy the cell (Fig. 5). These include the
proteins encoded by UL16, UL141, and UL142, which in-
hibit the action of the “UL binding proteins,” CD155, and
an unknown stimulatory molecule. In addition, a micro-
RNA also blocks one of the UL binding proteins (83).

EPIDEMIOLOGY
Prevalence and Incidence
HCMV infection is distributed worldwide, with geographic
differences explained by socioeconomic differences of ex-
posure (50). HCMV infects both vertically and horizontally
and can be transmitted by either route during primary in-
fection, reinfection, or reactivation. Frequent shedding in
saliva, semen, and cervico-vaginal secretions in the absence
of symptoms enables inapparent transmission to others.
Between 2 and 10% of infants are infected by the age of 12
months in all parts of the world. In later childhood, close
contact facilitates transmission, so family groups, particularly
those crowded together in unhygienic circumstances, have a
high prevalence of infection.

In populations with upper socioeconomic circumstances,
approximately 40% of adolescents are seropositive, and this
figure thereafter increases by approximately 1% annually
(84) (Fig. 6). Approximately 70% of adults of upper socio-
economic conditions and 90% under poorer conditions
eventually become infected with HCMV.

Following primary infection, HCMV persists either in a
true latent form or in a state of low-level replication made
possible by the immune evasion genes described above.
Thus, individual cells could exhibit HCMV latency, while
particular organs could always have some cells producing
virus particles. Occasional reactivations of HCMV are al-
most always asymptomatic but presumably allow HCMV to
spread horizontally. Reactivations also transmit vertically, so
congenital HCMV infection is found most frequently in the
poorest communities in the world (85).

Reinfection with another, or possibly the same, strain of
HCMV can also occur; comparison of virion DNA samples
by restriction enzyme analysis or by sequencing can differ-
entiate between strains. The term recurrent infection is of-
ten used when infection is non-primary but it has not been
possible to differentiate reactivation from reinfection. No
seasonal patterns are recognized.

Transmission

Routes of Primary Infection

Intrauterine
The greatest risk to the fetus follows primary maternal

infection during pregnancy. Intrauterine infection presum-

TABLE 3 HCMV immune evasion genes

Immune defense Viral genes or host proteins

Complement CD46, CD55, CD59
Chemokines UL146, UL147, UL128
Chemokine receptors UL33, UL78, US27, US28
Interferon UL83, UL122, UL123, TRS1/IRS1
Fc receptors UL118/119, IRL 11
IL-10 UL111.5 (vIL-10)
CTLs UL83, US6, US3, US2, US11
NK cells UL18, UL40, UL16, UL141, UL142

MicroRNA miR-UL112

FIGURE 5 Effect of HCMV proteins on display of mature HLA
complexes at the plasma membrane (PM). TAP, transporter asso-
ciated with antigen presentation; RIB, ribosome; PRO, proteasome.

FIGURE 6 Age-specific prevalence of IgG antibodies against
HCMV.

488 - THE AGENTS—PART A: DNA VIRUSES



ably follows maternal viremia and associated placental in-
fection. Intrauterine transmission of HCMV occurs in ap-
proximately 32% of pregnant women with primary infection
(86). CMV-specific cell-mediated and neutralizing antibody
levels would be expected to develop more rapidly in non-
transmitters than transmitters, but the significance of
detecting early host immune responses in pregnancy is
confounded by gestational stage (87). Approximately 1% of
seropositive women transmit HCMV in utero, but at present
there are no laboratory markers to identify those at greatest
risk. Although they have a low risk as individuals, the
abundance of seropositive women in the community means
that most babies with congenital CMV infection are born to
women who were “immune” before conception (88).

Perinatal
Perinatal infection can be acquired from infected ma-

ternal genital secretions or breast milk. Milk is a plausible
source of HCMV, because perinatal infection has occurred
only when breast-feeding has taken place, not when infected
women gave bottle feeds to the infants.

Postnatal
The asymptomatic nature of most postnatal HCMV in-

fections precludes identification of the routes of transmis-
sion, but exposure to saliva or genital secretions during
sexual contact is suspected, because these contain infectious
virus. HCMV transmission occurs from child to child in day
care centers, most commonly among young children and
especially if one is known to be excreting HCMV. Trans-
mission via fomites, such as toys contaminated by saliva, has
been implicated. Infection in children is usually asymp-
tomatic, but infectious toddlers may transmit virus to adult
staff or to mothers (89–91).

HCMV seroprevalence is 90 to 100% among patients
attending clinics for sexually transmitted disease and among
male homosexuals. Individuals linked epidemiologically by
sexual contact have been shown to excrete strains of HCMV
on the cervix and in semen that are indistinguishable by
restriction enzyme typing. While these findings are consis-
tent with the sexual transmission of HCMV, formal studies
have not quantified the risk of acquiring HCMV by sero-
negative or seropositive contacts from particular sexual
practices. Individuals can be infected with more than one
strain of HCMV (92).

Blood Transfusion
The introduction of extracorporeal blood perfusion in

the 1960s led to a syndrome of leukopenia, pyrexia, and
atypical leukocytosis, termed post-perfusion syndrome,
caused by primary HCMV infection. The failure to isolate
HCMV from blood from healthy donors suggests that the
virus exists in a latent state, presumably within leukocytes,
and is reactivated when cells encounter an allogeneic
stimulus. Allogeneic stimulation of macrophages containing
latent HCMV reactivates virus, which can subsequently
infect and replicate in fibroblasts (93).

Although HCMV can be transmitted by blood transfu-
sion, this is an uncommon event, occurring in only 1 to 5%
of seronegative recipients exposed to seropositive blood. The
risk is reduced to zero where filters are used routinely to
remove leukocytes. No laboratory tests have been shown to
identify donors at high risk of transmitting HCMV.

Organ Transplantation
Seronegative patients undergoing solid-organ transplan-

tation are at no risk of primary infection from seronegative

donors, whereas a seropositive organ transmits the virus in
60 to 80% of donations. Both kidneys from a single donor
are usually concordant for transmission; however, it is not
clear whether parenchymal cells of the organ or infiltrating
leukocytes are the source of the infectious virus. Reinfection
also occurs with transmission from a seropositive donor to a
seropositive recipient. In contrast, typing of strains by re-
striction enzyme analysis of DNA demonstrates that the
virus causing disease after bone marrow transplantation is
derived from the seropositive recipient (94). Indeed, sero-
positive donors may be chosen preferentially for seropositive
recipients because they can adoptively transfer some im-
munity into the recipient (95).

Sperm Donation
Organizations that recruit and organize sperm donors

often reject CMV seropositive individuals. They collect
sperm from CMV seronegative individuals and store it fro-
zen. Three months later the same donor produces sperm and
serum; if the latter shows him to still be CMV seronegative,
then the earlier frozen sample is retrieved and used clinically.
This system has the potential to keep CMV infection at a
low rate, but has the disadvantage of rejecting the majority
of men volunteering to be donors.

PATHOGENESIS
HCMV replication occurs widely in multiple tissues, as il-
lustrated by isolation from autopsy material from AIDS pa-
tients (Table 4). During life, biopsy samples of lung, liver,
esophagus, colon, and kidney are frequently found to con-
tain HCMV. Replication has been demonstrated in poly-
morphonuclear leukocytes, monocytes, T lymphocytes
(CD4+ and CD8+), and B lymphocytes (96). Thus, HCMV
is a systemic infection. As described above, this ability to
replicate in multiple tissues is consistent with the presence of
many isoforms of transactivating proteins potentially able to
function in many cell types. However, it is not consistent
with the restricted range of cell types that can be infected
in vitro. The latter finding is probably an artifact resulting
from the inability to propagate and maintain in the

TABLE 4 Site of HCMV detection by cell culture
in 47 AIDS patient autopsies

Site No. (%) of cases

Esophagus 3 (6)
Stomach 3 (6)
Small bowel 5 (11)
Large bowel 7 (15)
Liver 6 (13)
Pancreas 3 (6)
Spleen 2 (4)
Trachea 4 (9)
Lung 19 (40)
Heart 5 (11)
Adrenal 17 (36)
Thyroid 4 (9)
Salivary gland 6 (13)
Brain 8 (17)
Spinal cord 1 (2)
Ganglion 2 (4)
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laboratory the fully differentiated cells preferred by HCMV.
An incubation period of 4 to 8 weeks can be estimated from
four distinct informative clinical settings. They are perinatal
infection, transmission by organ allograft, transmission by
blood transfusion, and intrauterine transmission following
primary infection in the mother.

Factors in Disease Production

Primary Infection
Immunocompetent infants, children, and adults usually get no
symptoms from primary infection. Infection in an immuno-
logically unprimed individual represents the greatest risk of
disease in the fetuses of pregnant women (97) and recipients of
solid-organ transplants (98), but this effect is not absolute.
Some patients with primary infection do not have disease,
whereas some with reinfection get disease. HCMV reinfection
of seropositive renal transplant recipients represents more of a
risk for disease than reactivation of latent virus (98). In con-
trast to the case with solid-organ recipients, reactivation rep-
resents the major source of HCMV disease in bone marrow
transplant patients (94). Likewise, HIV-positive patients rarely
experience primary HCMVinfection; their disease results from
either reactivation of latent infection or reinfection.

Viremia
Imbalance between the rate of production of HCMV at sites
of infection and its effective rate of immune clearance may
produce viremia. Subsequently, viremia seeds target organs,
which may or may not have sufficient local defenses to
prevent disease. The quantity of HCMV required to cause
disease is predicted to vary considerably, depending on the
precise details of the pathogenic mechanisms. Thus, im-
munopathology may be triggered at low viral loads but
remain present at high loads. Moderate loads may cause
disease through cell lysis secondary to viral replication. Fi-
nally, very high viral loads might damage target cells when
HCMV binds to them, a process we term direct toxicity.
This hypothetical scenario will become increasingly sus-
ceptible to investigation using measures of viral dynamics.
Because HCMV DNA can also be detected in the plasma of
patients (99), it will be important to determine if plasma
viremia marks a distinct phase of pathogenesis.

In recipients of solid-organ transplants or bone marrow,
the detection of active infection in saliva or urine using
conventional cell culture or PCR has a relative risk of ap-
proximately 2 for future HCMV disease (100). In contrast,
the detection of HCMV in the blood has a relative risk of 5
to 7, irrespective of methods of detection employed (100).
This provides the scientific basis for administering antiviral
drugs to patients with active HCMV infection before they
develop symptoms. For patients with viremia, the term
preemptive therapy is used, whereas the term suppression has
been used for those with viruria. Viremia is not an absolute
marker of disease but has a strong positive predictive value
(Table 5). Presumably, viremia indicates that innate immune
responses at local sites of infection have been inadequate.
Viremia allows HCMV to seed multiple organs, but some
transplant patients can presumably mount adequate regional
innate or adaptive responses to prevent HCMV disease. This
high risk for HCMV disease indicates that preemptive
therapy should be considered in patients with viremia (101).
Note that in the special case of HCMV pneumonitis in
transplant patients, especially bone marrow transplant pa-
tients, the HCMV immune response may contribute to
disease (i.e., HCMV pneumonitis may be an immunopath-

ological condition that, once initiated, does not respond
well to effective anti-HCMV therapy) (102). Nevertheless,
the incidence of such disease can be reduced significantly if
antiviral therapy is given as suppression (103), preemptively
(104), or as prophylaxis (105). This emphasizes the impor-
tance of targeting of antiviral drugs at the earliest possible
stage of infection, rather than when the patient has disease.

Virus Replication
HCMV replication patterns range widely depending on the
type of infection and host population. In 1975, Stagno and
colleagues (90) showed that among neonates with congen-
ital HCMV, the titer of viruria was significantly increased
among those with disease or those destined to develop dis-
ease (Fig. 7). The kidney is not a target organ for HCMV
disease in neonates, so the quantity of viruria presumably
reflects systemic infection in which viral production in the
kidney acts as a marker for replication in the target organs,
which are less clinically accessible (brain and inner ear)
(106). In the case of the neonate, this observation is even
more remarkable, given that the urine is sampled after birth,
yet infection may have occurred months earlier in utero
(97). Nevertheless, by 3 months of age, the significant dif-
ference between viral loads in the two groups of neonates is
no longer present (90), presumably reflecting the ability of
the neonate’s immune response to control active replication.

The advent of PCR enabled greater sensitivity of detec-
tion of HCMV to be achieved, and quantification by real-
time PCR can be used to determine HCMV load and
thereby gain insight into HCMV pathogenesis in transplant

TABLE 5 Comparison of PCR and culture for 150
immunocompromised patients

Value in blooda

Assay Sensitivity Specificity PPV NPV RR

Culture 0.26 0.93 0.5 0.82 3.4
PCR 0.8 0.86 0.62 0.94 5.84

aPPV, positive predictive value; NPV, negative predictive value; RR, relative
risk.

FIGURE 7 CMV load in the urine of neonates. TCID50, 50%
tissue culture infective dose. Symbols: B, symptomatic congenital
infection;�, asymptomatic;-, natal infection. Error bars indicate
standard errors of the means.
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patients (107). For example, in renal transplant patients, the
peak level of viruria and risk of HCMV disease are clearly
related (P < 0.01) (Fig. 8). The difference between the
median values in those with and without disease is approx-
imately 2 logs, very similar to the difference found in the
neonates using cell culture methods (90). Among three
factors associated with HCMV disease (i.e., high viral load,
viremia, and recipient serostatus), only viral load remains a
significant independent risk factor in a multivariate model
(Table 6). Furthermore, a plot of peak viral load against the
probability of HCMV disease has a sigmoidal shape (Fig. 9),
showing that HCMV infection is well tolerated clinically
until very high levels are reached. Viral load measurements
in stored neonatal dried blood spots from children who
subsequently developed hearing loss have also confirmed the
threshold relationship (108). This sigmoidal relationship
suggests that antiviral interventions and vaccination strate-
gies should be designed to prevent viral loads rising into the
critical high range of > 103 to 104 genomes/ml of whole
blood (or 102 genomes/semicircle of dried blood spot). Fur-
thermore, the shape of the curve implies that a marked effect
on HCMV disease could be achieved with a modest reduc-
tion in peak viral load. In AIDS Clinical Trials Group pro-
tocol 204, in which 1,227 AIDS patients were randomized to
receive valacyclovir at 2 g daily or one of two doses of acy-

clovir, the higher of which had been shown to be ineffective
in controlling HCMV disease, it was found that valacyclovir
significantly reduced HCMV disease despite a relatively
modest reduction in HCMV load from baseline (median, 1.3
logs) (109). The serial measures of virus load in blood have
also revealed the dynamic process of HCMVreplication in its
host, with an average doubling time (viral load increasing) or
half-life (viral load decreasing) of approximately 1 day (110).
Furthermore, serial measures of viral load can provide esti-
mates of the efficacy of antiviral drugs, such as ganciclovir,
required to bring HCMV replication under control (111).

Differences Among Groups
of Immunocompromised Patients
Table 7 provides an overview of the relative importance of
HCMV disease in different patient groups. The phrase
“HCMV infection in the immunocompromised host” ob-
scures the great diversity among the various patient groups.
The pathogenesis of bone marrow failure after bone marrow
transplantation is thought to follow HCMV infection of
stromal cells releasing cytokines and so producing a milieu
unfavorable for hematopoiesis (112).

CMV Pneumonitis
HCMV pneumonitis after bone marrow transplantation may
be immunopathologically mediated (102). This hypothesis
explains the timing of pneumonitis, because it occurs only
after patients have engrafted their bone marrow, arguing that
a host immune response is required for disease. It also ex-
plains why AIDS patients do not appear to suffer from
HCMV pneumonitis, although HCMV is frequently found
in their lungs. Presumably they cannot mount the immu-
nopathological response required to cause disease. Patients
with HIV seroconversion illness may, however, get HCMV
pneumonitis, presumably because their cell-mediated im-
mune response has not been sufficiently abrogated at this
stage (113). The precise nature of the immunopathological
response has not been identified, although the histologic
appearance (Fig. 10) suggests that it is probably mediated by
cytokines attracting leukocytes to the lung interstitium and
so increasing the distance required for gas diffusion from
alveoli to blood. If so, it is perhaps surprising that cases of
HCMV pneumonitis have not been seen in patients given
highly active antiretroviral therapy (HAART), in whom
the regenerating immune system could recognize HCMV-
infected target cells and trigger immunopathology. Perhaps
HAART provides protective cell-mediated immune re-
sponses able to control HCMV replication in the lungs.

FIGURE 8 CMV load in the urine of renal transplant recipients.

TABLE 6 Univariate and multivariate assessment
of prognostic factors for HCMV disease in renal
allograft recipientsa

Univariatea factor Multivariatea factor
Parameter OR 95% CI P OR 95% CI P

Viral load
(per 0.25 log)

2.79 1.22–6.39 0.02 2.77 1.07–7.18 0.04

Viremia 23.75 3.69–153 0.0009 34.54 0.75–1599 0.07
R+ serostatus 0.22 0.05–0.95 0.05 0.92 0.002–446 0.98

The results demonstrate that virus load is a major determinant of disease and
that viremia and recipient serostatus are markers of disease because of their sta-
tistical association with high viral load.

aOR, odds ratio; CI, confidence interval. FIGURE 9 Threshold concept of CMV pathogenesis.
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CMV Retinitis
The dramatically increased proportion of HCMV retinitis
found in AIDS patients compared to transplant patients
remains unexplained but may result from prolonged expo-
sure to high levels of viremia. Another new disease has oc-
curred in AIDS patients given HAART that has all the
hallmarks of immunopathology. Patients with a history of
HCMV retinitis, which is typically now clinically silent, can
nevertheless develop an inflammatory vitritis due to the
infiltration of CD8+ T cells specific for HCMV.

CMV Encephalitis
In AIDS patients, viremia can disseminate HCMV to the
brain in two distinct ways. The first seeds virus to the brain
endothelial cells, allowing HCMV to spread to contiguous
astrocytes and then to neurons. The histopathologic corre-
lates of this route of infection include endothelial cell in-
fection/inflammation, with or without thrombosis, and

multiple areas of glial nodular encephalitis (114). The sec-
ond seeds virus to the choroid plexus epithelial cells and
thence to the cerebrospinal fluid (CSF). Transmission to
ependymal surfaces produces necrotizing ventricular en-
cephalitis.

CMV Polyradiculopathy
Viremic dissemination seeds CMV to peripheral nerves and
the cauda equina.

Gastrointestinal Involvement
Viremic dissemination leads to focal ulceration anywhere in
the gastrointestinal tract but often in the esophagus or colon.
In patients with inflammatory bowel disease, extensive ul-
ceration may mimic relapse of the underlying disease and be
exacerbated by steroid administration. This is consistent
with inflammation providing an environment that supports
CMV replication.

Other Syndromes
In addition to these end-organ diseases (EODs), HCMV is
associated with a variety of conditions collectively called
indirect effects (115). Although HCMV has been shown for
many years to be associated with these conditions, it is only
recently that the results of controlled clinical trials have
demonstrated that the associations are causal. The precise
mechanisms whereby HCMV causes these effects have not
been demonstrated, although there are several candidates,
not least of which is the possibility that HCMV perturbs
normal immune functions. In addition, in the case of graft
rejection, HCMV may act like a minor transplantation an-
tigen, may up-regulate cellular class I molecules bearing
donor epitopes in adjacent non-infected cells, or may express
the UL18 class I homolog. Fungal superinfection may reflect
HCMV-induced immunosuppression, although there is no
immunologic marker of the same. Finally, HCMV may
trigger post-cardiac allograft coronary atherosclerosis be-
cause (i) pUS28 confers chemotactic mobility on smooth
muscle cells; (ii) IE72 binds p53 in the same cells, pre-
venting their apoptosis; or (iii) HCMV activates cyclo-
oxygenase, so producing reactive lipoprotein peroxides.

In AIDS patients, clinically silent HCMV infection may
similarly interact in multiple ways with HIV to increase its
pathogenicity (i.e., act as a cofactor for progression of HIV
disease) (116). This subject is controversial but is supported
by data showing that HCMV can transactivate the HIV long
terminal repeat in vitro and can provide an alternative re-
ceptor for HIV by inducing an Fc receptor (117). HCMV is
widely disseminated at autopsy and is found in most tissues
(Table 4). HCMV-HIV coinfection of individual cells or
organs has also been described. The risk of AIDS is increased
among male homosexuals with persistent HCMV excretion
in semen, even after allowing for differences in baseline CD4
counts (118). Cohorts of patients develop AIDS more rap-
idly if they are coinfected with HCMV. Furthermore, high
levels of HCMV viremia are significantly associated with the
death of AIDS patients (119). This effect is stronger than
the association of HIV viral load with death (120) and
persists in the era of HAART (121). Patients given intra-
ocular treatment for HCMV retinitis had a survival benefit if
they were also given systemic treatment (122). Overall, it is
difficult to avoid the conclusion that HCMV adversely af-
fects the outcome in AIDS patients but that this effect is
clinically inapparent and can only be documented by ap-
propriate laboratory studies. Overall, these results are con-
sistent with the possibility that HCMV may play a cofactor

TABLE 7 HCMV diseases in immunocompromised persons

Symptom in patients witha:

Symptom
Solid-organ
transplant

Bone marrow
transplant AIDS

Direct effects
Fever/hepatitis ++ + +
Gastrointestinal + + +
Retinitis + + ++
Pneumonitis + ++
Myelosuppression +
Encephalopathy +
Polyradiculopathy +
Addisonian +

Indirect effects
Immunosuppression +
Rejection/GVHD + ?
Atherosclerosis +
Death + +
a+, symptom occurs; ++, symptom most common.

FIGURE 10 Histologic section of a lung sample from a patient
with HCMV pneumonitis following bone marrow transplantation.
Arrows show alveolar macrophages bearing the typical intranu-
clear inclusions of HCMV. An interstitial mononuclear cell infil-
trate is seen.
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role, but extensive controlled investigations would be re-
quired to establish this conclusively.

Immune Responses
Herpesviruses persist by hiding from immune responses ra-
ther than by blocking their induction. Thus, all of the
proteins encoded by HCMV are recognized by the host, so
the human immune system commits more resources to
controlling HCMV than to controlling any other virus (9).
The major targets for CD8 T cells against HCMV are
ppUL83 (pp65) and the IE2 protein, and the frequency of
responding CD8 T cells against HCMV is very high. For
example, using class I HLA tetramers in immunocompetent
and immunocompromised patients with or without active
replication, frequencies of CD8 T cells against epitopes
within pp65 are approximately 1% in healthy seropositive
individuals and up to 10% in patients experiencing active
HCMV replication (123).

Prior exposure to HCMV can ameliorate the pathological
potential of HCMV in some, but not all, patients. In preg-
nant women, the risk of damage to the fetus and the severity
of that damage are clearly decreased in women who were
“immune” before they became pregnant (124), suggesting
that prior immunity in the mother can reduce the extent of
HCMV exposure to the fetus. In women experiencing pri-
mary infection during pregnancy, an increased titer of neu-
tralizing antibody and its avidity correlate with reduced risk
of disease in the neonate (87).

The results for bone marrow transplant patients are dis-
tinct because reactivation of the recipient virus represents
the source of HCMV-causing disease. Nevertheless, among
seropositive recipients, those receiving marrow from im-
mune donors have a reduced risk of disease (95). Direct
evidence for adoptive transfer of immunity from the donor
into the recipient was found by immunizing donors or re-
cipients (or both, or neither) with tetanus toxoid (125).
Although cell-mediated immunity is clearly the major re-
sponse capable of containing HCMV infection, the possi-
bility that HCMV disease may be controlled by other
responses such as humoral immunity has been incompletely
investigated. Humoral immunity could reduce the level of
HCMV replication and reduce disease without being able to
eliminate infection entirely. Humoral immune responses are
directed against multiple CMV proteins, including surface
glycoproteins, phosphoproteins of the tegument, and struc-
tural proteins of the capsid. Much of the antibody that
neutralizes infectivity in vitro can be absorbed from sera with
recombinant soluble gB, showing that this is the major target
of the neutralizing response, but additional neutralizing
epitopes are also found on gH, gL, and gN.

CLINICAL MANIFESTATIONS
Congenital Infection
Based on a systematic review of published prospective case
series (85) 12.7% of congenitally infected babies are born
with “cytomegalic inclusion disease” (Table 8). The
remaining 87.3% appear to be normal at birth, but a pro-
portion develop sequelae on follow-up, as described below.

In those symptomatic at birth, most of the noncentral
nervous system (non-CNS) disease is self-limiting, although
severe thrombocytopenic purpura, hepatitis, pneumonitis,
andmyocarditis may occasionally be life threatening (Table 8).
A total of 0.5% of these patients die during infancy, and 50%
of the survivors have permanent serious abnormalities. Brain

damage may present as microcephaly, mental retardation,
spastic diplegia or seizures, and perceptual organ damage
such as optic atrophy, blindness, or deafness. These abnor-
malities may occur alone or in combination.

Among those asymptomatic at birth, approximately
13.5% will develop hearing defects or impaired intellectual
performance (Table 9). Twice as many children who come
from the group who appear to be normal at birth are ulti-
mately damaged by congenital HCMV, compared to those
born with classical symptoms. This helps to explain why the
burden of disease is underestimated for this infection.

A plausible pathogenesis for progressive hearing loss is
apparent from the histologic examination of inner ear
structures from a patient with a fatal case of congenital
HCMV infection (Fig. 11). The virus spreads by the cell-to-
cell route to produce a focus of infection surrounded by
inflammation. This may represent stages of the infectious
process in the inner ear, explaining how progressive damage
to the organ of Corti could occur.

Perinatal Infection
Neonates acquiring perinatal infection can start to excrete
CMV in the urine from 3 weeks of age onwards. Most
perinatally infected infants do not develop acute symptoms,
although occasional cases of infantile pneumonitis develop,
making HCMV a frequent pathogen in those few children
presenting with an appearance of sepsis in the first 3 months
of life (126). Perinatal infection may be severe in premature
neonates because they do not benefit from transplacental
passage of maternal immunoglobulin G (IgG) antibodies.

Postnatal Infection
Primary infection in the immunocompetent child or adult is
almost always asymptomatic, except for occasional cases of
infectious mononucleosis. The patient presents with a fever
with few localizing symptoms; pharyngitis, lymphadenopa-
thy, and splenomegaly are less common than in EBV

TABLE 8 Clinical features of cytomegalic
inclusion disease
Intrauterine growth retardation
Jaundice
Hepatosplenomegaly
Thrombocytopenia
Microcephaly
Intracranial calcifications
Retinitis

TABLE 9 Disease outcome in 1,000 infants born
with congenital HCMV infectiona

Outcome No. (%)

Born with symptoms of CIDb 127 (12.7%)
Die during infancy 5 (0.5%)

122
50% develop long-term handicap 61

Born without symptoms of CID 873
Develop handicap 118 (13.5%)

Total damaged 179 (18%)
aAdapted from reference 87.
bCID, cytomegalic inclusion disease.
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mononucleosis. Laboratory tests reveal biochemical hepati-
tis, with moderately raised transaminases, lymphocytosis
with atypical mononuclear cells, and a negative heterophile
agglutinin test. The condition resolves spontaneously, with a
mean of 19 days’ fever in one large study (127). Guillain-
Barré syndrome has been described as a complication of
postnatal primary HCMV infection. Rare cases of CMV
EOD have been described among patients who are immu-
nocompetent, including hepatitis, gastrointestinal ulcera-
tion with or without hemorrhage, and pneumonitis.
Presumably these individuals have received a larger-than-
average inoculum of CMV to explain their severe outcome.

Immunocompromised Patients
Active HCMV infection causes a wide spectrum of disease,
ranging from life threatening to asymptomatic and involving
specific organs or causing constitutional disturbances.

Fever is a common component of all HCMV diseases in
all immunocompromised hosts. Typically, this follows a
spiking pattern, with temperatures in the range of 38 to
40ºC, followed by precipitous declines below 37ºC. During
the fever, the patient complains of malaise and lethargy and
may develop myalgia or arthralgia. This systemic phase of
HCMV with leukopenia and elevated liver transaminases
may resolve spontaneously or may herald particular clinical
syndromes (EOD due to viremic dissemination of virus) that
vary in incidence according to the underlying cause of the
immunocompromised state (Table 7). The most common
clinical presentations for each patient group are illustrated in
Table 7, but any can occur in any patient group. HCMV
disease typically manifests when the patient is most pro-
foundly immunocompromised, that is, in the first and second
months post-transplantation or, in AIDS patients, once the
CD4 count has declined below 50 cells/ml. Indeed, successful
institution of HAART reverses these changes and leads to
immune-mediated control of HCMV viremia and preven-
tion of EOD.

Recipients of Solid-Organ Allografts
Leukopenia is common and may be profound. If leukopenia
persists, it is associated with the development of secondary
fungal and bacterial infections (128). Biochemical evidence
of hepatitis is often found, with transaminase levels raised

two to three times the upper limit of normal. Thrombocy-
topenia may occur, with serial daily platelet counts below
100,000. All of these features usually respond to antiviral
therapy.

Pneumonitis with interstitial infiltrates may occur, espe-
cially in recipients of lung (or heart-lung) transplants. De-
spite prolonged treatment, obliterative bronchiolitis may
supervene (129), showing that HCMV plays an important
role in the etiology of this chronic rejection process. Like-
wise, HCMV has been implicated in the development of
accelerated atherosclerosis after cardiac transplantation
(130) or graft rejection and graft atherosclerosis (131, 132).
These conditions present as dysfunction of the transplanted
organ with no clinical symptoms or signs to reveal the un-
derlying contribution from HCMV. Yet, approximately 50%
of acute biopsy-proven renal allograft rejections can be
prevented by anti-HCMV prophylaxis with valacyclovir
(133). Thus, the conventional diagnostic conundrum in the
febrile allograft recipient of “rejection or HCMV” should be
replaced with “rejection and HCMV.”

Recipients of Bone Marrow Grafts
Pneumonitis is the major life-threatening presentation of
HCMV, occurring in 10% to 20% of bone marrow allograft
patients before the availability of antiviral drugs. The patient
presents with fever and hypoxia associated with pulmonary
interstitial infiltrates. This complication is much less com-
mon (less than 5%) after an autograft, consistent with a
postulated immunopathological disease process. HCMV in-
fection may delay marrow engraftment (112) by replicating
in bone marrow stromal supporting cells. An important
clinical feature is that HCMV disease, especially pneumo-
nitis, is statistically associated with GVHD (134). It is not
clear whether HCMV infection can precipitate GVHD or
whether the immunosuppressive nature of GVHD, or the
treatment required for its suppression, facilitates HCMV
reactivation.

Patients with AIDS
In the pre-HAART era, at least 25% of AIDS patients de-
veloped disease attributable to HCMV. The vast majority
(85%) of cases had retinitis, a clinical manifestation that is
rare in transplant patients, followed by gastrointestinal in-
volvement, encephalitis, and polyradiculopathy.

A patient with CMV retinitis may complain of “floaters”
or loss of visual acuity. Alternatively, a typical focus of ret-
initis may be recognized at routine follow-up visits. Early
lesions may be white due to edema, necrosis, or both (see
figures in Chapter 10). Without treatment, the focus of in-
fection spreads to neighboring cells (135), leaving white
necrosis at the advancing border. There is hemorrhage, often
flame shaped, surrounding blood vessels, with or without
perivascular sheathing. It may be accompanied by anterior
uveitis, retinal edema, or retinal detachment (136).

HCMV may also involve the gastrointestinal tract by
causing ulcers deep in the submucosal layers. Clinical fea-
tures vary with the anatomic site involved. Odynophagia is a
common presentation of HCMV esophagitis, whereas ab-
dominal pain and hematochezia frequently occur with
HCMV colitis. Ulceration at these sites may cause perfora-
tion or hemorrhage.

HCMV causes encephalitis of two types in AIDS patients
that mirror the pathology described above. The first is diffi-
cult to differentiate clinically from HIV dementia and man-
ifests as subacute or chronic symptoms of confusion and
disorientation attributable to cortical involvement. Focal

FIGURE 11 Histologic appearance of the inner ear in a patient
with a fatal case of cytomegalic inclusion disease. Note the focus of
large inclusion-bearing cells and accompanying inflammation.
(Courtesy of S. Stagno. Reprinted from reference 188 with per-
mission.)
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signs can be attributed to lesions in the brain stem. The
second manifests as defects in cranial nerves, nystagmus, and
increasing ventricular size (137), which progress rapidly to a
fatal outcome.

HCMValso causes polyradiculopathy. Patients subacutely
present with weakness of legs and numbness, progressing to
flacid paraparesis, often with pain in the legs and perineum,
bladder dysfunction, or both. The CSF shows a remarkable
preponderance of polymorphonuclear leukocytes.

In the HAART era, most of these HCMV diseases have
become uncommon (136). Nevertheless, HAART- induced
immune recovery can produce vitritis and cystoid macular
edema. These both profoundly affect vision, as does retinal
detachment, which occurs when an HCMV-infected retina
loses its substratum attachment to the underlying choroid
layer (136).

The Apparently Healthy Elderly
Immunosenescence, defined as a reduced T-cell CD4/CD8
ratio, is a major underlying contributor to morbidity and
mortality (reviewed in reference 138). Immunosenescence is
significantly increased in HCMV seropositive elderly persons
compared to seronegative controls, although there are no
differentiating clinical features between the two groups.
However, HCMV seropositivity represents a significant risk
factor for imminent death in the elderly (138). Immunose-
nescence is characterized by an excess of clones of differen-
tiated T cells, detected by their restricted Vß repertoire,
which have a reduced ability to respond to new antigens.
(139, 140). Many clones of differentiated cells are HCMV
specific, have an activated phenotype, and so may contribute
to chronic inflammatory conditions, including atheroscle-
rosis. Direct evidence for the adverse functional conse-
quences of HCMV-associated immunosenescence include 2
possibilities; a decrease in naive Tcells required to respond to
new infections and vaccines; an increase in activated T cells
that could contribute to chronic inflammation (140). T cells
with the phenotypic markers of immunosenescence are
found also in patients with chronic HIV infection where a
randomized controlled trial showed that valganciclovir sig-
nificantly reduced their abundance (141). To date, there are
no randomized controlled trials of antiviral drugs or of im-
munotherapeutic vaccines in the elderly.

LABORATORY DIAGNOSIS
Detection of Virus
The characteristics of the assays used frequently in the
identification of active HCMV infection vary widely among
laboratories (Table 10). While the precise methodological
details vary, all diagnostic virology laboratories should offer a
service for rapid HCMV detection. The clinician should
inquire about the positive and negative predictive values of

particular tests, understand their interpretation, and review
whether day-to-day results have been audited to ensure that
appropriate targets are achieved.

Specimen Selection
Urine or saliva samples are usually collected to diagnose
congenital or perinatal infection. If lumbar puncture or liver
biopsy is indicated clinically, then samples can be processed,
but the detection of HCMV at these sites does not have
prognostic value for these children.

For adults with mononucleosis or hepatitis, urine and
blood are the best samples. HCMV viruria might be coin-
cidental, but the detection of viremia strongly supports the
diagnosis. Pregnant women with symptoms should be in-
vestigated as for other adults. The screening of asymptomatic
women has not been shown to identify those who will
have newborns with congenital infection and so is not
recommended.

Transplant patients should have surveillance samples of
blood taken at least weekly from the time of transplantation.
In the past, urine and saliva samples were also collected, but
this has been superseded by assays using blood. Whole blood
is the most sensitive for PCR (142). HCMV excretion from
urine and saliva is very common but only doubles the rela-
tive risk for future disease. In contrast, viremia is detected
less frequently in allograft patients but increases the relative
risk to about 6 (Table 5). These different risks are used to
define distinct treatment strategies discussed below.

The basic principles of HCMV natural history in patients
who are HIV positive are the same as in the pre-HAARTera,
and these principles may become relevant again as individ-
uals exhaust the salvage antiretroviral options in the post-
HAARTera. Individual AIDS patients with suspected CMV
infection can be investigated for CMV viremia and by ex-
amining CSF by PCR when encephalitis or polyradiculo-
pathy is suspected.

Laboratory Assays

Assays to Detect HCMV in the Blood
Real-time PCR has become the new “gold standard” for

detection of HCMV, in part because cell culture results can
be misleading (Table 11). Because HCMV persists for the
lifetime of infected individuals, a very sensitive technique
such as nested PCR could potentially detect latent HCMV
or virus that was replicating at such a low level that it had no
clinical consequences. Four approaches have been taken to
avoid this disadvantage.

Minimization of Latent Viral DNA Detection
A non-nested PCR method with high sensitivity but

using only a small quantity of sample nucleic acid for analysis
(i.e., 5 ml of urine or 30 ng of DNA from peripheral whole

TABLE 10 HCMV detection in body fluids

Method Sensitivity Specificity Reliability Rapidity

Proven
prognostic

value

Conventional cell culture ++ +++ ++ +
Detection of early-antigen
fluorescent foci (shell vial)

+ +++ ++ + +

Antigenemia ++ +++ ++ ++ ++
PCR +++ +++ ++ + +++
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blood) has correlated well with conventional cell culture
and provided useful prognostic information (Table 5) (143).

Plasma PCR
Because the latent DNA of HCMV persists in the cellular

fraction of blood, the detection of HCMV DNA in plasma
should reflect active infection, although in practice some
viral DNA is released from leukocytes prior to separation of
the serum (99). An FDA-approved commercial assay is
available (Roche Amplicor).

RT-PCR and NASBA
Reverse transcription-PCR (RT-PCR) should detect only

cells in which HCMV is replicating, since the target is
mRNA. A nucleic acid sequence-based amplification
(NASBA) assay for the detection of a late gene transcript
(pp67) appears to be sensitive and specific and is available
commercially (Biomerieux Nuclisens). However, there is no
evidence that this assay offers any advantages over standard
PCR.

Real-Time PCR
Quantitative assessments of HCMV load are possible in

real time. While such assays usually do not incorporate
quantitative-competitive formats to identify possible inhib-
itors of PCR in the clinical sample, the results represent an
important contribution toward controlling HCMV disease.
The viral load found in the first available sample correlates
with the peak viral load (144). The rate of increase in viral
load can be estimated by back-projecting from the initial
load to the last available PCR-negative sample from that
patient. In multivariate models, the parameters of initial
viral load and rate of increase are independent of each other,
so both parameters can be used in combination to estimate
an individual’s risk of future HCMV disease (144). Serial

results from real-time PCR are frequently used to decide
when to initiate preemptive therapy and to monitor the
response to this treatment. In addition to testing blood, PCR
has become invaluable for the investigation of CNS in-
volvement in AIDS patients.

Antigenemia
Monoclonal antibodies can be used to detect HCMV

antigens directly in leukocytes from the blood of immuno-
compromised patients. The monoclonal antibodies react
with pp65, the product of UL83. These monoclonal anti-
bodies stain polymorphonuclear cells, monocytes, and en-
dothelial cells from the peripheral circulation. The
advantages of this technique are that it takes only a few
hours and does not require facilities for cell culture or for
PCR. The disadvantages are that it is subjective and samples
can deteriorate rapidly. The antigenemia assay is therefore
used by laboratories situated close to clinical facilities. It is
possible to count the stained cells to provide a semiquanti-
tative assessment of viral load. In general, antigenemia has
been replaced by real-time PCR in most laboratories.

Histopathology
Biopsies are often taken to confirm organ involvement.
HCMV is recognized by its characteristic intranuclear “owl’s
eye” inclusions, which have a surrounding halo and mar-
ginated chromatin. They occur in kidney tubules, bile ducts,
lung and liver parenchyma, and the gastrointestinal tract,
inner ear, and salivary gland but are less prominent in brain
tissue (Figs. 10 and 11). Cytoplasmic inclusions can also be
seen in infected cells, particularly when stained with CMV-
specific monoclonal antibodies. Histopathology provides a
specific diagnosis that is insensitive (Fig. 12) compared to
viral load measurements made by PCR in the same organs
(145).

Virus Isolation
Human fibroblasts (typically from foreskins or embryo lungs)
are used to support HCMV replication in vitro. For the de-
tection of viremia, buffy coat or unseparated heparinized
blood can be inoculated into cell cultures. If toxicity is ob-
served, denuded areas of the monolayer can be repaired by
the addition of fresh fibroblasts.

TABLE 11 Misleading concepts about HCMV derived
from propagation of the virus in fibroblast cultures

Concept Fact Reference(s)

In vitro strains are
genetically
representative
of those found
in vivo

Strain Ad169 has
22 missing ORFs;
Towne has
19 missing ORFs

31

A live attenuated
vaccine can be
prepared
in fibroblasts

No protection against
HCMV infection
from Towne strain,
although severity
of disease is reduced

154

In vitro assays
correctly
identify the
susceptibility
of HCMV
to antivirals

Failed to detect
clinically important
susceptibility
to acyclovir

133

HCMV is a slowly
replicating virus

HCMV replicates
rapidly

110

Strains of HCMV
resistant to ganciclovir
occur infrequently in
immunocompromised
patients

Resistance is more
common; cell
cultures select
against detection
of resistant strains

111

FIGURE 12 Correlation between high HCMV load and detec-
tion of intranuclear inclusions. ge, genomes.
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All cultures should be observed at least twice weekly for
the typical focal CPE of HCMV (Fig. 13). Occasionally,
urine samples from patients with congenital infection pro-
duce widespread CPE within 24 to 48 hours that resembles
that of HSV. More usually, the CPE evolves only slowly,
typically becoming apparent at 14 to 16 days, so the cultures
must be maintained for a minimum of 21 days before being
reported as negative.

Monoclonal antibodies against the major IE and other E
proteins of HCMV provide reagents useful in detecting the
virus in cell cultures within 48 h before CPE had become
apparent. Two techniques, (146) the shell vial assay (after
the name of the container), and the (147) DEAFF test
(detection of early antigen fluorescent foci) were a great
improvement in their day due to the rapid availability of
results. They have now been replaced by real-time PCR (see
above) for testing surveillance samples but are still used to
diagnose congenital infection (148, 149).

Serologic Assays

IgG Antibody
Many assays can detect HCMV IgG antibodies. The

presence of IgG antibodies against HCMV is indicative of
infection sometime in the past. Because the seropositive
individual is liable to experience reactivations of his or her
latent infection, the presence of IgG antibodies against
HCMV is a marker of potential infectivity and immunologic
responses do not imply complete protection from endoge-
nous or exogenous infection.

IgG antibody detection can also be used as a marker of
recent infection in populations, such as pregnant women, in
whom the availability of avidity assays offers a practical way
of detecting asymptomatic primary HCMV infections. Typ-
ically, it takes 16 to 20 weeks for IgG avidity to mature to
high levels, and the reproducibility and specificity of the
commercial assays appear to be superior to those of IgM
assays. For pregnant women found on routine screening to be
IgM positive, avidity assays can be used to triage them into
groups with primary infection or recurrent infection and so
reduce the number of terminations of pregnancy that might
be undertaken based on the results of IgM testing alone
(150). These tests are best performed in specialist laborato-
ries with access to a range of commercial and in-house assays
(150).

To detect serologic responses due to native virus infection
after immunization with candidate vaccines, sera can be

preabsorbed with the immunogen to ensure that responses to
this component of the vaccine are not mistaken for sero-
conversion (151).

Immunocompromised patients most at risk of HCMV
disease may be those least able to mount prompt immune
responses. In addition, false-positive interpretations are fre-
quently seen when patients receive blood or blood products.
Note that these are not false-positive reactions, as the pa-
tients do truly have HCMV IgG antibodies in their blood
but these have come from an exogenous source. Thus, serial
serologic testing is not recommended for monitoring indi-
vidual immunocompromised patients.

IgM Antibody
HCMV-specific IgM antibodies can also be used to detect

current infection in immunocompetent patients such as
those with HCMV mononucleosis. However, the specificity
is poor for screening pregnant women for primary infection.
The serologic approach is not recommended for the immu-
nocompromised individual, in whom rapid detection of
CMV is preferred.

Detection of Antiviral Resistance
The protein kinase enzyme encoded by UL97 phosphory-
lates ganciclovir to its monophosphate. Cellular enzymes
then convert this to the active triphosphate which is an
inhibitor of the virus- encoded DNA polymerase UL54.
HCMV can become resistant to ganciclovir through muta-
tions in UL97 or, more rarely, UL54. Polymorphisms also
occur in both genes, so a genetic change from that expected
cannot, on its own, be taken as evidence of resistance. In-
stead, mutations should be transferred to a laboratory strain
and shown to confer resistance in vitro.

Genetic changes in UL97 proven by site-directed muta-
genesis to confer resistance when introduced back into
a laboratory-adapted strain are shown in Fig. 16. These
changes are detected by PCR amplification from clinical
samples followed by sequencing. Many changes are clustered
within specific regions of the gene so that small sections can
be amplified by PCR to provide results rapidly. Changes in
UL97 do not confer cross-resistance to any currently avail-
able anti-CMV drug. Unlike the situation with UL97, a
number of mutations have been detected throughout the
UL54 ORF following in vitro passage in the presence of
antiviral drugs and in strains derived from patients under-
going drug therapy. Sequence analysis of the entire ORF is
thus required to allow the detection of drug resistance at
this locus in a clinical setting. Some changes in UL54 se-
lected through use of ganciclovir confer cross-resistance to
cidofovir (and brincidofovir) while rare changes are cross-
resistant to foscarnet. None of these changes confers cross-
resistance to maribavir or letermovir.

PREVENTION
Because of the risk of fetal damage in pregnant women,
especially when seronegative, changes in child-rearing
practices could affect the incidence of disease attributable to
congenital HCMV. Typically, middle-class seronegative
women are at potential risk when they send their children to
child care centers with young children excreting HCMV
(90). Considerable anxiety may be induced in both mothers
and day care workers because HCMV infection is usually
asymptomatic and excretion is prolonged. Because profes-
sionally trained nursing staff are not at increased risk of ac-
quiring HCMV infection from patients (91), routine

FIGURE 13 Photograph of human embryonic lung fibroblasts
showing the focal CPE of HCMV. (Figure prepared by J. A. Bishop.)
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precautions such as hand washing must be sufficient to
protect against transmission. Consequently, day care centers
should be advised to review and improve their general hy-
giene standards. The same advice should be given to female
staff, irrespective of their serologic status; humoral immunity
in these women cannot guarantee that the fetus will be
protected from infection, although it should reduce the
chance of disease.

HCMV infection can be prevented in some patients by
screening of blood products. Blood from donors who are
seronegative should ideally be used for intrauterine transfu-
sion, for pregnant women, and for immunocompromised
patients, irrespective of whether the recipients are CMV
seronegative or seropositive. Because such blood is in short
supply, an alternative is to pass the blood through in-line
filters capable of retaining leukocytes (152).

In the solid-organ transplantation setting, HCMV disease
could be potentially reduced by matching donors and re-
cipients, so that organs from seropositive donors are not
given to seronegative recipients. However, in practice, this
would reduce the likelihood of achieving the best available
HLA match and would delay transplants for many recipients
whose medical condition may deteriorate while they wait for
a seronegative donor. Furthermore, because donor organs are
in such short supply, there is pressure not to reject donations
unless absolutely necessary. As a result, donor-recipient
matching is generally required only by some centers where
the risk for HCMV disease is considered especially high,
such as for seropositive donors of lungs destined for sero-
negative recipients. In the remaining patients, various an-
tiviral strategies can be employed to reduce HCMV disease.

Active Immunization
No approved HCMV vaccine is currently available. A
summary of HCMV vaccine candidates is shown in Table 12,
and a list of possible volunteers for immunogenicity and
phase III protection studies is shown in Table 13.

Pioneering work with live-attenuated vaccine strains by
Plotkin and colleagues showed in volunteers that the Towne
strain was truly attenuated compared to the virulent Toledo
strain (153). A controlled trial in dialysis patients showed no
reduction in the proportion of patients who became infected
or ill due to CMVafter subsequent renal transplantation, but
the trial demonstrated a significant reduction in the severity
of disease (154). The Towne vaccine did not provide pro-
tection against primary infection in parents of children at-
tending day care centers. Overall, the effects seen were not
sufficiently encouraging to allow further development of this

vaccine but provided a useful framework for the evaluation
of future preparations.

Phase I studies are under way to administer Towne vac-
cine together with IL-12 as a way of improving immunoge-
nicity. The Towne strain of HCMV lacks 19 genes found in
the Toledo strain (31), and it is possible that some of these
genes could provide protection against wild-type HCMV if
they were incorporated into a vaccine. Accordingly, re-
combinants between Towne and Toledo have been prepared
that include all 19 genes incorporated into the Towne
attenuated background. Vaccine candidates containing all
19 genes have shown safety and immunogenicity in a phase I
study.

Recombinant vaccines based upon gB have been devel-
oped, because gB can adsorb most of the neutralizing anti-
body from sera and also contains T-helper epitopes. The gB
also possesses T-helper epitopes, although humans with
particular HLA types have been shown to be low responders.
Cells infected with a vaccinia virus gB recombinant adsorb
between 40% and 88% of the total serum neutralizing ac-
tivity in individuals who are either naturally immune or
vaccinated with the Towne vaccine strain of HCMV. Pur-
ified and recombinant preparations of gB induce humoral
immunity in experimental animals and can reduce the fetal
loss and congenital infection that result from inoculation
of guinea pig HCMV.

A canarypox virus vector that incorporates the ppUL83
(pp65) gene, which is the major target for cell-mediated T-
cytotoxic responses, was immunogenic in phase I studies,
although no humoral immunity was induced. Phase I trials of
a DNA vaccine for HCMV in humans provide evidence of
priming of the immune system. An alphavirus recombinant
expressing gB has been shown to be well tolerated and im-
munogenic in a phase I study (Table 12).

Most clinical experience to date has been with a trun-
cated form of gB expressed in mammalian cells and used to
immunize volunteers in phase I and phase II studies. This
prototype vaccine was immunogenic in seronegative healthy
volunteers and induced neutralizing antibody titers greater
than those found in seropositive persons (155). The novel
adjuvant MF59 gave antibody titers superior to those
obtained with the conventional adjuvant, alum, and the
optimum immunization schedule was to give vaccine at 0, 1,
and 6 months (155). Although antibody levels declined
with time after this primary course of three vaccine doses, a
prompt anamnestic response to a booster dose given at 12
months was seen (155). This vaccine produced very high
neutralizing titers when given to seronegative toddlers and
also boosted the titer of neutralizing antibodies when given
to seropositive individuals. This gB/MF59 vaccine under-
went 3 phase II studies. A controlled study in postpartum
seronegative women determined that the rate of primary
maternal infection was decreased by approximately 50%
(156). Seronegative adolescents and seronegative or sero-
positive recipients of a kidney or a liver transplant also had
evidence of reduced CMV infection when exposed to virus
(157).

A summary of HCMV vaccine candidates is shown in
Table 12, and a list of possible volunteers for immunoge-
nicity and phase III protection studies is shown in Table 13.
One theoretical concern that has been raised about wide-
spread introduction of an HCMV vaccine is that alterations
in herd immunity could delay infections so that more
women acquire primary infection during pregnancy. This
was also a concern during the development of rubella vac-
cine and is relevant because all vaccines increase the average

TABLE 12 Vaccine candidates studied clinically

Preparation Type Status

Towne Live attenuated Phase II
gB Soluble recombinant Phase II; 3 trials
Towne/Toledo
recombinant

Live attenuated Phase I

Canarypox
virus pp65

Live, single cycle,
heterologous

Phase I

pp65, gB DNA plasmids Phase III
Alphavax Live, single cycle,

heterologous
Phase I

City of Hope Peptides Phase I
Whole virus Replication-defective Phase I
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age at which unvaccinated individuals acquire natural in-
fection. Mathematical modeling shows that such a phe-
nomenon will not produce a problem for HCMV vaccinees
in a typical developed country because the average age of
infection is already greater than the average age at which
pregnancies occur (Fig. 14) (158). Modeling indicates that
the basic reproductive number of HCMV in such a popu-
lation is similar to that of smallpox, so by reducing the
number of infectious individuals in a society, herd immunity
could reduce the incidence of reinfections as well as primary
infections (Fig. 15). Because reinfections are a more im-
portant cause of disease than reactivations in transplant
patients (98) and probably in pregnant women as well
(88,159), this prediction provides encouragement for the
ultimate elimination of HCMV infection, although several
generations of people would need to be immunized and
eradication would take longer in communities where
HCMV is acquired earlier in life. Nevertheless, we continue
to hypothesize that control of initial HCMV infection could
impair its ability to establish sanctuary sites protected by its

immune evasion genes, so that individuals become less
contagious to others. This optimistic scenario has already
been proven true for other infections that persist in hu-
mans (hepatitis B virus, varicella-zoster virus, and human
papillomavirus), so hopefully one or more of the current
HCMV vaccine candidates will demonstrate the modest
degree of protection required to allow this hypothesis to be
tested.

Passive immunoprophylaxis has been evaluated in three
randomized controlled trials. Two were conducted in solid
organ transplant patients, the largest of which reported
significantly reduced CMV syndrome in liver transplant
patients. The third trial was in pregnant women with pri-
mary HCMV infection in whom no significant reduction
in intrauterine transmission of virus was seen, whereas an
excess of complications of pregnancy was apparent (160).
Thus, despite claims based on uncontrolled observations,
hyperimmune immunoglobulin should not be offered to
pregnant women in clinical practice.

TREATMENT
Transplant Patients
Before antiviral drugs became available, an important ther-
apeutic decision in transplant patients with active HCMV
infection was to reduce the dose of immunosuppressive
drugs. This should remain a component of the management
of HCMV infection, supported by the administration of
specific antiviral drugs. In transplant patients, the avail-
ability of surveillance samples allows early treatment options
in addition to those of prophylaxis and treatment of estab-
lished disease. One key point is that lessons learned from one
patient group cannot be applied directly to others.

Drugs with activity against HCMV could potentially be
used in four main ways, depending in part on their toxic-
ity profiles (Table 14). Sixteen double-blind, placebo-
controlled, randomized trials conducted for HCMV are
summarized in Table 15 according to four main criteria of
success: prevention of HCMV infection, prevention of
HCMV disease, reduction in mortality, and decreased indi-
rect adverse effects (Table 15). In addition to ganciclovir
and valganciclovir, several agents, including acyclovir, alpha
interferon, and valacyclovir, have activity against HCMV in
vivo (Table 15). In contrast to their relatively low potency
when tested against HCMV in vitro, all of these treatments
significantly reduced HCMV excretion, except immuno-
globulin (Table 15). Quantitative virologic assessments were

FIGURE 14 Herd immunity for HCMV or rubella ——, CMV
study 1; ........, CMV study 2; ------, rubella.

TABLE 13 Populations in whom efficacy of HCMV vaccines could be evaluated
by using virologic endpoints

Population given vaccine/placebo Outcome

Seronegative postpartum womena

Reduced primary HCMV infection

Seronegative workers at day care centersa

Seronegative women with children at day care centersa

Adolescentsa

Toddlers
Seronegative patients on waiting list for receipt of solid organs

Reduced HCMV viremia/need
for preemptive therapy

Seropositive patients on waiting list for receipt of solid organs
Seropositive or seronegative recipients of stem cells
Seronegative or seropositive donors of stem cells
to seropositive recipients (adoptive transfer)
aFemales in this population who became pregnant may show a reduced rate of congenital transmission to their offspring.
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not done, but this suggests that any beneficial effect observed
from the use of immunoglobulin is not necessarily mediated
through a reduction in HCMV infection.

Only some of the studies have shown that control of
HCMV infection leads to a reduction in HCMV disease
(Table 15). The most consistent results come from the trials
of ganciclovir, which clearly can markedly reduce HCMV
disease in some groups (like stem-cell transplant patients)
but inconsistently in others (an effect was seen in heart
transplant patients for reactivation but not for primary
HCMV infection in one study, whereas the converse was
true in a second study). The apparent discrepancies among
clinical trials (no significant effect for ganciclovir in one of
two bone marrow transplant studies, an effect of acyclovir in
renal transplant but not bone marrow transplant patients,
and benefit in only two of the three alpha-interferon trials),
can be explained by relatively small sample sizes. Each trial
showed trends in favor of a reduction in HCMV disease.

When the parameter of clinical benefit was survival, only
three studies showed a positive result (Table 15). Ganci-
clovir given to patients already excreting HCMV was life-
saving, but the same was not true in either of two studies that
evaluated prophylactic ganciclovir in bone marrow trans-
plant recipients. These studies showed that the bone marrow
toxicity of ganciclovir, manifested as neutropenia, was as-

sociated with bacterial superinfection (94, 161). Because all
patients in this prophylaxis study were exposed to potentially
fatal side effects but only some benefited from a reduced
mortality associated with HCMV, these two effects cancelled
each other out. In contrast, when ganciclovir was used in the
suppressive mode, a major benefit was achieved while ex-
posure to drug toxicity was minimized. Acyclovir use in the
same patient population provides an interesting contrast.
Although this drug is less potent than ganciclovir, patients
showed a survival benefit overall because there was no se-
rious toxicity to offset its moderate efficacy (105).

When the parameter assessed is the ability to control the
indirect effects of HCMV, both ganciclovir and valacyclovir
show significant benefits. The original study by Merigan
et al. (162) of heart transplant recipients utilized a regimen
of intravenous ganciclovir suboptimal in terms of both dose
and duration. Indeed, the trial reported that HCMV disease
was reduced among seropositive but not seronegative re-
cipients, who we now know have high viral loads. Never-
theless, this suboptimal regimen produced significantly
reduced risks of fungal superinfections and accelerated ath-
erosclerosis during long-term follow-up (163). In renal al-
lograft patients randomly allocated valacyclovir, 2 g four
times daily for 90 days, or matching placebo, seronegative
recipients showed a 50% reduced risk of biopsy-proven acute

FIGURE 15 Standard population models of susceptible, infectious, and immune individuals, modified to include seropositive individuals
who act as a source of HCMV for reinfections.
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graft rejections (133). Taken together, these results strongly
implicate HCMV as a cause of the indirect effects listed in
Table 7.

Meyers et al. (164) were the first to study acyclovir pro-
phylaxis in bone marrow transplant patients. Among
HCMV-seropositive patients, those who were also HSV se-
ropositive and received high-dose intravenous acyclovir
showed a marked reduction in HCMV disease and mortality
rate. However, these encouraging results were not widely
accepted, probably because at that time, acyclovir was not
thought to have useful anti-HCMV activity. However, it is
now known that the product of gene UL97 can phosphor-
ylate acyclovir in addition to ganciclovir. A subsequent trial
(105) based upon the protocol used by Meyers et al. (164)
confirmed that acyclovir reduces the mortality in this pa-
tient group.

Among bone marrow transplant patients, Schmidt et al.
(104) performed routine bronchoalveolar lavage on day 35
in asymptomatic patients and used the shell vial technique
to detect HCMV infection. HCMV-infected patients ran-
domized to receive ganciclovir had a marked reduction in
HCMV pneumonitis following ganciclovir therapy, which
contrasts with the failure of ganciclovir to improve survival
once HCMV pneumonitis was established in these patients.
This apparent contradiction is consistent with the hypoth-
esis that HCMV pneumonitis is an immunopathological
condition (102), presumably prevented by preemptive
therapy (104). Bronchoalveolar lavage has now been
replaced by routine detection of viremia as a less invasive
way of identifying patients in need of preemptive therapy.
Meanwhile, open studies of a combination of ganciclovir
plus immunoglobulin suggest that better, but not excellent,

FIGURE 16 Schematic representation of the UL97 gene showing mutations at particular codons that have been proven to cause
resistance to ganciclovir in vivo or that are associated with maribavir resistance in vitro. Bold letters indicate mutations confirmed by site-
directed mutagenesis. Mutations 460 to 607 refer to ganciclovir; mutations 353 to 411 refer to maribavir. (Data from reference 189.)

TABLE 14 Strategies for chemotherapy of HCMV

Term used Time when drug is given Risk of disease
Acceptable
toxicity

Agent responsible
for treatment decision

True prophylaxis Before active infection Low None Clinician
Delayed prophylaxis When there is increased risk,

but before active infection
and after rejection

Medium Low Clinician

Suppression After peripheral detection of virus Medium Low Laboratory
Preemptive therapy After systemic detection of virus High Medium Laboratory
Treatment Once disease is apparent Established High Clinician and laboratory
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control of established HCMV pneumonitis can be achieved
in this patient group (165, 166). Presumably, the immuno-
globulin component has an immunomodulatory effect on
HCMV immunopathological pneumonitis, whereas ganci-
clovir reduces the chance that neighboring lung cells will be
recruited by HCMV to stimulate further immunopathology.
It seems likely that an immunomodulatory effect of immu-
noglobulin would be nonspecific, and there is support for
this from a rat experimental model (167). Thus, there is
little evidence that immunoglobulin prepared from HCMV-
positive donors has any advantage over immunoglobulin
from unselected donors, but a comparative trial to test this
formally would seem worthwhile. Foscarnet was equipotent
with ganciclovir when used for preemptive therapy in bone
marrow transplant patients (168). The combination of fos-
carnet plus ganciclovir (each at half dose) can be used to
reduce toxicity without evidence of synergy (169).

In a controlled trial, low-dose intravenous ganciclovir
prophylaxis was superior to high-dose oral acyclovir in liver
transplant patients (170). In contrast to the case with bone
marrow transplant patients, ganciclovir prophylaxis can be
used safely in liver transplant patients, partly because of the
lower dose chosen and partly because bone marrow toxicity
may be a particular problem in bone marrow transplant
patients.

Following the widespread introduction of antiviral pro-
phylaxis in transplant patients, late-onset disease has
emerged as a clinical problem that develops once patients
stop their antiviral prophylaxis. Some patients develop dis-
ease due to ganciclovir-resistant mutants, and there have
been serious cases of EOD, including death. Such late-onset
disease is rarely seen in centers that use preemptive therapy
(171). One plausible explanation is that low-level antigen
presentation as part of preemptive therapy may stimulate the
immune system to control long-term HCMV infection,
analogous to “endogenous immunization.” Alternatively,
ganciclovir may interfere with the division of T cells, thus
impairing their ability to form the most potent clonal de-

rivatives. An important question for the field is whether
prophylaxis per se selects for this immunologic problem or
whether it is an adverse outcome of using ganciclovir pro-
phylaxis. The results with newer drugs used for prophylaxis
are therefore awaited with interest.

Both prophylaxis and preemptive therapy are effective
strategies for preventing HCMV disease in transplant re-
cipients. In addition, seven randomized clinical trials have
directly compared prophylaxis and preemptive therapy in
solid-organ transplant patients (172, 173, 176). A meta-
analysis of these studies reported no significant differences in
the incidence of HCMV disease, graft rejection, or death.
Thus, while the relative merits of both strategies are hotly
debated (171, 174), clinicians can use whichever strategy
they find convenient for their transplant center.

Having managed patients for more than 20 years with
ganciclovir plus occasional use of the other drugs mentioned,
three new drugs have recently become available for clinical
trials. They have all been evaluated in phase II studies,
giving the drugs prophylactically to bone marrow transplant
patients and recording whether the need for preemptive
therapy with ganciclovir is reduced. All three placebo-
controlled clinical trials were successful (175).

Maribavir is an inhibitor of UL97. Although strongly
protein bound, sufficient drug can be administered to allow
the free compound to inhibit HCMV replication. Maribavir
is active against UL97 mutants and also against UL54 mu-
tants resistant to ganciclovir, foscarnet, or cidofovir. How-
ever, because of its inhibition of UL97, maribavir results in a
13-fold increase in the 50% inhibitory concentration for
ganciclovir, and consequently combination therapy with
maribavir and ganciclovir will not be possible. The genetic
changes in UL97 that confer resistance in vitro are summa-
rized in figure 16.

Brincidofovir is a lipid prodrug of cidofovir. It lacks the
renal toxicity of its parent compound and is distributed to all
tissues in the body. It has significant activity against other
viruses with double-stranded DNA, such as EBV, BK virus,

TABLE 15 Double-blind, placebo-controlled, randomized trials for HCMV

Reference to trial of drug use in:

Strategy Drug
Bone marrow
transplant

Renal
transplant

Heart
transplant

Liver
transplant

Treatment Ganciclovir 166a

Preemptive
therapy

Suppressive Ganciclovir 104a,b,c

Prophylaxis
Acyclovir 164a,c 193a,b

Valacyclovir 133a,b,d

Immunoglobulin 194c 195b

Ganciclovir 196a 162a,b,d 197a,b

161a,b 198a,b

Maribavir 175a

Brincidofovir 191a

Letermovir 176a

190a

aReported significant benefit for HCMV infection.
bReported significant benefit for HCMV disease.
cReported significant benefit for survival.
dReported significant benefit for indirect effects (including follow-up studies).
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and adenoviruses. In a phase II study, prophylaxis with
brincidofovir significantly reduced the need for preemptive
therapy in stem cell transplant patients, but at the cost of
dose-limiting gastrointestinal toxicity (176).

The CMV terminase complex cleaves concatemeric
DNA into unit-length molecules as packaging proceeds by a
“head-full” mechanism. Letermovir inhibits this complex
and has activity against CMV only. In a phase II study,
letermovir prophylaxis was more likely to prevent the need
for preemptive therapy in stem cell transplant patients than
was placebo (190).

All three of these new drugs have entered phase III
clinical trials for prophylaxis in stem-cell transplant recipi-
ents. For the first (maribavir), the primary endpoint of CMV
EOD was chosen, despite the fact that all patients were al-
lowed preemptive therapy if maribavir or placebo failed to
suppress viremia. In addition, a low dose of maribavir was
chosen (191) In combination, these study design features led
maribavir to fail its phase III evaluation (192). The lesson is
clear; the effectiveness of prophylaxis should be determined
by the ability of a drug to reduce the need for preemptive
therapy.

None of the three new drugs has bone marrow toxicity.
This means that if one or more of them become licensed, it
could be given from the time of transplant onwards, as soon
as patients can tolerate oral medication, rather than waiting
for bone marrow engraftment to occur, as is the case with
ganciclovir. The current delay in initiating antiviral pro-
phylaxis with ganciclovir is undesirable, because better an-
tiviral potency is obtained when treatment is begun before
the patient has detectable levels of viremia.

AIDS Patients
In contrast to the logical approach to treatment described
above for transplant patients, drug evaluation in HIV-
positive patients has been largely empirical. Studies have
focused on the clinical problem of established HCMV reti-
nitis rather than targeting HCMV itself based upon knowl-
edge of the natural history of infection.

The trial of the Studies of Ocular Complications of AIDS
Research Group recruited patients with first-episode HCMV
retinitis and randomly allocated them to receive either
ganciclovir for induction and maintenance or foscarnet for
induction and maintenance (177). Both were equally ef-
fective at delaying the time to recurrence of HCMVretinitis,
but survival was significantly improved with foscarnet, de-
spite the fact that treatment toxicity necessitating a switch
to the alternate treatment was more common in those re-
ceiving foscarnet. The possible reason for the survival dif-
ference may relate to foscarnet’s activity against HIV.

Two double-blind, controlled, randomized trials were
conducted with HCMV-infected AIDS patients without
EOD. These trials of oral ganciclovir (178) and oral vala-
cyclovir (179) showed benefit in preventing disease. The
strategy has been termed prophylaxis, but this refers to
prophylaxis for disease and is not synonymous with pro-
phylaxis of infection described above for transplant patients.
Indeed, virologic assessment at entry shows that 50% of
patients had HCMV infection detectable by PCR in urine,
blood, or both. HCMV infection in HIV-positive patients
occurs far earlier than has been appreciated by observing
HCMV retinitis in AIDS patients. After 12 months, oral
ganciclovir reduced HCMV retinitis from 30% in the pla-
cebo arm to 16%, whereas the valacyclovir trial reduced
HCMV retinitis from 18% in the combined two-dose acy-
clovir arms to 12%. Ganciclovir showed significant benefit

only in the subset who were PCR negative at baseline (i.e.,
true prophylaxis), whereas valacyclovir showed significant
benefit for both preemptive therapy and prophylaxis (109,
180). This difference probably relates to the doses of the
drugs administered rather than to their inherent potencies.
Despite its known toxicity, ganciclovir was fairly well tol-
erated in these patients, partly because poor oral bioavail-
ability may have limited the potential for toxicity.
Valacyclovir at the high dosage chosen, 8 g/day, was poorly
tolerated by AIDS patients, many of whom stopped therapy
prematurely. Thus, the efficacy figures given above for the
intention-to-treat analyses should be reviewed with the
knowledge that many patients stopped treatment during the
trial.

The results from these two trials are encouraging, but
there remains much room for improvement. Drugs can now
be targeted to reduce HCMV infection and decrease the
chance of seeding the retina. One possible approach would
be to monitor HIV-positive patients for evidence of HCMV
infection by PCR and then start preemptive therapy. How-
ever, ACTG protocol A5030, in which patients whose
plasma PCR was positive on a single occasion were given
valganciclovir or placebo, found no significant benefit, but
the study was seriously underpowered because of the diffi-
culties of identifying individuals positive for HCMV as de-
termined by PCR in the era of HAART (181).

The main strategy to prevent HCMV retinitis in AIDS
patients is treatment with HAART regimens that maintain
the CD4 count above 100. Indeed, patients who present
with HCMV retinitis can have valganciclovir maintenance
therapy stopped if their CD4 count rises above 100 and
persists at that level for at least 3 months, showing that
recovery of preexisting HCMV-specific immunity is suffi-
cient to control progression of this EOD. In patients with
lower CD4 counts, there is no consensus about whether to
monitor for CMV viremia and what treatment to offer if
CMV DNA is detected.

Neonates
A randomized trial in neonates with congenital HCMV and
CNS symptoms or signs conducted by the Collaborative
Antiviral Study Group (CASG), demonstrated significant
control over progressive hearing loss from ganciclovir at 6
mg/kg twice daily given intravenously for 6 weeks (182).
This benefit is consistent both with the increased viral load
found in such neonates (90) and with the clinical observa-
tion that much of the hearing loss is acquired progressively
after birth. Six weeks of treatment with intravenous ganci-
clovir became established as the standard of care for neo-
nates born with CNS symptoms of congenital HCMV
infection (182). Of note, ganciclovir has important toxicity
(acute neutropenia and thrombocytopenia plus carcino-
genicity in rodents at less than the human anticipated ex-
posure), so evaluation of this drug should proceed with
caution. Valganciclovir has been shown to be bioavailable
orally in neonates (183), and a new CASG trial randomized
congenitally infected neonates with symptoms at birth (not
necessarily CNS symptoms) to receive 6 weeks versus 6
months of valganciclovir therapy (184). The longer duration
of therapy provided significantly better control of hearing
loss and effects on developmental milestones, although the
incremental benefits seen were not as great as the fourfold
increase in drug exposure, exactly as predicted by the
threshold concept. This is now the new standard of care for
babies born with symptoms affecting the CNS. Some pedi-
atricians are reluctant to prescribe valganciclovir for 6
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months if the symptoms at birth were mild, such as isolated
thrombocytopenia, but no consensus has emerged on exactly
which clinical criteria should guide treatment initiation.

Therapeutic Drug Monitoring
Therapeutic drug monitoring is only rarely required, espe-
cially when preemptive therapy is used and the patient’s viral
load can be monitored until it declines below the level of
detection. If this expected pattern is not seen, there are two
possibilities, poor absorption of drug or antiviral resistance.
The first is usually addressed by giving ganciclovir intrave-
nously, with declining viral loads often attributed to poor
patient compliance with oral medication rather than poor
absorption of valganciclovir. Therapeutic drug monitoring
can be useful in occasional patients receiving hemofiltration
whose viral load is static despite intravenous ganciclovir.

Resistance
Strains of HCMV resistant to ganciclovir have been found
in AIDS patients receiving maintenance therapy for retini-
tis. Approximately 8% of urine samples contained resistant
virus once patients had been treated for at least 3 months
(185), which is probably an underestimate of the true situ-
ation in vivo because the long time taken to propagate
HCMV in cell cultures allows the wild type to outcompete
the resistant strain in vitro (111).

Most HCMV strains acquire resistance through muta-
tions in the UL97 gene, although occasional mutations in
DNA polymerase have been described. A range of mutations
have been identified in UL54 that give rise to resistance to
the antiviral drugs ganciclovir, foscarnet, and cidofovir.
Some of these mutations, such as D301N, give rise to cross-
resistance to all of the aforementioned nucleoside analogs.
In a cohort of AIDS patients receiving oral ganciclovir
maintenance therapy, 22% had resistance detected in vivo
by genotyping (186, 187). None of the patients with resis-
tance responded to reintroduction of ganciclovir, arguing
that the laboratory results are clinically relevant. Knowledge
of the rapid dynamics of HCMV replication in vivo has been
used to explain and predict the development of resistance in
AIDS patients (111). At present, resistance is not a major
clinical problem because HCMV is controlled indirectly by
HAART, but we anticipate further cases in the post-
HAART era, and the principles discussed above should be
reapplied. Specifically, patients who had genotypically re-
sistant HCMV in the past may present again with HCMV
disease poorly responsive to ganciclovir.

Increasing cases of ganciclovir resistance have been re-
ported as antiviral prophylaxis has been used frequently in
transplant patients. Mutations identical to those seen in
AIDS patients develop. Late-onset HCMV disease, occur-
ring after antiviral prophylaxis has been stopped, has
emerged as a major clinical problem and is frequently caused
by resistant strains. Alternative drugs to consider include
foscarnet, letermovir, or brincidofovir, guided by the results
of sequencing and the possibility of cross-resistance.

Novel Antiviral Targets
Fomivirsen is a licensed treatment for HCMV retinitis, al-
though it is no longer marketed because of the diminishing
number of cases of HCMV retinitis. It is an antisense oli-
gonucleotide containing modified bases to reduce nuclease
susceptibility. The drug interferes with the IE86 transacti-
vator (Fig. 3) and has to be given by intravitreal injection.

The HCMV protease is an attractive target, especially
since this class of inhibitor has been successfully developed

for HIV. However, despite the availability of a three-
dimensional structure since 1997, the search for inhibitors
has been slow. This is partly compounded by the complex-
ity of the enzyme and partly because the substrate binding
groove is shallow, reducing the opportunities for small
molecules to bind with high affinity.
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Human Herpesvirus 6 and Human Herpesvirus 7
KOICHI YAMANISHI AND YASUKO MORI

24
Human herpesvirus 6 (HHV-6) was first isolated from pa-
tients with lymphoproliferative disorders in 1986 and was
initially named ‘‘human B-lymphotropic virus (HBLV)’’ (1).
It was found to mainly infect and replicate in lymphocytes of
T-cell lineage (2). Subsequently, several reports described
the isolation of similar viruses mainly from patients with
HIV/AIDS. The characterization of HHV-6 indicated that
the virus was antigenically and genetically distinct from the
other five known human herpesviruses (1, 3). HHV-6 iso-
lates are classified into two closely related groups that have
been named variants A (HHV-6A) and B (HHV-6B). Pri-
mary HHV-6B infection occurs during infancy. This virus
was recognized as the causative agent of exanthem subitum
(ES) in 1988 (4).

Another novel human herpesvirus, human herpesvirus 7
(HHV-7), was isolated in 1990 by Frenkel et al. from CD4+
lymphocytes of a healthy adult (5). Seroepidemiologic stud-
ies have indicated that the primary HHV-7 infection also
occurs during childhood.

VIROLOGY
Classification
HHV-6A, 6B, and HHV-7 are members of the Herpesviridae
family. Genomic analysis supports their classification as
Roseolovirus genus of betaherpesviruses. On the basis of
similarity between the amino acid sequences, gene organi-
zation, and putative protein functions, human cytomegalo-
virus (HCMV) is the closest phylogenetic relative of HHV-
6A, 6B, and HHV-7 (6, 7).

HHV-6 strains, which were isolated in different regions of
the world, are closely related to one another. Two distinct
variants of HHV-6, named HHV-6 variant A (HHV-6A)
and variant B (HHV-6B), exist, as demonstrated by restric-
tion enzyme analysis, DNA sequence, and reactivity with
monoclonal antibodies (MAb). Recently, these two variants
have been classified as distinct species (8). Virus strains
belonging to HHV-6A, including the original isolate (GS
strain), are isolated mainly from patients with lymphopro-
liferative disorders or AIDS. HHV-6B strains are isolated
mostly from patients with ES.

HHV-7 cross-hybridizes with some HHV-6A/B DNA
probes. There are no recognized HHV-7 variants to date, but
there is significant genetic variation among isolates. Pre-

dictably, there is also antigenic cross-reactivity between
HHV-6A, 6B, and HHV-7 (6, 9).

Virus Composition

Virion Structure
Electron microscopic examination of infected cells showed
that HHV-6 is an enveloped virion with an icosahedral
capsid with 162 capsomeres (Figure 1) (10). Most of the
capsids are in the nucleus and have cores of low density with
a diameter of 90 to 110 nm. Enveloped viral particles are
observed in cytoplasmic vacuoles as well as extracellularly,
and have a diameter of 170 to 200 nm. In the nucleus,
tubular structures were occasionally observed (11). Naked
particles gradually acquire a full tegument in a nuclear
vacuole. Fusion events with the nuclear membranes result in
the release of the tegumented capsids into the cytoplasm.
The tegumented capsids then undergo envelopment in cy-
toplasmic vacuoles, yielding mature virions. Fusion of the
vacuole membrane with the cell membrane releases the in-
tact virion into the extracellular space.

The virion glycoproteins are absent from nuclear and
plasma membranes (12) but are concentrated in cytoplasmic
structures known as annulate lamellae (13, 14). Final envel-
opment of viral particles occurs at intracellular membranes
that are characteristics of endosomes and the trans Golgi
network (15). HHV-6 virions collect in multivesicular
bodies (MVB) that contain numerous mature virions and
small exosomal vesicles (15). MVBmembranes can fuse with
the plasma membrane, resulting in release of mature virions.
In addition to exocytosis, mature virions can be released by
cell lysis (14).

Genomic and Genetic Properties
The HHV-6 genome is a linear, double-stranded DNA
molecule with a size of 160 to 170 kbp composed of a central
segment of a largely unique sequence (U) of approximately
141 kbp with a sequence of approximately 10 to 13 kbp
duplicated in the same orientation at both left and right
genomic termini (DR) (16). The DNA length variation map
to the left end of both DR elements is termed the hetero-
geneous or het region (17, 18). The left and right termini of
the DR contain homologs of the herpesvirus cleavage and
packaging signals, pac-1 and pac-2, respectively. The mean
G+C content of genomic DNA is 43% (17). The entire
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HHV-6A (U1102 strain) (16), HHV-6A (GS strain) (19),
HHV-6B HST (20), and Z29 (21) genomes have been se-
quenced. HHV-6A and HHV-6B have overall nucleotide
sequence identity of 90% (Figure 2); the portions of the
genomes that span U32 to U77 are highly conserved (95%
identity), while the segment spanning U86 to U100 is only
72% identical (21).

HHV-7 also has a linear, double-stranded DNA of 140 to
160 kbp. The complete genomic DNAs of two strains (JI and
RK) have been sequenced (22, 23). HHV-7 also possesses a
similar genomic organization with a single long U flanked by

identical direct repeats (DRL and DRR), yielding the ar-
rangement DRL-U-DRR (24). Furthermore, there are pac-1
and pac-2 sequences and repeated sequences of GGGTTA at
each end of DR motifs.

Over the conserved domains, Roseoloviruses are geneti-
cally co-linear with cytomegaloviruses, although the cyto-
megaloviruses encode many genes without roseolovirus
counterparts. Within HHV-6A, HHV-6B, or HHV-7, these
viruses exhibit relatively little genetic variability. Between
HHV-6 and HHV-7, amino acid sequence identities range
from 22 to 75%, most being in the vicinity of 50%. There is
evidence for subgrouping within the HHV-6B at some ge-
nomic loci (25) and among HHV-7 isolates (26), but there is
no indication that this is anything other than intraspecies
allelic variation.

Protein Properties
More than 30 polypeptides with molecular masses ranging
30 kDa to 200 kDa, including 6 to 7 glycoproteins, are found
in virions and HHV-6-infected cells (27 - 29). Glycopro-
teins gB and gH are essential for viral replication; induced
neutralizing antibody inhibits the penetration of HHV-6
into susceptible human T-cell lymphocytes (30). HHV-6
gH/gL complex associates with glycoproteins Q1 and Q2
(gQ1 and gQ2) complex. The gQ, the products of the U100
gene, are unique to HHV-6 and HHV-7. The gQ2 interacts
with the gH/gL/gQ1 complex in infected cells and virions to
form gH/gL/gQ1/gQ2 complexes (31, 32). The complex is a
viral ligand for its cellular receptor, CD46 (33). HHV-6 U47
is a positional homolog of the HCMV glycoprotein O (gO)
gene (16), and also associates with gH/gL complex (32). gQ1
and gO have much greater sequence divergence than do
other glycoproteins (76.8% and 72.1% identity, respective-
ly), suggesting that they contribute to the biological differ-
ences. HHV-7 gO also associates with gH/gL complex in
infected cells (34). HHV-6 and HHV-7 U21 encoded gly-

FIGURE 1 Herpes virus particles seen outside of HHV-6 infected
cells.

FIGURE 2 Genome structure of HHV-6B, HST strain; DR; direct repeat. (This figure was shown in a figure in reference 20.)

512 - THE AGENTS—PART A: DNA VIRUSES



coproteins associate with major histocompatibility complex
(MHC) class I molecules (35, 36), and the association
functions in lysosome sorting, which may reduce cytotoxic T
lymphocyte (CTL) recognition of infected cells. HHV-6 and
HHV-7 U24 proteins induced internalization of the T-cell
receptor/CD3 complex at the cell surface, resulting in
abberant T-cell activation (37). HHV-6B IE1 interacts with
STAT2 and sequesters it in the nucleus, preventing ISG3
from binding to IFN-responsive promoters, resulting in si-
lencing of ISG (38).

The predominant protein species immunoreactive with
human serum are p100 (HHV-6A) and p101 (HHV-6B)
(39). These proteins function as a tegument protein like
HCMV pp150. A polypeptide with an approximate molec-
ular weight of 41 kDa is produced early in the replicative
cycle (40). The immediate early proteins may transactivate
the HIV long terminal repeat (LTR). HHV-6 also codes
virus-specific DNA polymerase, uracil-DNA glycosidase and
alkaline DNase, and induce thymidine kinase and deox-
yuridine triphosphate nucleotidohydrolase. The HHV-6B
rep gene, which is a homologue of adeno-associated virus
type 2 rep and is unique in the herpesvirus family, has been
identified (41). HHV-6 and HHV-7 encode viral chemokine
and chemokine receptor homologs (42, 43). U83A encoded
by HHV-6A binds a human chemokine, CCR5, and inhibits
HIV replication in vitro, suggesting that HHV-6 U83A acts
as a novel inhibitor of HHV-6 infection (44).

At least 20 proteins, including 7 glycoproteins, are spe-
cific to HHV-7 and range in apparent molecular weight from
136 to 30 kDa (45). Human antibodies raised to HHV-7 are
directed predominantly to one or more HHV-7-infected cell
proteins with apparent molecular weight of about 85
(phosphoprotein 85 or pp85) to 89 kDa. The pp85 is con-
sidered a major determinant of the human immune response
to HHV-7, discriminating HHV-6 from HHV-7 infection.
Further, human sera recognize additional epitopes of pp85
that are required for their full reactivity (46, 47). Some
MAbs reacted in immunofluorescence assays with HHV-6
antigens to the same degree as to HHV-7 protein (45, 48).

Biology
HHV-6 is isolated only from human mononuclear cells
(mainly CD4+ lymphocytes) and propagates in CD4+
lymphocytes (49, 50). HHV-6 infects a variety of human
cells such as T and B lymphocytes of peripheral blood, cell
lines of lymphocyte, and macrophage in vitro, and infects also
lymphocytes of chimpanzees. The cytopathic effect (CPE)
induced by HHV-6 begins 1 to 2 days post-infection as
evidenced by enlargement of infected lymphocytes. These
refractive giant cells usually contain 1 or 2 nuclei, and fol-
lowing the development CPE, lytic degeneration of the cells
occurs. CD46 is a cellular receptor for HHV-6 (51). HHV-
6A can induce fusion-from-without (fusion that does not
require viral protein synthesis) in a variety of human cells,
dependent on CD46 expression (52). Human CD134, which
is expressed in activated T-cells, was found to be a cellular
receptor specific for HHV-6B, but not HHV-6A (53). HHV-
6B gH/gL/gQ1/gQ2 complex binds to CD134 and that of
HHV-6A binds to human CD46 (53) (Figure 3).

HHV-6 has been shown to integrate into host cell
chromosomes and be vertically transmitted in the germ line.
HHV-6 specifically integrates into telomeres of chromo-
somes during latency rather than forming episomes, and the
integrated viral genome is capable of producing virions (54).
A single HHV-6 genome integrates such that telomere re-
peats join the left end of the integrated viral genome (55).

In contrast, HHV-7 uses CD4 as a receptor for infection
in T-cells (56). Although all HHV-6 isolates can infect and
replicate in human umbilical cord blood mononuclear cells,
HHV-6A strains replicate in immature lymphocytes and
more rapidly in a variety of established cell lines including
EBV-positive B-cells, continuous T-cell lines, fibroblasts,
megakaryocytes, and glioblastoma cells (2). HHV-6B strains
fail to replicate in most continuous cell lines (57), with the
exception of Molt 3 and MT-4 cells. The different cellular
affinity between the two variants may be due to the lack of
viral receptors for entry into the cells, or a deficiency in gene
expression and viral replication. HHV-6B strains replicate in
mature lymphocytes. Prior mitogen activation and full pro-
gression of the cell cycle are required for efficient replication,
particularly for HHV-6B strains. High levels of IL-2 can
delay or inhibit the viral replication (58).

Animal models of HHV-6 or 7 infections are lacking.
Inoculation with the serum of a patient during the febrile
period of ES transmitted a fever-producing agent to monkeys
(59). Western blotting and imunofluorescent antibody assay
(IFA) demonstrated the presence of HHV-6 antibody in
monkeys (60). Chimpanzees are susceptible to productive
infection by HHV-6 (61).

EPIDEMIOLOGY
Seroprevalence
The prevalence of antibody to HHV-6B is high in most, but
not all, populations of the world. An HHV-6B serological
study in Japan found that the incidence of antibody in dif-
ferent age groups was similar, even in those younger than 10
years. From 6 months of age, the number of children having
antibodies gradually increased, and almost all children older
than 13 months were seropositive, indicating past infection
(62). This indicates that almost all children are exposed to
HHV-6B in the latter half of the first year of life. Since most

FIGURE 3 HHV-6A/B and cellular receptors. gH/gL/gQ1/gQ2
complex expresses in HHV-6A/B envelope. HHV-6A gH/gL/gQ1/
gQ2 complex binds to human CD46, and that of HHV-6B binds to
human CD134.

24. Human Herpesvirus 6 and Human Herpesvirus 7 - 513



pregnant women have antibody to HHV-6B, immunoglob-
ulin G (IgG) antibody is transferred from mother to child
across the placenta, and is detectable in infants during the
early months after birth. Very young infants (younger than 6
months) are probably protected against HHV-6B infection
by antibodies from their mother.

HHV-6A seems to predominantly infect infants in sub-
Saharan Africa (63), and both HHV-6A and B infect per-
sistently in the same individuals (64).

Infection by HHV-7 occurs slightly later in life than
HHV-6 (9, 65), although a study in the United Kingdom
indicated no difference in the prevalence of antibody to
both viruses with respect to age-matched controls (66). No
antibody was detectable in children younger than 2 years in
the United States (9), but the seropositivity to HHV-7 was
75% in children aged 12 to 23 months in Japan (67).

Mode of Transmission
The mode of transmission of HHV-6 and -7 to children is
not fully understood. No difference has been found in the
prevalence rates of HHV-6B infection between breast- and
bottle-fed infants (68) or between babies born by cesarean
section and those born vaginally. HHV-6B DNA has been
detected in saliva and throat swabs of ES patients by poly-
merase chain reaction (PCR), as well as in healthy adults
including mothers (69 - 71). HHV-6B is also present in
vaginal secretions of pregnant women (72, 73). HHV-6
reactivation seems common during pregnancy, and HHV-6B
infection of the fetus may occur.

Local spread and seasonal outbreaks of ES are rare, al-
though outbreaks of HHV-6B infection are occasionally
observed among institutionalized children (74). Persistent
excretion or recurrent episodes of shedding HHV-6B from
saliva and cervical secretions of adults suggest that close
contact is a mode of transmission early in life, mainly from
mother to child. Specific DNA could be detected in 1 to
1.6% of cord blood specimens from babies born to ostensibly
healthy mothers (75, 76). Since an intact HHV-6A or B
genome is universally integrated in several distinct chro-
mosomes (77, 78), congenital transmission of HHV-6 can be
caused by either genetic transmission of chromosomal inte-
gration of HHV-6 (ciHHV-6) from mother or father or both
parents, or by transplacental transmission with ciHHV-6
(79, 80).

HHV-7 can be frequently isolated from saliva of the
healthy adults (81 - 83), and horizontal transmission of
HHV-7 may occur even from grandparents or parents to
children through close household contact. Thus, the trans-
missions of HHV-6 and HHV-7 are very similar; however, it
is not clear why HHV-7 infection occurs generally later than
HHV-6 infection. There is no report of ciHHV-7 to date.

PATHOGENESIS
The mechanisms by which HHV-6 induces pathology in
humans have not been precisely defined. Suppression of
bone marrow function is one of the most serious effects of
HHV-6 infection in bone marrow transplant recipients.
Immunological and molecular analyses indicate that CD4+
T lymphocytes are the predominant target cells for HHV-6.
Direct viral cytolysis may be responsible from acute diseases
such as ES and heterophile-negative infectious mononu-
cleosis. Besides the direct infection of immune cells, indirect
pathogenic mechanisms following HHV-6 infection may
result from modulation of the immune system. Infection of
PBMC by HHV-6A suppressed IL-2 synthesis in vitro, and

levels of IL-2 transcripts were diminished (84). Recently
virus specific regulatory T-cells were induced by HHV-6,
suggesting immunosuppression in infected hosts (85).

HHV-6 up-regulates CD4 (86) and NK cells (87) and
down-regulates CD3 molecules in T-cells (88). It also in-
duces the release of IFN-a (89 - 91), IL-1b, and tumor ne-
crosis factor alpha by infected cells (92). Such altered
polyclonal cell stimulation and cytokine bursts might con-
tribute to the development of lymphoproliferative disorders,
including lymphoma and leukemia.

These proinflammatory cytokines can upregulate HIV
replication in vitro and contribute to the pathogenesis of
AIDS. Both viruses infect CD4+ T lymphocytes. HHV-6
expression transactivates HIV-1 LTR. HHV-6 infection also
induces CD4 molecules on the surface of CD4-CD8+ cells at
the transcriptional level, resulting in enhanced susceptibility
to HIV-1 infection (86, 93, 94). This concept remains
controversial since other reports suggest inhibition of HIV
replication in the case of co-infection (3, 95 - 97).

HHV-6A dramatically accelerates progression from HIV
to full blown AIDS in monkeys (98). Since HHV-6 is neu-
roinvasive, as described below, it may contribute to the
neuropathogenesis of HIV/AIDS. HHV-6 is extensively
disseminated in neural cells in brains of HIV-infected pa-
tients, suggesting a contribution to the pathogenesis of AIDS
encephalopathy (99). In contrast, HHV-7 down-regulates
CD4, the cellular receptor shared by HIVand HHV-7. HHV-
7 suppresses the replication of CCR5 tropic HIV isolates
through CD4 modulation, suggesting that HHV-7 and HIV-
1 may interfere in lymphoid tissue in vivo (100).

As described above, HHV-6 and HHV-7 establish latency
after primary infection, but the mechanism is not understood
completely. An immediate-early 1 protein of HHV-6 in-
hibits transcription of the IFN-b gene and may contribute to
latency (101).

CLINICAL MANIFESTATIONS
Acute Infection
Primary HHV-6 infection in early infancy causes ES (roseola
infantum), a common illness characterized by high fever for
a few days and the appearance of a rash coinciding with
defervescence. The rash appears on the trunk and face and

FIGURE 4 Clinical feature (typical rash) of a patient with ex-
anthem subitum.
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spreads to lower extremities during subsiding fever (Figure
4). Human-to-human transmission has been documented by
experimental inoculation of blood from ES patients into
other infants (59, 102). Novel cell culture techniques
allowed isolation of the virus (4). HHV-6 infection can
occur without clinical symptoms of rash or fever (68, 103 -
106). When people escape childhood HHV-6 infection and
are infected as adults, they develop a self-limited febrile
disease that resembles infectious mononucleosis (47, 107).

The clinical features of primary HHV-7 infection have
not been established. In 1994, HHV-7 was isolated from
peripheral blood mononuclear cells of two infants with
typical ES and the DNA patterns of the isolated viruses
which were digested with various restriction enzymes very
similar to that of the prototype HHV-7 (RK strain) (108).
During the convalescent period of one patient, the antibody
titer to HHV-7 increased significantly whereas the antibody
titer to HHV-6 remained negative. In the second patient,
who had two independent episodes of ES over 2 months,
both HHV-6 and HHV-7 were sequentially isolated; HHV-6
seroconversion occurred during the first episode and HHV-7
seroconversion occurred during the second episode. These
results suggest that HHV-7 is also a causative agent of ES.
Temporally, isolation of HHV-7 before HHV-6 is uncom-
mon; thus, it is still not completely clear whether HHV-7
causes ES-like symptoms.

ES is a common disease of infancy, and the symptoms are
usually mild. Normally, children can recover from this dis-
ease after a few days without any complications. However, a
few infants show hepatic dysfunction associated with ES
(109, 110). Another common complication associated with
ES is seizures (111), reported to occur in 0.6 to 50% of
patients, but the exact incidence of seizures occurring with
ES is difficult to estimate. Thus, ES has been suggested to be
a risk factor for recurrent febrile seizures. Encephalitis and
other complications of the central nervous system (CNS)
have been also reported (112 - 114). HHV-6 DNA can be
detectable in the cerebrospinal fluid of some of patients
(115). These data suggest that HHV-6 may invade the brain
during the acute phase of ES. HHV-6 has also been detected
by PCR in brains of normal cadavers and brains of AIDS
patients (116). HHV-6 may also cause lymphadenitis (117,
118). Idiopathic thrombocytopenic purpura has been asso-
ciated with primary infection of HHV-6 (118).

Primary HHV-7 infection results in a febrile illness in
childhood, complicated by seizures (119), and children with
ES developed CNS disease including acute hemiplegia
(120), suggesting that HHV-7 may also infect the brain. One
study in hospitalized children during the first two years of life
(121) found that 17% of the encephalitis cases were asso-
ciated with primary infections of HHV-6 and 7, and that the
two viruses contributed equally.

Diseases During HHV-6 and HHV-7 Reactivation
After primary infection, all three viruses establish latency
and can be reactivated to cause disease, particularly immuno-
suppressed states. The site of latent infection with HHV-6 is
unknown, but HHV-6 antigen has been detected in salivary
glands. HHV-6 DNA can be detected in peripheral blood of
normal adults at low frequency, as well as in both the
monocyte/macrophages and lymphocytes during the acute
phase of ES and mainly in monocyte/macrophages of patients
in the convalescent phase and of healthy adults (121).

Reactivation of HHV-6 occurs after bone marrow trans-
plantation (BMT), solid-organ transplantation, and AIDS.
Asymptomatic HHV-6 reactivation is common in allogeneic

BMT patients (122); symptomatic HHV-6 reactivation may
result in bone marrow suppression (90), encephalitis (123),
pneumonitis (124), and acute graft-versus-host disease (125).
In fact, HHV-6 DNA is detectable in cerebrospinal fluid of
patients after BMT and stem-cell transplant (126).

An association between rejection of transplanted kidneys
and HHV-6 reactivation has been reported (127). HHV-6
reactivation in liver transplant recipients is associated with
severe cytopenia (128, 129). Liver transplant recipients with
ciHHV-6 experience more bacterial infections and allograft
rejection than those without ciHHV-6 (130). Other asso-
ciations include interstitial pneumonitis due to HHV-6, life-
threatening thrombocytopenia, progressive encephalopathy,
and rash in adults. HHV-6, HHV-7, and HCMV may con-
tribute to the disease burden by reactivating at the same time
during the course of transplantation (131).

HHV-6 has been demonstrated in some neoplasms, in-
cluding non-Hodgkin’s lymphoma and Hodgkin’s disease. A
high prevalence of HHV-6 has been found in oral, particu-
larly salivary gland, carcinomas (132). A possible association
of HHV-6 with the unusual disorder S100-positive, T-cell
chronic lymphoproliferative disease has been reported (133).
The frequency of HHV-6 variants in certain tumors suggests
that they might serve as cofactors in multistep carcinogen-
esis, but there has been no conclusive demonstration that
HHV-6 plays a causative role in any malignancy.

A reported association between chronic fatigue syndrome
(CFS) and HHV-6 infection (134, 135) requires confirma-
tion. More CFS patients than controls had elevated levels of
HHV-6 early-antigen specific IgM, perhaps indicating active
replication of HHV-6 in CFS (136). Further work is required
to determine whether HHV-6 contributes to the clinical
manifestations.

Several studies have suggested an association between
HHV-6 and multiple sclerosis (MS). A DNA fragment
containing the major DNA binding protein gene of HHV-6
was detected in the brains of patients with MS by repre-
sentational difference analysis, as reviewed (137). Exam-
ination of 86 brain specimens by PCR demonstrated that
HHV-6B was present in the brains of > 70% of both MS
patients and controls. Nuclear staining of oligodendrocytes
using MAb against HHV-6 virion protein 101K and DNA
binding protein p41 has been observed in samples from MS
patients but not in controls. Samples from MS patients
showed prominent cytoplasmic staining of neurons in gray
matter adjacent to plaques, although neurons expressing
HHV-6 were also found in certain controls (138, 139). One
study reported increased IgM serum antibody responses to
HHV-6 early antigen (p41/38) in patients with relapsing-
remitting MS, compared with those with chronic progressive
MS or other patients with neurologic disease, autoimmune
disease, and normal controls. Other groups, however, have
not confirmed these findings (140) and further studies are
required (141).

HHV-6 DNA has been detected in brain tissues from
patients with mesial temporal lobe epilepsy (142, 143); this
association was restricted to patients with history of en-
cephalitis (144). Numerous studies have found that HHV-
6B persistently infects the human brain.

Detection of HHV-6 DNA has been reported in affected
heart tissues from children and adults with acute myocarditis
(145, 146).

Drug-induced hypersensitivity syndrome is characterized
by a severe, potentially fatal, multi-organ reaction that
usually appears after prolonged exposure to certain drugs
(147). Clinical features overlap those for Stevens-Johnson
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syndrome and toxic epidermal necrolysis. Clinical signs in-
clude a maculopapular rash progressing to exfoliative ery-
throderma, fever, and lymphadenopathy. It is uncertain
whether the virus reactivation causes the disease, is triggered
by the disease, or contributes to the disease.

Association of pityriasis with HHV-7 infection is a clin-
ical presentation of HHV-7 reactivation (148). No signifi-
cant differences in DNA and antibody tests are noted
between patients and control groups. Further experiments
are necessary.

LABORATORY DIAGNOSIS
Virus Isolation and Assay
HHV-6B is easily recovered from the peripheral blood
lymphocytes of ES patients on the first or second day of the
disease, which is during the febrile phase of ES, but the
isolation rate gradually decreases thereafter. Virus has been
isolated on some occasions from saliva, but the isolation rate
is extremely low.

An effective method for virus isolation (4) involves use
of uninfected cord blood lymphocytes. Cord blood cells are
recommended because HHV-6 and HHV-7 may latently
infect and reactivate during cultivation in peripheral blood
mononuclear cells. CPE, with characteristic, balloon-like
syncytia, usually appears 2 to 4 days post-infection. Mitogen-
stimulated human cord blood mononuclear cells and adult
peripheral mononuclear cells are readily infected by HHV-6.
HHV-6A also infects HSB-2, an immature T-cell line, and
HHV-6B infects several T-cell lines, including MT-4 and
Molt 3 cells. Since high concentrations of IL-2 inhibit viral
replication (58), culture medium after infection should
contain only very low concentrations of IL-2.

HHV-7 is occasionally isolated from peripheral blood of
patients with ES, and frequently from saliva of individuals
who have antibody to HHV-7. Inoculation of salivary sam-
ples onto mitogen stimulated human cord blood lympho-
cytes results in CPE by 2 to 4 weeks.

DNA Detection
HHV-6 DNA can be detected by DNA hybridization and by
PCR. Southern blot hybridization is useful for rapid screen-
ing of large numbers of specimens, but it is generally a less
sensitive technique than PCR. Numerous PCR primer sets,
which are sensitive and specific, have been described for
HHV-6 DNA, and some of these allow easy discrimination of
the variants (25, 149- 151). Variant-specific oligonucleotide
hybridization is based on the amplification of two distinct
regions of the HHV-6 genome, followed by hybridization of
amplicons with variant-specific oligonucleotide probes. The
putative coding region of immediate-early genes of HHV-6A
is 2,517 nucleotides long, and two large additional regions of
108 and 228 bp were found in HHV-6B. PCR ampflication,
using primers covering one of these regions results in PCR-
products with different molecular mass, permitting discrim-
ination between HHV-6A and 6B. HHV-6 DNA is easily
detectable by PCR in peripheral blood of ES patients during
the acute phase, but detection of cell-free virus in serum or
plasma by PCR offers the possibility of diagnosing active
HHV-6 infections.

A RT-PCR assay can determine the presence of HHV-6
RNA in clinical specimens. The primers for amplification of
mRNA of a major structural gene (gQ), which has a spliced
structure and is expressed as a late gene and its mRNA, are
employed. Therefore, the amplification of this gene has the
advantage of detecting replicating virus and readily distin-

guishes mRNA from residual DNA contamination. This
method showed a low false-positive rate (1.2%) and a high
specificity of 98.8%.

A quantitative competitive PCR assay for HHV-6 has
demonstrated the persistence of a high HHV-6 load in the
absence of apparent disease (152). The primer sequences
based on consensus sequences in the DNA polymerase gene
of herpesviruses can be used for testing for six different
herpesviruses simultaneously (153).

PCR can also be used for detection of HHV-7 DNA in a
throat swab or peripheral blood. The method is essentially
the same as for the detection of HHV-6 DNA. Qualitative
and competitive-quantitative nested PCR assays have also
been developed for the detection of HHV-7 DNA. These
assays amplify a DNA sequence encoding part of the HHV-7
U42 gene (154).

Loop-mediated isothermal amplification (LAMP) is a
novel technique of rapid detection of HHV-6 DNA us-
ing simple and relatively inexpensive equipment, making it
suitable for rapid diagnosis of roseola (80, 155).

A multiplex PCR method was also developed for the
simultaneous detection of HHV-6 and HHV-7 in clinical
samples, using primers to amplify a segment of the HHV-6,
U67 gene, and the HHV-7, U42 gene. Comparison of the
multiplex assay with the respective single PCR assays, using
cloned HHV-6 and HHV-7 sequences as targets for ampli-
fication, demonstrated equivalent sensitivity and specificity
of the assays. This multiplex assay is an efficient and cost-
effective approach to the analysis of large numbers of sam-
ples to determine the epidemiological importance of HHV-6
and HHV-7(156).

Since both HHV-6A and B have been found integrated
into the chromosomes of immunocompetent patients at
persistently high levels of viral DNA in blood, sera, and hair
follicles (157, 158,159) (Figure 5), the PCR test should
be carefully interpreted for diagnosis, even in cerebrospinal
fluid.

FIGURE 5 Fluorescent in situ hybridization (FISH) on meta-
phase chromosomes from a patient shows integration of HHV-6.
The red and green signals indicate HHV-6 DNA and chromosome
6, respectively (the method is written in reference 159.)
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Antigen Detection
A quantitative antigenemia assay using monoclonal anti-
body enables enumeration of HHV-6B-infected cells and has
been used to monitor HHV-6 activity in liver transplant
recipients (160).

Latent and replicating virus can be discriminated by as-
says that combine reverse transcription and PCR (RT-PCR)
(144, 161, 162). Such assays target spliced mRNAs, enabl-
ing easy discrimination between mRNA and residual DNA
contamination.

Serological Assays
Several serological assays are available for HHV-6 studies,
including IFA, enzyme-linked immunosorbent assay (ELI-
SA), neutralization (NT), radio-immunoprecipitation, and
immunoblotting. Indirect IFA is presently the most com-
monly applied method for HHV-6 viral antigen and anti-
body detection. Separation of serum IgM from IgG and IgA
significantly increases the specificity of HHV-6-specific IgM
detection. Density gradient columns and protein A absorp-
tion and anti-IgG treatment techniques can be applied for
removal of interfering substances such as heterotopic cross-
reactions, rheumatoid factors, and antinuclear antibodies.

NT antibody tests using a CPE reading, chemically at-
tached MT-4 cells (T-cell line), or dot blot assays have been
reported (163). Neutralizing antibody titers appear to cor-
relate with the antibody titers determined by the indirect
IFA test (164).

An enzyme immunoassay, an immunoblot assay, and an
indirect IFA have been developed for the detection of HHV-
7 antibodies in human serum. Cross-absorption studies with
ELISA or IFA using HHV-7 and HHV-6 antigens indicated
that most human sera contain cross-reactive HHV-6 and
HHV-7 antibodies. The degree of cross-reactivity varies
between individual serum specimens. An 85/89 kDa protein
was identified as an HHV-7-specific serologic marker by
immunoblot analysis (165). To detect antibody to HHV-7
specifically and sensitively, the p89/85 proteins were
expressed as recombinant proteins in bacteria, and devel-
oped for immunoblot kit. Of the three assays, the ELISA is
the most sensitive, while the immunoblot assay is the most
specific (166). A recently described assay appears to enable
HHV-6A and B-specific serologic testing (167).

From a natural history perspective, IgM antibodies are
detected by day 7 and persist for 3 weeks, but are not de-
tectable in most sera 1 month after the onset of disease. IgG
antibody is first detected 7 days after the onset of illness,
increases in titer until 3 weeks after onset, and persists at
least 2 months. Interesting, antibody titers to HHV-6 are
boosted during other virus infections such as HHV-7(62,
145) or measles (168).

TREATMENT AND PREVENTION
No effective measures have been determined for the pre-
vention of infection. Similarly, no vaccines are in develop-
ment.

Many anti-HHV-6 and HHV-7 drugs have been de-
scribed, but three drugs which have been developed for
HCMV treatment can be used for HHV-6 and HHV-7 in-
fections, as reviewed in (169). Ganciclovir, cidofovir, and
foscarnet are inhibitors of DNA polymerase of these viruses.
Other nucleoside or nucleotide analogues are efficient
in vitro and are under preclinical stage or early clinical phase
(169, 170).The sensitivity of HHV-7 to the guanine analogs

differed from HHV-6, suggesting a different selectivity of
specific viral enzymes (171). Prophylaxis with ACV did not
prevent the occurrence of HHV-6-associated CNS disease
after allogeneic bone marrow transplantation. IFN-a and
IFN-ß inhibit HHV-6 replication in vitro (91).

REFERENCES
1. Salahuddin SZ, Ablashi D, Markham P, Josephs S, Sturze-

negger S, Kaplan M, Halligan G, Biberfeld P, Wong-Staal F,
Kramarsky B, Gallo R. 1986. Isolation of a new virus, HBLV,
in patients with lymphoproliferative disorders. Science 234:
596–601.

2. Ablashi DV, Salahuddin SZ, Josephs SF, Imam F, Lusso P,
Gallo RC, Hung C, Lemp J, Markham PD. 1987. HBLV (or
HHV-6) in human cell lines. Nature 329:207.

3. Lopez C, Pellett P, Stewart J, Goldsmith C, Sanderlin K,
Black J, Warfield D, Feorino P. 1988. Characteristics of
human herpesvirus-6. J Infect Dis 157:1271–1273.

4. Yamanishi K, Okuno T, Shiraki K, Takahashi M, Kondo T,
Asano Y, Kurata T. 1988. Identification of human herpesvirus-
6 as a causal agent for exanthem subitum. Lancet 1:1065–
1067.

5. Frenkel N, Schirmer EC, Wyatt LS, Katsafanas G, Roffman
E, Danovich RM, June CH. 1990. Isolation of a new her-
pesvirus from human CD4+ T cells. Proc Natl Acad Sci USA
87:748–752.

6. Berneman ZN, Ablashi DV, Li G, Eger-Fletcher M, Reitz
MS Jr, Hung CL, Brus I, Komaroff AL, Gallo RC. 1992.
Human herpesvirus 7 is a T-lymphotropic virus and is related
to, but significantly different from, human herpesvirus 6 and
human cytomegalovirus. Proc Natl Acad Sci USA 89:10552–
10556.

7. Lawrence GL, Chee M, Craxton MA, Gompels UA, Honess
RW, Barrell BG. 1990. Human herpesvirus 6 is closely related
to human cytomegalovirus. J Virol 64:287–299.

8. Ablashi D, Agut H, Alvarez-Lafuente R, Clark DA,
Dewhurst S, DiLuca D, Flamand L, Frenkel N, Gallo
R, Gompels UA, Höllsberg P, Jacobson S, Luppi M, Lusso
P, Malnati M, Medveczky P, Mori Y, Pellett PE, Pritchett
JC, Yamanishi K, Yoshikawa T. 2014. Classification of
HHV-6A and HHV-6B as distinct viruses. Arch Virol 159:
863–870.

9. Wyatt LS, RodriguezWJ, Balachandran N, Frenkel N. 1991.
Human herpesvirus 7: antigenic properties and prevalence in
children and adults. J Virol 65:6260–6265.

10. Biberfeld P, Kramarsky B, Salahuddin SZ, Gallo RC. 1987.
Ultrastructural characterization of a new human B lympho-
tropic DNAvirus (human herpesvirus 6) isolated from patients
with lymphoproliferative disease. J Natl Cancer Inst 79:933–
941.

11. Yoshida M, Uno F, Bai ZL, Yamada M, Nii S, Sata T, Kurata
T, Yamanishi K, Takahashi M. 1989. Electron microscopic
study of a herpes-type virus isolated from an infant with ex-
anthem subitum. Microbiol Immunol 33:147–154.

12. Cirone M, Campadelli-Fiume G, Foà-Tomasi L, Torrisi MR,
Faggioni A. 1994. Human herpesvirus 6 envelope glycopro-
teins B and H-L complex are undetectable on the plasma
membrane of infected lymphocytes. AIDS Res Hum Retro-
viruses 10:175–179.

13. Cardinali G, Gentile M, Cirone M, Zompetta C, Frati L,
Faggioni A, Torrisi MR. 1998. Viral glycoproteins accumu-
late in newly formed annulate lamellae following infection
of lymphoid cells by human herpesvirus 6. J Virol 72:9738–
9746.

14. Torrisi MR, Gentile M, Cardinali G, Cirone M, Zompetta C,
Lotti LV, Frati L, Faggioni A. 1999. Intracellular transport
and maturation pathway of human herpesvirus 6. Virology
257:460–471.

15. Mori Y, Koike M, Moriishi E, Kawabata A, Tang H, Oyaizu
H, Uchiyama Y, Yamanishi K. 2008. Human herpesvirus-6

24. Human Herpesvirus 6 and Human Herpesvirus 7 - 517



induces MVB formation, and virus egress occurs by an exo-
somal release pathway. Traffic 9:1728–1742.

16. Gompels UA, Nicholas J, Lawrence G, Jones M, Thomson
BJ, Martin ME, Efstathiou S, Craxton M, Macaulay HA.
1995. The DNA sequence of human herpesvirus-6: struc-
ture, coding content, and genome evolution. Virology 209:
29–51.

17. Lindquester GJ, Pellett PE. 1991. Properties of the human
herpesvirus 6 strain Z29 genome: G + C content, length, and
presence of variable-length directly repeated terminal se-
quence elements. Virology 182:102–110.

18. Pellett PE, Lindquester GJ, Feorino P, Lopez C. 1990.
Genomic heterogeneity of human herpesvirus 6 isolates. Adv
Exp Med Biol 278:9–18.

19. Gravel A, Hall CB, Flamand L. 2013. Sequence analysis of
transplacentally acquired human herpesvirus 6 DNA is con-
sistent with transmission of a chromosomally integrated reac-
tivated virus. J Infect Dis 207:1585–1589.

20. Isegawa Y, Mukai T, Nakano K, Kagawa M, Chen J, Mori Y,
Sunagawa T, Kawanishi K, Sashihara J, Hata A, Zou P,
Kosuge H, Yamanishi K. 1999. Comparison of the complete
DNA sequences of human herpesvirus 6 variants A and B. J
Virol 73:8053–8063.

21. Dominguez G, Dambaugh TR, Stamey FR, Dewhurst S,
Inoue N, Pellett PE. 1999. Human herpesvirus 6B genome
sequence: coding content and comparison with human her-
pesvirus 6A. J Virol 73:8040–8052.

22. Megaw AG, Rapaport D, Avidor B, Frenkel N, Davison AJ.
1998. The DNA sequence of the RK strain of human her-
pesvirus 7. Virology 244:119–132.

23. Nicholas J. 1996. Determination and analysis of the complete
nucleotide sequence of human herpesvirus. J Virol 70:5975–
5989.

24. Secchiero P, Nicholas J, Deng H, Xiaopeng T, van Loon N,
Ruvolo VR, Berneman ZN, Reitz MS Jr, Dewhurst S. 1995.
Identification of human telomeric repeat motifs at the genome
termini of human herpesvirus 7: structural analysis and het-
erogeneity. J Virol 69:8041–8045.

25. Chou S, Marousek GI. 1994. Analysis of interstrain variation
in a putative immediate-early region of human herpesvirus 6
DNA and definition of variant-specific sequences. Virology
198:370–376.

26. Franti M, Aubin JT, Gautheret-Dejean A, Malet I, Cahour
A, Huraux JM, Agut H. 1999. Preferential associations of al-
leles of three distinct genes argue for the existence of two pro-
totype variants of human herpesvirus 7. J Virol 73:9655–9658.

27. Balachandran N, Amelse RE, Zhou WW, Chang CK. 1989.
Identification of proteins specific for human herpesvirus 6-
infected human T cells. J Virol 63:2835–2840.

28. Shiraki K, Okuno T, Yamanishi K, Takahashi M. 1989.
Virion and nonstructural polypeptides of human herpesvirus-
6. Virus Res 13:173–178.

29. Yamamoto M, Black JB, Stewart JA, Lopez C, Pellett PE.
1990. Identification of a nucleocapsid protein as a specific
serological marker of human herpesvirus 6 infection. J Clin
Microbiol 28:1957–1962.

30. Foà-Tomasi L, Boscaro A, di Gaeta S, Campadelli-Fiume G.
1991. Monoclonal antibodies to gp100 inhibit penetration of
human herpesvirus 6 and polykaryocyte formation in suscep-
tible cells. J Virol 65:4124–4129.

31. Akkapaiboon P, Mori Y, Sadaoka T, Yonemoto S, Yamanishi
K. 2004. Intracellular processing of human herpesvirus 6 gly-
coproteins Q1 and Q2 into tetrameric complexes expressed on
the viral envelope. J Virol 78:7969–7983.

32. Mori Y, Akkapaiboon P, Yonemoto S, Koike M, Takemoto
M, Sadaoka T, Sasamoto Y, Konishi S, Uchiyama Y, Yama-
nishi K. 2004. Discovery of a second form of tripartite complex
containing gH-gL of human herpesvirus 6 and observations on
CD46. J Virol 78:4609–4616.

33. Mori Y, Yang X, Akkapaiboon P, Okuno T, Yamanishi K.
2003. Human herpesvirus 6 variant A glycoprotein H-glyco-
protein L-glycoprotein Q complex associates with human
CD46. J Virol 77:4992–4999.

34. Sadaoka T, Yamanishi K, Mori Y. 2006. Human herpesvirus 7
U47 gene products are glycoproteins expressed in virions and
associate with glycoprotein H. J Gen Virol 87:501–508.

35. Glosson NL, Hudson AW. 2007. Human herpesvirus-6A and
-6B encode viral immunoevasins that downregulate class I
MHC molecules. Virology 365:125–135.

36. Hudson AW, Blom D, Howley PM, Ploegh HL. 2003. The
ER-lumenal domain of the HHV-7 immunoevasin U21 directs
class I MHC molecules to lysosomes. Traffic 4:824–837.

37. Sullivan BM, Coscoy L. 2008. Downregulation of the T-cell
receptor complex and impairment of T-cell activation by
human herpesvirus 6 u24 protein. J Virol 82:602–608.

38. Jaworska J, Gravel A, Flamand L. 2010. Divergent suscep-
tibilities of human herpesvirus 6 variants to type I interferons.
Proc Natl Acad Sci USA 107:8369–8374.

39. Neipel F, Ellinger K, Fleckenstein B. 1992. Gene for the
major antigenic structural protein (p100) of human herpes-
virus 6. J Virol 66:3918–3924.

40. Chang CK, Balachandran N. 1991. Identification, character-
ization, and sequence analysis of a cDNA encoding a phos-
phoprotein of human herpesvirus 6. J Virol 65(6):2884- 2894.

41. Mori Y, Dhepakson P, Shimamoto T, Ueda K, Gomi Y, Tani
H, Matsuura Y, Yamanishi K. 2000. Expression of human
herpesvirus 6B rep within infected cells and binding of its gene
product to the TATA-binding protein in vitro and in vivo. J
Virol 74:6096–6104.

42. Isegawa Y, Ping Z, Nakano K, Sugimoto N, Yamanishi
K. 1998. Human herpesvirus 6 open reading frame U12 en-
codes a functional beta-chemokine receptor. J Virol 72:6104–
6112.

43. Zou P, Isegawa Y, Nakano K, Haque M, Horiguchi
Y, Yamanishi K. 1999. Human herpesvirus 6 open reading
frame U83 encodes a functional chemokine. J Virol 73:5926–
5933.

44. Catusse J, Parry CM, Dewin DR, Gompels UA. 2007.
Inhibition of HIV-1 infection by viral chemokine U83A via
high-affinity CCR5 interactions that block human chemo-
kine-induced leukocyte chemotaxis and receptor internaliza-
tion. Blood 109:3633–3639.

45. Foà-Tomasi L, Avitabile E, Ke L, Campadelli-Fiume G.
1994. Polyvalent and monoclonal antibodies identify major
immunogenic proteins specific for human herpesvirus 7-
infected cells and have weak cross-reactivity with human
herpesvirus 6. J Gen Virol 75:2719–2727.

46. Foà-Tomasi L, Fiorilli MP, Avitabile E, Campadelli-Fiume G.
1996. Identification of an 85 kDa phosphoprotein as an
immunodominant protein specific for human herpesvirus 7-
infected cells. J Gen Virol 77:511–518.

47. Steeper TA, Horwitz CA, Ablashi DV, Salahuddin SZ,
Saxinger C, Saltzman R, Schwartz B. 1990. The spectrum
of clinical and laboratory findings resulting from human
herpesvirus-6 (HHV-6) in patients with mononucleosis-like
illnesses not resulting from Epstein-Barr virus or cytomegalo-
virus. Am J Clin Pathol 93:776–783.

48. Nakagawa N, Mukai T, Sakamoto J, Hata A, Okuno T,
Takeda K, Yamanishi K. 1997. Antigenic analysis of human
herpesvirus 7 (HHV-7) and HHV-6 using immune sera and
monoclonal antibodies against HHV-7. J Gen Virol 78:1131–
1137.

49. Lusso P, Markham PD, Tschachler E, di Marzo Veronese F,
Salahuddin SZ, Ablashi DV, Pahwa S, Krohn K, Gallo RC.
1988. In vitro cellular tropism of human B-lymphotropic virus
(human herpesvirus-6). J Exp Med 167:1659–1670.

50. Takahashi K, Sonoda S, Higashi K, Kondo T, Takahashi H,
Takahashi M, Yamanishi K. 1989. Predominant CD4 T-
lymphocyte tropism of human herpesvirus 6-related virus.
J Virol 63:3161–3163.

51. Santoro F, Kennedy PE, Locatelli G, Malnati MS, Berger
EA, Lusso P. 1999. CD46 is a cellular receptor for human
herpesvirus 6. Cell 99:817–827.

52. Mori Y, Seya T, Huang HL, Akkapaiboon P, Dhepakson P,
Yamanishi K. 2002. Human herpesvirus 6 variant A but not
variant B induces fusion from without in a variety of human

518 - THE AGENTS—PART A: DNA VIRUSES



cells through a human herpesvirus 6 entry receptor, CD46. J
Virol 76:6750–6761.

53. Tang H, Serada S, Kawabata A, Ota M, Hayashi E, Naka T,
Yamanishi K, Mori Y. 2013. CD134 is a cellular receptor
specific for human herpesvirus-6B entry. Proc Natl Acad Sci
USA 110:9096–9099.

54. Arbuckle JH, Medveczky MM, Luka J, Hadley SH, Lueg-
mayr A, Ablashi D, Lund TC, Tolar J, De Meirleir K,
Montoya JG, Komaroff AL, Ambros PF, Medveczky PG.
2010. The latent human herpesvirus-6A genome specifically
integrates in telomeres of human chromosomes in vivo and
in vitro. Proc Natl Acad Sci USA 107:5563–5568.

55. Arbuckle JH, Pantry SN, Medveczky MM, Prichett J,
Loomis KS, Ablashi D, Medveczky PG. 2013. Mapping the
telomere integrated genome of human herpesvirus 6A and 6B.
Virology 442:3–11.

56. Lusso P, Secchiero P, Crowley RW, Garzino-Demo A, Ber-
neman ZN, Gallo RC. 1994. CD4 is a critical component of
the receptor for human herpesvirus 7: interference with human
immunodeficiency virus. Proc Natl Acad Sci USA 91:3872–
3876.

57. Black JB, Sanderlin KC, Goldsmith CS, Gary HE, Lopez C,
Pellett PE. 1989. Growth properties of human herpesvirus-6
strain Z29. J Virol Methods 26:133–145.

58. Roffman E, Frenkel N. 1990. Interleukin-2 inhibits the rep-
lication of human herpesvirus-6 in mature thymocytes. Virol-
ogy 175:591–594.

59. Kempe CH, Shaw EB, Jackson JR, Silver HK. 1950. Studies
on the etiology of exanthema subitum (roseola infantum).
J Pediatr 37:561–568.

60. Higashi K, Asada H, Kurata T, Ishikawa K, Hayami M,
Spriatna Y, Sutarman, Yamanishi K. 1989. Presence of anti-
body to human herpesvirus 6 in monkeys. J Gen Virol 70:
3171–3176.

61. Lusso P, Markham PD, DeRocco SE, Gallo RC. 1990. In
vitro susceptibility of T lymphocytes from chimpanzees (Pan
troglodytes) to human herpesvirus 6 (HHV-6): a potential
animal model to study the interaction between HHV-6 and
human immunodeficiency virus type 1 in vivo. J Virol 64:
2751–2758.

62. Okuno T, Takahashi K, Balachandra K, Shiraki K, Yama-
nishi K, Takahashi M, Baba K. 1989. Seroepidemiology of
human herpesvirus 6 infection in normal children and adults.
J Clin Microbiol 27:651–653.

63. Bates M, Monze M, Bima H, Kapambwe M, Clark D, Kasolo
FC, Gompels UA. 2009. Predominant human herpesvirus 6
variant A infant infections in an HIV-1 endemic region of
Sub-Saharan Africa. J Med Virol 81:779–789.

64. Cone RW, Huang ML, Hackman RC, Corey L. 1996.
Coinfection with human herpesvirus 6 variants A and B in
lung tissue. J Clin Microbiol 34:877–881.

65. Clark DA, FreelandML, Mackie LK, Jarrett RF, Onions DE.
1993. Prevalence of antibody to human herpesvirus 7 by age. J
Infect Dis 168:251–252.

66. Yoshikawa T, Asano Y, Kobayashi I, Nakashima T, Yazaki T,
Suga S, Ozaki T, Wyatt LS, Frenkel N. 1993. Seroepi-
demiology of human herpesvirus 7 in healthy children and
adults in Japan. J Med Virol 41:319–323.

67. Tanaka-Taya K, Kondo T, Mukai T, Miyoshi H, Yamamoto
Y, Okada S, Yamanishi K. 1996. Seroepidemiological study of
human herpesvirus-6 and -7 in children of different ages and
detection of these two viruses in throat swabs by polymerase
chain reaction. J Med Virol 48:88–94.

68. Takahashi K, Sonoda S, Kawakami K, Miyata K, Oki T,
Nagata T, Okuno T, Kamanishi K. 1988. Human herpesvirus
6 and exanthem subitum. Lancet 1:1463.

69. Gopal MR, Thomson BJ, Fox J, Tedder RS, Honess RW.
1990. Detection by PCR of HHV-6 and EBV DNA in blood
and oropharynx of healthy adults and HIV-seropositives.
Lancet 335:1598–1599.

70. Jarrett RF, Clark DA, Josephs SF, Onions DE. 1990.
Detection of human herpesvirus-6 DNA in peripheral blood
and saliva. J Med Virol 32:73–76.

71. Kido S, Kondo K, Kondo T, Morishima T, Takahashi M,
Yamanishi K. 1990. Detection of human herpesvirus 6 DNA
in throat swabs by polymerase chain reaction. J Med Virol 32:
139–142 .

72. Leach CT, Newton ER, McParlin S, Jenson HB. 1994.
Human herpesvirus 6 infection of the female genital tract. J
Infect Dis 169:1281–1283.

73. Okuno T, Oishi H, Hayashi K, Nonogaki M, Tanaka K,
Yamanishi K. 1995. Human herpesviruses 6 and 7 in cervixes
of pregnant women. J Clin Microbiol 33:1968–1970.

74. Okuno T, Mukai T, Baba K, Ohsumi Y, Takahashi M,
Yamanishi K. 1991. Outbreak of exanthem subitum in an
orphanage. J Pediatr 119:759–761.

75. Adams O, Krempe C, Kögler G, Wernet P, Scheid A. 1998.
Congenital infections with human herpesvirus 6. J Infect Dis
178:544–546.

76. Dahl H, Fjaertoft G, Norsted T, Wang FZ, Mousavi-Jazi M,
Linde A. 1999. Reactivation of human herpesvirus 6 during
pregnancy. J Infect Dis 180:2035–2038.

77. Morissette G, Flamand L. 2010. Herpesviruses and chromo-
somal integration. J Virol 84:12100–12109.

78. Pellett PE, Ablashi DV, Ambros PF, Agut H, Caserta MT,
Descamps V, Flamand L, Gautheret-Dejean A, Hall CB,
Kamble RT, Kuehl U, Lassner D, Lautenschlager I, Loomis
KS, Luppi M, Lusso P, Medveczky PG, Montoya JG, Mori Y,
Ogata M, Pritchett JC, Rogez S, Seto E, Ward KN, Yoshi-
kawa T, Razonable RR. 2012. Chromosomally integrated
human herpesvirus 6: questions and answers. Rev Med Virol
22:144–155.

79. Hall CB, Caserta MT, Schnabel KC, Shelley LM, Carnahan
JA, Marino AS, Yoo C, Lofthus GK. 2010. Transplacental
congenital human herpesvirus 6 infection caused by maternal
chromosomally integrated virus. J Infect Dis 201:505–507.

80. Ihira M, Sugiyama H, Enomoto Y, Higashimoto Y, Sugata K,
Asano Y, Yoshikawa T. 2010. Direct detection of human
herpesvirus 6 DNA in serum by variant specific loop-mediated
isothermal amplification in hematopoietic stem cell transplant
recipients. J Virol Methods 167:103–106.

81. Black JB, Inoue N, Kite-Powell K, Zaki S, Pellett PE. 1993.
Frequent isolation of human herpesvirus 7 from saliva. Virus
Res 29:91–98.

82. Hidaka Y, Liu Y, Yamamoto M, Mori R, Miyazaki C, Kusu-
hara K, Okada K, Ueda K. 1993. Frequent isolation of human
herpesvirus 7 from saliva samples. J Med Virol 40:343–346.

83. Wyatt LS, Frenkel N. 1992. Human herpesvirus 7 is a con-
stitutive inhabitant of adult human saliva. J Virol 66:3206–
3209.

84. Flamand L, Gosselin J, Stefanescu I, Ablashi D, Menezes J.
1995. Immunosuppressive effect of human herpesvirus 6 on T-
cell functions: suppression of interleukin-2 synthesis and cell
proliferation. Blood 85:1263–1271.

85. Wang F, Chi J, Peng G, Zhou F, Wang J, Li L, Feng D, Xie F,
Gu B, Qin J, Chen Y, Yao K. 2014. Development of virus-
specific CD4+ and CD8+ regulatory Tcells induced by human
herpesvirus 6 infection. J Virol 88:1011–1024.

86. Lusso P, De Maria A, Malnati M, Lori F, DeRocco SE,
Baseler M, Gallo RC. 1991. Induction of CD4 and suscepti-
bility to HIV-1 infection in human CD8+ T lymphocytes by
human herpesvirus 6. Nature 349:533–535.

87. Lusso P, Malnati MS, Garzino-Demo A, Crowley RW, Long
EO, Gallo RC. 1993. Infection of natural killer cells by human
herpesvirus 6. Nature 362:458–462.

88. Lusso P, Malnati M, De Maria A, Balotta C, DeRocco SE,
Markham PD, Gallo RC. 1991. Productive infection of CD4+
and CD8+ mature human T cell populations and clones by
human herpesvirus 6. Transcriptional down-regulation of CD3.
J Immunol 147:685–691.

89. Kikuta H, Nakane A, Lu H, Taguchi Y, Minagawa T, Mat-
sumoto S. 1990. Interferon induction by human herpesvirus 6
in human mononuclear cells. J Infect Dis 162:35–38.

90. Knox KK, Carrigan DR. 1992. In vitro suppression of bone
marrow progenitor cell differentiation by human herpesvirus 6
infection. J Infect Dis 165:925–929.

24. Human Herpesvirus 6 and Human Herpesvirus 7 - 519



91. Takahashi K, Segal E, Kondo T, Mukai T, Moriyama M,
Takahashi M, Yamanishi K. 1992. Interferon and natural
killer cell activity in patients with exanthem subitum. Pediatr
Infect Dis J 11:369–373.

92. Flamand L, Gosselin J, D’Addario M, Hiscott J, Ablashi DV,
Gallo RC, Menezes J. 1991. Human herpesvirus 6 induces
interleukin-1 beta and tumor necrosis factor alpha, but not
interleukin-6, in peripheral blood mononuclear cell cultures. J
Virol 65:5105–5110.

93. Ensoli B, Lusso P, Schachter F, Josephs SF, Rappaport J,
Negro F, Gallo RC,Wong-Staal F. 1989. Human herpes virus-
6 increases HIV-1 expression in co-infected T cells via
nuclear factors binding to the HIV-1 enhancer. EMBO J 8:
3019–3027.

94. Horvat RT, Wood C, Balachandran N. 1989. Transactivation
of human immunodeficiency virus promoter by human her-
pesvirus 6. J Virol 63:970–973.

95. Carrigan DR, Knox KK, Tapper MA. 1990. Suppression of
human immunodeficiency virus type 1 replication by human
herpesvirus-6. J Infect Dis 162:844–851.

96. Levy JA, Landay A, Lennette ET. 1990. Human herpesvirus
6 inhibits human immunodeficiency virus type 1 replication in
cell culture. J Clin Microbiol 28:2362–2364.

97. Pietroboni GR, Harnett GB, Farr TJ, Bucens MR. 1988.
Human herpes virus type 6 (HHV-6) and its in vitro effect on
human immunodeficiency virus (HIV). J Clin Pathol 41:1310–
1312.

98. Lusso P, Crowley RW, Malnati MS, Di Serio C, Ponzoni M,
Biancotto A, Markham PD, Gallo RC. 2007. Human her-
pesvirus 6A accelerates AIDS progression in macaques. Proc
Natl Acad Sci USA 104:5067–5072.

99. Knox KK, Harrington DP, Carrigan DR. 1995. Fulminant
human herpesvirus six encephalitis in a human immunodefi-
ciency virus-infected infant. J Med Virol 45:288–292.

100. Lisco A, Grivel JC, Biancotto A, Vanpouille C, Origgi
F, Malnati MS, Schols D, Lusso P, Margolis LB. 2007.
Viral interactions in human lymphoid tissue: human herpes-
virus 7 suppresses the replication of CCR5-tropic human im-
munodeficiency virus type 1 via CD4 modulation. J Virol 81:
708–717.

101. Jaworska J, Gravel A, Fink K, Grandvaux N, Flamand L.
2007. Inhibition of transcription of the beta interferon gene by
the human herpesvirus 6 immediate-early 1 protein. J Virol
81:5737–5748.

102. Hellstrom B, Vahlquist B. 1951. Experimental inoculation of
roseola infantum. Acta Paediatr 40:189–197.

103. Asano Y, Suga S, Yoshikawa T, Urisu A, Yazaki T. 1989.
Human herpesvirus type 6 infection (exanthem subitum)
without fever. J Pediatr 115:264–265 .

104. Kondo K, Hayakawa Y, Mori H, Sato S, Kondo T, Takahashi
K, Minamishima Y, Takahashi M, Yamanishi K. 1990.
Detection by polymerase chain reaction amplification of hu-
man herpesvirus 6 DNA in peripheral blood of patients with
exanthem subitum. J Clin Microbiol 28:970–974.

105. Pruksananonda P, Hall CB, Insel RA, McIntyre K, Pellett
PE, Long CE, Schnabel KC, Pincus PH, Stamey FR, Dam-
baugh TR, Stewart JA. 1992. Primary human herpesvirus 6
infection in young children. N Engl J Med 326:1445–1450.

106. Suga S, Yoshikawa T, Asano Y, Yazaki T, Hirata S. 1989.
Human herpesvirus-6 infection (exanthem subitum) without
rash. Pediatrics 83:1003–1006.

107. Bertram G, Dreiner N, Krueger GR, Ramon A, Ablashi DV,
Salahuddin SZ, Balachandram N. 1991. Frequent double
infection with Epstein-Barr virus and human herpesvirus-6 in
patients with acute infectious mononucleosis. In Vivo 5:271–
279.

108. Tanaka K, Kondo T, Torigoe S, Okada S, Mukai T, Yama-
nishi K. 1994. Human herpesvirus 7: another causal agent for
roseola (exanthem subitum). J Pediatr 125:1–5.

109. Asano Y, Yoshikawa T, Suga S, Yazaki T, Kondo K, Yama-
nishi K. 1990. Fatal fulminant hepatitis in an infant with
human herpesvirus-6 infection. Lancet 335:862–863.

110. Tajiri H, Nose O, Baba K, Okada S. 1990. Human herpes-
virus-6 infection with liver injury in neonatal hepatitis. Lancet
335:863.

111. Moller KL. 1956. Exanthema subitum and febrile convulsions.
Acta Paediatr 45:534–540.

112. Caserta MT, Hall CB, Schnabel K, McIntyre K, Long C,
Costanzo M, Dewhurst S, Insel R, Epstein LG. 1994. Neu-
roinvasion and persistence of human herpesvirus 6 in children.
J Infect Dis 170:1586–1589.

113. Ishiguro N, Yamada S, Takahashi T, Takahashi Y, Togashi T,
Okuno T, Yamanishi K. 1990. Meningo-encephalitis associ-
ated with HHV-6 related exanthem subitum. Acta Paediatr
Scand 79:987–989.

114. Yoshikawa T, Nakashima T, Suga S, Asano Y, Yazaki T,
Kimura H, Morishima T, Kondo K, Yamanishi K. 1992.
Human herpesvirus-6 DNA in cerebrospinal fluid of a child
with exanthem subitum and meningoencephalitis. Pediatrics
89:888–890.

115. Kondo K, Nagafuji H, Hata A, Tomomori C, Yamanishi K.
1993. Association of human herpesvirus 6 infection of the
central nervous system with recurrence of febrile convulsions. J
Infect Dis 167:1197–1200.

116. Luppi M, Barozzi P, Maiorana A, Marasca R, Torelli G. 1994.
Human herpesvirus 6 infection in normal human brain tissue. J
Infect Dis 169:943–944.

117. Sumiyoshi Y, Kikuchi M, Ohshima K, Takeshita M, Eizuru
Y, Minamishima Y. 1993. Analysis of human herpes virus-6
genomes in lymphoid malignancy in Japan. J Clin Pathol 46:
1137–1138.

118. Kitamura K, Ohta H, Ihara T, Kamiya H, Ochiai H,
Yamanishi K, Tanaka K. 1994. Idiopathic thrombocytopenic
purpura after human herpesvirus 6 infection. Lancet 344:830.

119. Caserta MT, Hall CB, Schnabel K, Long CE, D’Heron N.
1998. Primary human herpesvirus 7 infection: a comparison of
human herpesvirus 7 and human herpesvirus 6 infections in
children. J Pediatr 133:386–389.

120. Torigoe S, Koide W, Yamada M, Miyashiro E, Tanaka-Taya
K, Yamanishi K. 1996. Human herpesvirus 7 infection asso-
ciated with central nervous system manifestations. J Pediatr
129:301–305.

121. Ward KN, Andrews NJ, Verity CM, Miller E, Ross EM.
2005. Human herpesviruses-6 and -7 each cause significant
neurological morbidity in Britain and Ireland. Arch Dis Child
90:619–623.

122. Cone RW,Huang ML, Corey L, Zeh J, Ashley R, Bowden R.
1999. Human herpesvirus 6 infections after bone marrow
transplantation: clinical and virologic manifestations. J Infect
Dis 179:311–318.

123. Drobyski WR, Knox KK, Majewski D, Carrigan DR. 1994.
Brief report: fatal encephalitis due to variant B human her-
pesvirus-6 infection in a bone marrow-transplant recipient. N
Engl J Med 330:1356–1360.

124. Cone RW, Hackman RC, Huang ML, Bowden RA, Meyers
JD, Metcalf M, Zeh J, Ashley R, Corey L. 1993. Human
herpesvirus 6 in lung tissue from patients with pneumonitis
after bone marrow transplantation. N Engl J Med 329:156–
161.

125. Appleton AL, et al. 1995. Human herpes virus-6 infection in
marrow graft recipients: role in pathogenesis of graft-versus-
host disease. Newcastle upon Tyne Bone Marrow Transport
Group. Bone Marrow Transplant 16:777–782.

126. Fotheringham J, Akhyani N, Vortmeyer A, Donati D, Wil-
liams E, Oh U, Bishop M, Barrett J, Gea-Banacloche J,
Jacobson S. 2007. Detection of active human herpesvirus-6
infection in the brain: correlation with polymerase chain re-
action detection in cerebrospinal fluid. J Infect Dis 195:450–
454.

127. Okuno T, Higashi K, Shiraki K, Yamanishi K, Takahashi M,
Kokado Y, Ishibashi M, Takahara S, Sonoda T, Tanaka
K, Baba K, Yabuuchi H, Kurata T. 1990. Human herpesvirus
6 infection in renal transplantation. Transplantation 49:519–
522.

520 - THE AGENTS—PART A: DNA VIRUSES



128. Singh N, Carrigan DR, Gayowski T, Singh J, Marino IR.
1995. Variant B human herpesvirus-6 associated febrile der-
matosis with thrombocytopenia and encephalopathy in a liver
transplant recipient. Transplantation 60:1355–1357.

129. Singh N, Carrigan DR, Gayowski T, Marino IR. 1997.
Human herpesvirus-6 infection in liver transplant recipi-
ents: documentation of pathogenicity. Transplantation 64:674–
678.

130. Lee SO, Brown RA, Razonable RR. 2011. Clinical signifi-
cance of pretransplant chromosomally integrated human her-
pesvirus-6 in liver transplant recipients. Transplantation 92:
224–229.

131. Kidd IM, Clark DA, Sabin CA, Andrew D, Hassan-Walker
AF, Sweny P, Griffiths PD, Emery VC. 2000. Prospective
study of human betaherpesviruses after renal transplantation:
association of human herpesvirus 7 and cytomegalovirus co-
infection with cytomegalovirus disease and increased rejec-
tion. Transplantation 69:2400–2404.

132. Yadav M, Arivananthan M, Chandrashekran A, Tan BS,
Hashim BY. 1997. Human herpesvirus-6 (HHV-6) DNA and
virus-encoded antigen in oral lesions. J Oral Pathol Med
26:393–401.

133. Braun DK, Pellett PE, Hanson CA. 1995. Presence and
expression of human herpesvirus 6 in peripheral blood mono-
nuclear cells of S100-positive, T cell chronic lymphopro-
liferative disease. J Infect Dis 171:1351–1355.

134. Josephs SF, Henry B, Balachandran N, Strayer D, Peterson
D, Komaroff AL, Ablashi DV. 1991. HHV-6 reactivation in
chronic fatigue syndrome. Lancet 337:1346–1347.

135. Wakefield D, Lloyd A, Dwyer J, Salahuddin SZ, Ablashi
DV. 1988. Human herpesvirus 6 and myalgic encephalomy-
elitis. Lancet 1:1059.

136. Patnaik M, Komaroff AL, Conley E, Ojo-Amaize EA, Peter
JB. 1995. Prevalence of IgM antibodies to human herpesvirus
6 early antigen (p41/38) in patients with chronic fatigue
syndrome. J Infect Dis 172:1364–1367.

137. Delbue S, Carluccio S, Ferrante P. 2012. The long and
evolving relationship between viruses and multiple sclerosis.
Future Virol 7:871–883.

138. Challoner PB, Smith KT, Parker JD, MacLeod DL, Coulter
SN, Rose TM, Schultz ER, Bennett JL, Garber RL, Chang
M. 1995. Plaque-associated expression of human herpesvirus 6
in multiple sclerosis. Proc Natl Acad Sci USA 92:7440–7444.

139. Goodman AD, Mock DJ, Powers JM, Baker JV, Blumberg
BM. 2003. Human herpesvirus 6 genome and antigen in acute
multiple sclerosis lesions. J Infect Dis 187:1365–1376.

140. Fillet AM, Lozeron P, Agut H, Lyon-Caen O, Liblau R.
1998. HHV-6 and multiple sclerosis. Nat Med 4:537, author
reply 538.

141. Coates AR, Bell J. 1998. HHV-6 and multiple sclerosis. Nat
Med 4:537–538 .

142. Li JM, Lei D, Peng F, Zeng YJ, Li L, Xia ZL, Xia XQ, Zhou
D. 2011. Detection of human herpes virus 6B in patients with
mesial temporal lobe epilepsy in West China and the possible
association with elevated NF-kB expression. Epilepsy Res 94:
1–9.

143. Theodore WH, Epstein L, Gaillard WD, Shinnar S, Wain-
wright MS, Jacobson S. 2008. Human herpes virus 6B: a
possible role in epilepsy? Epilepsia 49:1828–1837.

144. Niehusmann P, Mittelstaedt T, Bien CG, Drexler JF, Grote
A, Schoch S, Becker AJ. 2010. Presence of human herpes
virus 6 DNA exclusively in temporal lobe epilepsy brain tissue
of patients with history of encephalitis. Epilepsia 51:2478–
2483.

145. Andréoletti L, Lévêque N, Boulagnon C, Brasselet C, For-
nes P. 2009. Viral causes of human myocarditis. Arch Cardio-
vasc Dis 102:559–568.

146. Comar M, D’Agaro P, Campello C, Poli A, Breinholt JP III,
Towbin JA, Vatta M. 2009. Human herpes virus 6 in archival
cardiac tissues from children with idiopathic dilated cardio-
myopathy or congenital heart disease. J Clin Pathol 62:80–83.

147. Tohyama M, Hashimoto K. 2011. New aspects of drug-
induced hypersensitivity syndrome. J Dermatol 38:222–228.

148. Drago F, Ranieri E, Malaguti F, Losi E, Rebora A. 1997.
Human herpesvirus 7 in pityriasis rosea. Lancet 349:1367–
1368.

149. Aubin JT, Poirel L, Robert C, Huraux JM, Agut H. 1994.
Identification of human herpesvirus 6 variants A and B by
amplimer hybridization with variant-specific oligonucleotides
and amplification with variant-specific primers. J Clin Micro-
biol 32:2434–2440.

150. Schirmer EC, Wyatt LS, Yamanishi K, Rodriguez WJ,
Frenkel N. 1991. Differentiation between two distinct classes
of viruses now classified as human herpesvirus 6. Proc Natl
Acad Sci USA 88:5922–5926.

151. Yamamoto T, Mukai T, Kondo K, Yamanishi K. 1994. Var-
iation of DNA sequence in immediate-early gene of human
herpesvirus 6 and variant identification by PCR. J Clin
Microbiol 32:473–476.

152. Clark DA, Ait-Khaled M, Wheeler AC, Kidd IM, Mc-
Laughlin JE, Johnson MA, Griffiths PD, Emery VC. 1996.
Quantification of human herpesvirus 6 in immunocompetent
persons and post-mortem tissues from AIDS patients by PCR. J
Gen Virol 77:2271–2275.

153. Minjolle S, Michelet C, Jusselin I, Joannes M, Cartier F,
Colimon R. 1999. Amplification of the six major human
herpesviruses from cerebrospinal fluid by a single PCR. J Clin
Microbiol 37:950–953.

154. Kidd IM, Clark DA, Ait-Khaled M, Griffiths PD, Emery
VC. 1996. Measurement of human herpesvirus 7 load in pe-
ripheral blood and saliva of healthy subjects by quantitative
polymerase chain reaction. J Infect Dis 174:396–401.

155. Ihira M, Akimoto S, Miyake F, Fujita A, Sugata K, Suga S,
Ohashi M, Nishimura N, Ozaki T, Asano Y, Yoshikawa T.
2007. Direct detection of human herpesvirus 6 DNA in serum
by the loop-mediated isothermal amplification method. J Clin
Virol 39:22–26.

156. Kidd IM, Clark DA, Bremner JA, Pillay D, Griffiths PD,
Emery VC. 1998. A multiplex PCR assay for the simultaneous
detection of human herpesvirus 6 and human herpesvirus 7,
with typing of HHV-6 by enzyme cleavage of PCR products.
J Virol Methods 70:29–36.

157. Ward KN, Thiruchelvam AD, Couto-Parada X. 2005.
Unexpected occasional persistence of high levels of HHV-6
DNA in sera: detection of variants A and B. J Med Virol 76:
563–570.

158. Ward KN, Leong HN, Nacheva EP, Howard J, Atkinson
CE, Davies NW, Griffiths PD, Clark DA. 2006. Human
herpesvirus 6 chromosomal integration in immunocompetent
patients results in high levels of viral DNA in blood, sera, and
hair follicles. J Clin Microbiol 44:1571–1574.

159. Ohye T, et al. 2014. Dual Roles forthe telomeric repeats in
chromosomally integrated human herpes-6. SC Rep 4:1–7.

160. Loginov R, Karlsson T, Höckerstedt K, Ablashi D, Lau-
tenschlager I. 2010. Quantitative HHV-6B antigenemia test
for the monitoring of transplant patients. Eur J Clin Microbiol
Infect Dis 29:881–886.

161. Niehusmann P, Seifert G, Clark K, Atas HC, Herpfer I,
Fiebich B, Bischofberger J, Normann C. 2010. Coincidence
detection and stress modulation of spike time-dependent long-
term depression in the hippocampus. J Neurosci 30:6225–
6235.

162. Yoshikawa T, Goshima F, Akimoto S, Ozaki T, Iwasaki T,
Kurata T, Asano Y, Nishiyama Y. 2003. Human herpesvirus 6
infection of human epidermal cell line: pathogenesis of skin
manifestations. J Med Virol 71:62–68.

163. Asada H, Yalcin S, Balachandra K, Higashi K, Yamanishi K.
1989. Establishment of titration system for human herpesvirus
6 and evaluation of neutralizing antibody response to the virus.
J Clin Microbiol 27:2204–2207.

164. Tsukazaki T, Yoshida M, Namba H, Yamada M, Shimizu N,
Nii S. 1998. Development of a dot blot neutralizing assay for
HHV-6 and HHV-7 using specific monoclonal antibodies. J
Virol Methods 73:141–149.

165. Suzuki Y, Inagi R, Aono T, Yamanishi K, Shiohara T. 1998.
Human herpesvirus 6 infection as a risk factor for the devel-

24. Human Herpesvirus 6 and Human Herpesvirus 7 - 521



opment of severe drug-induced hypersensitivity syndrome.
Arch Dermatol 134:1108–1112.

166. Black JB, Schwarz TF, Patton JL, Kite-Powell K, Pellett
PE, Wiersbitzky S, Bruns R, Müller C, Jäger G, Stewart
JA. 1996. Evaluation of immunoassays for detection of anti-
bodies to human herpesvirus 7. Clin Diagn Lab Immunol 3:79–
83.

167. Thäder-Voigt A, Jacobs E, Lehmann W, Bandt D. 2011.
Development of a microwell adapted immunoblot system with
recombinant antigens for distinguishing human herpesvirus
(HHV)6A and HHV6B and detection of human cytomega-
lovirus. Clin Chem Lab Med 49:1891–1898.

168. Suga S, Yoshikawa T, Asano Y, Nakashima T, Kobayashi I,
Yazaki T. 1992. Activation of human herpesvirus-6 in chil-
dren with acute measles. J Med Virol 38:278–282.

169. Prichard MN, Whitley RJ. 2014. The development of new
therapies for human herpesvirus 6. Curr Opin Virol 9:148–153.

170. Agut H, Bonnafous P, Gautheret-Dejean A. 2015. Labora-
tory and clinical aspects of human herpesvirus 6 infections.
Clin Microbiol Rev 28:313–335.

171. Yoshida M, Yamada M, Chatterjee S, Lakeman F, Nii S,
Whitley RJ. 1996. A method for detection of HHV-6 antigens
and its use for evaluating antiviral drugs. J Virol Methods
58:137–143.

522 - THE AGENTS—PART A: DNA VIRUSES



Epstein-Barr Virus
JOYCE FINGEROTH

25
In the century preceding the discovery of Epstein-Barr virus
(EBV), physicians speculated that a common clinical syn-
drome characterized by fever, tonsillar adenopathy, spleno-
megaly, and mononuclear leukocytosis termed glandular
fever was caused by a pathogen (1). In 1920, the name in-
fectious mononucleosis (IM) was introduced by Thomas P.
Sprunt and Frank A. Evans to characterize this syndrome
(2). Three years later, Hal Downey and C.A. McKinlay
described the now-classic atypical lymphocyte as a common
feature of this disease (3), and in 1932 John Rodman Paul
and Walls Willard Bunnell demonstrated high titers of
spontaneously occurring heterophile antibodies in the sera
of patients with IM (4), ensuring more accurate diagnosis. In
1961, the British surgeon Denis P. Burkitt gave the first ac-
count outside of Africa of “The Commonest Children’s
Cancer in Tropical Africa” at Middlesex Hospital London,
detailing the geographic relationship between Burkitt’s
lymphoma (BL) and conditions of temperature, altitude, and
rainfall associated with development of Plasmodium falcipa-
rum malaria (5, 6). M. Anthony Epstein, who was in the
audience, became intrigued by the idea that a biological
agent might be involved in the etiology of BL, and in 1964,
the Epstein laboratory analyzed BL biopsy samples by thin-
section electron microscopy and discovered a new, large,
icosahedral herpesvirus that could be directly reactivated
from in vitro–grown BL cells (7). These initial findings were
reported in The Lancet, and the virus was named after Ep-
stein and his graduate student Yvonne Barr (8). Shortly
thereafter, two independent groups (9, 10) demonstrated
the ability of EBV to transform primary human B lympho-
cytes into permanently growing lymphoblastoid cell lines
(LCLs), providing the first concrete evidence of the ability
of EBV to promote human cancer. In 1968, Gertrude Henle
and Werner Henle made two further critical observations:
(1) that EBV seroconversion occurred during the course of
acute IM (AIM) in a laboratory technician (9) and (2) that
EBV-carrying LCLs spontaneously formed from a peripheral
blood leukocyte culture obtained during the acute phase of
the technician’s illness. The Henles confirmed their obser-
vations through study of sera provided by James Corson
Niederman and Robert W. McCollum, who collected blood
from incoming Yale freshmen and later from individuals
who developed AIM. This study and others demonstrated
EBV-specific antibodies in the sera of the students who

developed AIM, confirming the etiologic association be-
tween EBV and AIM (11).

VIROLOGY
Classification
EBV is a member of the Gammaherpesvirinae subfamily
of the family Herpesviridae and is the prototype of the
Lymphocryptovirus genus (gamma-1 herpesvirus). In vitro, all
gamma herpesviruses infect and replicate in lymphoid cells
and variably in other hematopoietic lineage cells, epithelial
cells, smooth muscle cells, and fibroblasts. The host range of
the Lymphocryptovirus genus is restricted to primates. Lym-
phocryptovirus infection of primate B lymphocytes results in
persistence of the viral genome, which is maintained
through variable expression of a restricted set of latent gene
products that typically sustain quiescence, but can also help
drive cell proliferation and contribute to the transformation
process (12).

Type and Strain Variations
The quest to define what constitutes “wild-type” EBV for
vaccine development and to determine whether genetic
strain differences correlate with specific EBV-associated dis-
ease began shortly after sequencing of the entire EBV genome
in 1984 (13, 14). Two main types of EBV, namely EBV-1 and
EBV-2 (or A and B, respectively), were identified in distinct
global populations on the basis of analysis of the strains then
available (15). With the advent of advanced DNA se-
quencing technologies, there is now sequence information
from at least 83 independent EBV strains originating from
different parts of the world, and much work is ongoing.
Identification of additional polymorphisms has added to the
complexity of interpreting whether strain variants predict
disease. Although most EBV genes differ in sequence by
< 1% to 5%, the EBV-1 and EBV-2 latent infection cycle
nuclear antigen gene 2 (EBV nuclear antigen 2 [EBNA-2])-
encoded proteins share only 54% identity. African EBV ge-
nomes are almost as frequently type 2 as type 1, in contrast to
American, European, and Asian EBV genomes, which are 10
times more likely to be type 1 than type 2.

Individuals, particularly those who are immunocompro-
mised, can be infected with multiple strains, and new poly-
morphisms can arise within an infected host. Type 1 EBV
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immortalizes B lymphocytes in vitro with greater efficiency
than type 2, which is reflected by the more rapid outgrowth
of LCLs, growth to higher saturation density, and increased
frequency of tumor formation upon inoculation of severe
combined immunodeficient (SCID) mice (16). Although
the molecular mechanisms underlying these in vitro differ-
ences are understood increasingly (17), there remains little
in vivo evidence that one type is more likely than another to
cause any EBV-associated disease. Strain polymorphisms with
potential disease associations in gene products, such as latent
membrane protein 1 (LMP-1, a viral oncoprotein) (18) in
nasopharyngeal carcinoma, the EBV nuclear antigen 3B
(EBNA-3B) gene (an ostensible tumor suppressor) in B-cell
lymphomas (19), and several others, have been described
(20, 21). However, substantive evidence of broad disease
associations is lacking. Future comprehensive DNA analyses
that incorporate sequences of healthy controls from diverse
geographic regions should provide important new informa-
tion (17, 22, 23) about the clinical impact of polymorphisms.

Virion Composition and Genome Structure
The EBV virion is composed of linear double-stranded
DNA that is devoid of histones. The DNA is packed into an

icosahedral nucleocapsid containing 162 capsomeres and
surrounded by an amorphous tegument formed by protein
and RNAs. Surrounding this is an outer viral envelope,
which consists predominantly of alternatively spliced glyco-
proteins known as gp350/220 (hereafter referred to as gp350)
(12) (Fig. 1). Intact virions contain 335 EBV proteins as
well as 5 cellular proteins (24).

The EBV genome was initially characterized in 1970 and
was completely sequenced in the early 1980s by the Sanger
method using overlapping BamHI and EcoRI restriction
enzyme fragments (14). Individual EBV gene products were
named on the basis of the BamHI restriction fragment in
which transcription was initiated (e.g., Bam A, B, . . . Z).
Included in this nomenclature was whether RNAs were
transcribed from a rightward open reading frame (RF) or a
leftward open reading frame (LF) relative to the site of ori-
gin. Characteristic features of the EBV genome, as depicted
in Fig. 1, include a single overall gene arrangement, tan-
demly reiterated 0.5-kbp terminal repeats, and tandemly
reiterated 3-kbp internal repeats (W repeats) that divide the
genome into unique long and short regions. EBV DNA is
linear in the virus particles, but it rapidly circularizes through
the terminal repeat sequences in infected cells. Each infected

FIGURE 1 Virion composition and genome organization. (a) Electron micrograph of Epstein-Barr virus (EBV) budding from the plasma
membrane (top). Diagram of virion components (bottom). (b) Diagram of circular genome (episome) with localization of latent transcripts. (c)
Diagram of linear genome displaying localization of BamHI fragments. (Modified from ref. 264 with permission; virion image from Wikipedia.)
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cell contains 1 to 200 nuclear copies of the circular EBV
genome (known as an episome) that is attached to, but not
integrated into, host chromosomes by the viral protein
EBNA-1 (25). Episome amplification occurs early after in-
fection. The terminal DNA repeat elements serve as land-
marks on the EBV episome that distinguish between EBV
isolates as individual viruses and tend to maintain a constant
number of terminal repeats upon serial passage of latently
infected cells. This finding has proved extremely useful in
determining whether latently infected tumor cells, such as
BL, arise from a single progenitor (26).

Antigenic cross-reactivity between EBV and other her-
pesviruses is rare, even among proteins encoded by con-
served genes. In fact, the EBV genes expressed in latent
infection as well as several lytic-cycle genes, such as the
tegument genes, have no detectable homology to other
herpesvirus genes and are believed to derive in part from
cellular DNA (12) or possibly DNA of coinfecting patho-
gens. As an example, an irregular repeat motif,
GGGGCAGGA, present in the latent-cycle gene EBNA-1,
is also interspersed in human DNA. Some other examples of
EBV lytic-cycle genes with significant homology to the
human genome, but little homology to other herpesviruses,
include BZLF1, BHRF1, and BARF1. BZLF1 is an immedi-
ate early gene closely related to the fos and jun transcriptional
activators (27). BHRF1 is an EBVearly gene with significant
homology to the human bcl-2 gene (28) involved in pre-
vention of apoptosis. BARF1 is an early gene with amino
acid sequences similar to that of c-fms (colony-stimulating
factor) or the colony-stimulating factor-1 receptor (CSF-1R)
(29). Many noncoding RNAs (ncRNAs) with diverse
functions are produced by EBV, including EBV-encoded
RNAs (EBERs), BamHI-A rightward transcripts (BARTs), a
small nucleolar RNA (snoRNA), and multiple microRNAs
(miRNAs) generated in particular from the BamA and
BamH DNA fragments (30–32).

Host Range and Virus Receptor
EBV is restricted to humans, although related lympho-
cryptoviruses have been detected in both Old and New
World nonhuman primate (NHP) species (33, 34). Lytic
cycle proteins are the most conserved and latent cycle pro-
teins are the most diverged between humans and NHPs. The
B cells of certain NHPs, including squirrel/owl monkeys and
cotton-top tamarins are susceptible to EBV immortalization
in vitro. These animals may undergo EBV infection upon
percutaneous inoculation (35, 36), but do not provide
physiologic disease models; cross-species infection is essen-
tially absent (37). Upon oral infection with rhesus lym-
phocryptovirus (rhLCV), but not with EBV, rhesus
macaques develop a spectrum of EBV-like illnesses (34).
More recently, immunodeficient mice transplanted with
human immune systems, “humanized mice,” were shown to
be susceptible to infection and to recapitulate many forms of
EBV-associated disease, providing many new avenues for the
study of EBV pathogenesis (38–40).

B lymphocytes are the primary cellular reservoir of EBV
infection. The initial stage of infection involves a high-
affinity interaction between the major EBV outer envelope
glycoprotein gp350 with CD21 on the surface of B cells (41–
43). Multiple lines of evidence confirm CD21, the receptor
for the C3d component of complement, as the primary hu-
man cellular receptor on B cells: (1) purified CD21 binds to
EBV, (2) virus infection of B-cell lines is blocked by antibody
directed against the CD21 glycoprotein, and (3) the ex-
pression of CD21 on heterologous cells confers binding to

EBV. Comparison of the primary amino acid sequences of
gp350 and C3d reveal a shared nonapeptide (EDPGFFNVE)
that may account for some conserved receptor contacts (44).
In addition to infecting B cells, EBV can variably infect
other hematopoietic lineage cells, including T cells, natural
killer (NK) cells, monocytes, smooth muscle cells, and
others (45). CD21 can be detected on some thymocytes and
peripheral blood T cells (46). CD35, a human complement
regulatory protein closely related to CD21, can also bind
gp350 and initiate entry (47). The cellular distribution of
CD35 is broader; thus, CD35 may facilitate EBV infection of
some non-B-cell targets that sometimes become infected. As
discussed below, the receptor(s) used for attachment of EBV
to primary epithelial cells is distinct and interactions are
more complex, although CD21 transcripts are present in
primary tonsil and adenoid epithelial cells, and epithelial
cell lines that express CD21 protein can utilize the CD21
receptor to support latent infection efficiently (48, 49).

EBV Adsorption, Penetration, and Uncoating
gp350-CD21 attachment on B cells initiates intracellular
signaling (50–52) and transfers virus toward the cell surface
for envelope fusion with the plasma membrane or endocytic
vesicle membranes, depending on cell origin (53). EBV
envelope fusion with B-lymphocyte cell membranes is ini-
tiated by interactions between human leukocyte antigen
class II (HLAII) on the B-cell surface and the virion mem-
brane glycoprotein gp42 in complex with glycoproteins gH
and gL (gH/gL heterodimer) (54). EBV glycoprotein B, gB
(gp110), a highly conserved herpesvirus family glycoprotein,
then functions as the viral fusogen (55).

EBValso infects epithelial cells in vivo, and oral epithelial
cells produce high-titer transmissible virus. Studies of epi-
thelial infection in vitro have proved more challenging than
those of B cells due in part to the complexity of polarized
epithelial structures. However, recent models using organo-
typic (raft) cultures, similar to those used for human papil-
lomavirus (HPV) studies, are beginning to yield new
information (56, 57). Interaction between B cells and epi-
thelial cells may be required to promote epithelial cell in-
fection constitutively (58), as agammaglobulinemic
patients, who harbor immature B cells, lack all evidence of
EBV infection (59). Moreover, EBV latency is sometimes
(although rarely) eradicated following aggressive bone mar-
row transplantation (60). CD21-independent epithelial at-
tachment is more effective in the relative absence of gp350
(61), which is less abundant on virions produced by B cells
than by epithelial cells (62).

Whether a single predominant ligand is used to initiate
attachment to all primary epithelial cells is unclear. Several
attachment proteins have been proposed, including the
BMRF2 protein (contains an RGD sequence that can bind
b1 integrins), gH (has a KGD sequence that binds avb5,
avb6, or avb8 integrins), and possibly gp150 (63, 64). Fu-
sion of the EBV envelope with epithelial cell membranes
occurs at the plasma membrane, does not require BMRF2,
and is initiated by cell membrane interaction with gH/gL
and gB in the absence of gp42. Despite the observation that
fusion with both B cells and epithelial cells requires gH/gL
and gB, differences in the respective fusion pathways have
been described (63).

The mechanisms involved in transport of the nucleo-
capsid to the nuclear membrane and delivery of viral DNA
are not well understood. Differences between B cells and
epithelial cells have been observed in vitro (65). Upon dis-
solution of the capsid, tegument proteins and RNAs are
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released into the cytosol; some of these prevent lytic cycle
activation, for example, by blocking access of critical lytic
cycle transactivators to the nucleus, thereby favoring viral
persistence (66). Once inside the nucleus, the linear EBV
genome circularizes, which precedes or at least coincides
with de novo gene expression directed from the first latent
infection promoter Wp. The EBV genome is replicated by
cellular DNA polymerases during S phase of the cell cycle
and persists as multiple, extrachromosomal double-stranded
EBVepisomes, which are organized into nucleosomes similar
to chromosomal DNA (12). Epigenetic modifications occur
rapidly and are critical for the establishment of infection.
They are complex, varying by cell type and pattern of in-
fection, as reviewed recently (67–69).

Latent Infection
The hallmark of B-lymphocyte EBV infection is the estab-
lishment of latency, which is characterized by three distinct
processes: (1) viral persistence; (2) restricted virus expres-
sion, which alters cell growth and proliferation; and (3)
retained potential for reactivation to lytic replication. Ge-
nome persistence is achieved through maintenance of mul-
tiple copies of covalently closed episomal DNA in the
nucleus. The episomes are replicated semiconservatively
during S phase by cellular DNA polymerases, and equal
partitioning to daughter cells is mediated by interactions
between the latent origin of plasmid replication (OriP) and
EBNA-1 (70). The 3172-kbp EBV genome encodes be-
tween 80 and 100 genes and 30–40 ncRNAs (12, 31).
Limited gene products expressed differentially during dis-
tinct latency programs are involved in establishing and
maintaining the “immortalized” state. These include six
EBV nuclear proteins (EBNA-1, -2, -3A, -3B, -3C, and -LP);
two latent membrane proteins (LMP-1 and LMP-2A/B); two
small, nonpolyadenylated RNAs (EBER-1 and -2); and
multiple other forms of ncRNAs (12). In vitro latency can be
disrupted, although inefficiently, through a variety of cellular
activators that stimulate expression of BZLF1 with associ-
ated destruction of the host cell (69, 71–73). Specific mu-
tations in BZLF1 inhibit its ability to induce lytic
replication, but addition of a second protein, BRLF1, par-
tially restores this activity.

Although only a minority of EBV genes are expressed in
latently infected B cells, the transcribed regions encompass a
major portion of the viral genome. Following circularization
of linear EBV DNA in the nucleus, the EBNA mRNAs are
assembled by alternative splicing and 3’ processing of a
common precursor encoded by more than 100 kb of the
genome. Transcription of the EBNA and LMP genes is
mediated by cell-derived RNA polymerase II, whereas
EBERs are transcribed by RNA polymerase III (74). EBERs
are the most abundantly transcribed EBV products in all
latently infected cells (104 to 105 copies/cell), distantly
followed by the LMP-1 gene, which, in turn, is significantly
more abundant than the EBNAs and LMP-2 genes in LCLs
(12). Figure 1b depicts the extensive transcription and long-
range splicing of the EBV genome, which occurs in latently
infected B-LCLs. Selection of alternate promoters, complex
splicing, and enhancer looping ultimately determine the
type and levels of latent gene expression in distinct cell types
(75). Transcriptional regulation during latent infection has
been reviewed comprehensively (76).

EBNA-2 and its coactivator EBNA-LP are the first EBV
proteins expressed during latent infection of primary B cells
and reach their steady-state levels within 24–32 hours.
EBNA-2 is required for initial expression of other EBV latent

genes and for transactivation of cellular genes in primary
cells. Thus, EBNA-2 is essential for immortalization, and
viruses with EBNA-2 deletions are incompetent to transform
primary human B lymphocytes. By 32–96 hours postinfec-
tion, all of the EBNA proteins and LMP-1 can be detected.
Concurrent with LMP-1 expression are an increase in surface
CD23 and onset of cell DNA synthesis. Cellular DNA repair
processes are activated upon primary B-cell infection, and
typically a cell fate decision is made that determines whether
immortalization will be maintained (77).

Transformation and Latent Products
Herpesvirus persistence is characterized by the ability of each
family member to switch between a lytic and latent life cycle
driven by individual transcription programs. Several well-
defined transcription programs, known as latency 0, I, II, and
III (and abortive replication), characterize the different
forms of EBV latency. The latency I, II, and III programs
reflect transitions that occur during the course of normal B-
cell differentiation (Fig. 2) and are characteristic of different
EBV-bearing tumors (Fig. 3). Many of the proteins and
RNAs that participate in latency are multifunctional.
Classic roles are summarized briefly below, but for each la-
tent product further review is recommended (78).

EBNA-1
EBNA-1 is required for replication of episomes and main-
tenance of the viral genome. It is consistently expressed in
EBV-bearing tumors as well as LCLs, where it is able to
associate with all chromosomes in the nuclei of latently
infected cells. The combined interaction of EBNA-1 with
both OriP and chromosomal proteins ensures equal parti-
tioning of EBV episomes to progeny cells. EBNA-1 activates
other EBV latency genes and also interacts with certain
cellular proteins to enhance cell survival (70, 79, 80).

EBNA-2
EBNA-2 is essential for primary immortalization of B lym-
phocytes and for initial expression of EBNA-1, EBNA-3,
and the LMPs. EBNA-2 specifically transactivates expres-
sion of the B-lymphocyte activation marker CD23, which is
abundantly expressed on LCLs and antigen-primed B lym-
phocytes (12). Together with its coactivator EBNA-LP,
EBNA-2 is now known to transactivate cooperatively many
viral and cellular genes that participate in in vitro immor-
talization of primary B cells, supporting the latency III pro-
gram. EBNA-2 does not directly bind DNA, but associates
with other proteins that regulate transcription (81), such as
cellular CBF1, to bind to both promoter and enhancer re-
gions of predominantly B-cell regulatory factors.

EBNA-LP
EBNA-LP (EBNA-5), or leader protein, and EBNA-2 are the
first latent proteins expressed upon primary B-cell infection.
Transcription of EBNA-LP is complex and multiple isoforms
are typically produced. EBNA-LP primarily functions as an
EBNA-2 coactivator. However, like EBNA-2, EBNA-LP
cannot bind DNA directly. When expressed independently,
EBNA-LP activation is limited to promoter regions. Al-
though the functions of EBNA-LP remain unclear, roles in
modulating cellular repressors and in prevention of apoptosis
early after infection are under investigation (81).

EBNA-3
EBNA-3 consists of a family of three high-molecular-weight
gene products—EBNA-3A, -3B, and -3C (also known as
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EBNA-3, -4, and -6)—that are located in tandem on the EBV
genome (see Fig. 1). Like the EBNA-2 gene, the EBNA-3
genes are polymorphic transcription factors that vary in
EBV-1 and EBV-2, although type specificity in contrast to
EBNA-2 does not appear to affect the ability of the virus
to initiate growth transformation in vitro (17). Analysis of the
immortalization capacity of EBV recombinants with specific

mutations in each of the EBNA-3 genes has demonstrated
that while EBNA-3B is dispensable for B-lymphocyte
transformation in vitro, deletion of either EBNA-3A or -3C
renders EBV transformation incompetent (82). Whereas
EBNAs 3A and 3C operate as oncoproteins, EBNA-3B, in
contrast, may function as a tumor suppressor, a role best
demonstrated upon analysis of tumor models in vivo (83).

LMP-1
LMP-1, the second most abundant EBV mRNA in latently
infected B lymphocytes (360 copies/cell), encodes a 63-
kDa, multiple-pass, integral membrane protein. A truncated
form of LMP-1 is expressed during lytic replication. Full-
length LMP-1 functions as a constitutively active receptor
and is the major transforming gene product of EBV. In early
studies, transfer of LMP-1 into continuous rodent fibroblast
lines was found to elicit multiple transformation-associated
changes and to promote development of xenograft tumors in
nude mice (12, 84).

Although EBNA-2 upregulates LMP-1 in B cells, LMP-1
is expressed in the absence of EBNA-2 during B-cell differ-
entiation and in epithelial as well as several lymphoid tumor
types. LMP-1 is essential for B-cell immortalization (LCL
formation) in vitro (12). Transfer of LMP-1 into EBV-
negative cells induces surface expression of a number of
molecules involved in activation of B cells (e.g., CD23,
CD39, CD40, CD44) and epithelial cells (e.g., EGFR).
LMP-1 also protects EBV-infected cells from programmed
cell death (apoptosis) through signaling that results in in-
duction of the cellular oncogene bcl-2 and blocks terminal
differentiation. Mice expressing an LMP-1 transgene driven
by an immunoglobulin promoter develop B-cell lymphomas,
and keratin 14–driven LMP-1 is a modest tumor promoter in

FIGURE 3 Distinct Epstein-Barr virus (EBV) expression pro-
grams (latency III, II, I, 0, lytic replication, abortive replication) are
linked with defined stages of B lymphocyte maturation. These same
latency patterns are detected in the B cell tumors that arise from
transformed cells blocked from further differentiation. Major classes
of B cell cancers are indicated in bold. Other EBV-associated tumors
that share the indicated latency program but are not of B cell origin
are shown in plain font.

FIGURE 2 Following primary infection, Epstein-Barr virus (EBV) in a latent state accompanies its B cell host through the B lymphocyte
maturation process, only switching to the lytic cycle and virus production upon plasma cell (terminal) differentiation. (Diagram of B cell
differentiation from Quizlet.com and modified by the author to reflect virus biology.)
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transgenic mice. LMP-1-bearing B cells grow in tight clumps
due to increased expression of homotypic cellular adhesion
molecules, and LMP-1 induction of the adhesion molecules
lymphocyte function–associated antigen 1 (LFA-1), LFA-3,
and intercellular adhesion molecule 1 (ICAM-1) promotes
interaction between B and T lymphocytes via the LFA-3/
CD-2 and LFA-1/ICAM-1 adhesion pathways, as well as
others. These heterotypic adhesions are important because
in vivo elimination of EBV-transformed B lymphocytes is
dependent on conjugate formation with cytotoxic T cells.
The signaling response induced by LMP-1 partially mimics
that induced by CD40 ligation (85) and occurs through
engagement of tumor necrosis factor receptor (TNFR)
family ligands with the LMP-1 carboxyl terminus. The di-
verse functions of LMP-1 involve multiple signaling path-
ways [nuclear factor-kB (NF-kB), mitogen-activated protein
kinase (MAPK), phosphatidylinositol 3-kinase (PI3-K)/
AKT, interferon regulatory factor 7 (IRF7), and Janus ki-
nase/signal transducers and activators of transcription (JAK/
STAT pathways] (86). Mutations, particularly in the intra-
cellular carboxyl terminus of LMP-1, can eliminate signaling
and prevent transformation (87).

LMP-2
LMP-2 is an integral membrane protein containing 12 hy-
drophobic transmembrane domains that localize to cell
membranes and can colocalize with LMP-1 in the plasma
membrane. Two major isoforms LMP-2A and an amino-
terminal truncated isoform LMP-2B predominate. Among
the transformation-associated EBV proteins, LMP-2 is
not required for establishment of LCLs in vitro, but appears
to be critical for EBV persistence in vivo because it is re-
tained in several EBV-bearing tumors (Fig. 3). The cyto-
plasmic amino terminus of LMP-2A contains multiple
motifs, including several phosphorylated tyrosines, an im-
munoreceptor tyrosine-based activation motif (ITAM), and
proline-rich motifs that interact with and modulate multiple
host cell proteins involved in signaling. LMP-2A, but not
LMP-2B, subverts normal signal transmission through the
B-cell receptor, blocking terminal differentiation by substi-
tution with tonic activation signals that promote B-cell
survival and prevent apoptosis. Transgenic mice expressing
the LMP-2 transgene under immunoglobulin regulation
exhibit increased survival of normal B cells (88). LMP2A
expression in epithelial cell lines increases spreading, mi-
gration, and clonability in soft agar. In raft cultures,
blockade of epithelial cell differentiation and hyper-
proliferation is observed. LMP-2A and -2B together with
EBNA-1, LMP-1, and miRNAs (latency II) are most con-
sistently detected in nasopharyngeal carcinoma (NPC) and
EBV-bearing (HLs)’s lymphomas, but can be expressed in
other EBV-associated malignancies as well (89, 90).

EBV-Encoded RNAs—EBER-1 and EBER-2
The most abundant EBV transcripts in latently infected B
cells are the small (167- and 172-nucleotide), noncoding,
nonpolyadenylated RNAs termed EBER-1 and EBER-2.
Unlike other EBV genes expressed during latent infection,
the EBERs are also transcribed during lytic infection. EBV-
infected cells typically express 1–5 x 106 EBER copies/cell,
and detection of EBERs by in situ hybridization is a widely
used technique to detect EBV-infected cells in clinical
samples. The majority of EBERs are localized within the cell
nucleus, where they are complexed with the cellular protein
La. Additional interactions with cellular proteins including
Pax5 (EBER-2) and L22, heterogeneous nuclear ribonu-
cleoproteins (hnRNPs) (EBER-1) have been reported. De-
spite their prevalence, the role of EBERs in infection
remains largely unknown, although different lines of evi-
dence suggest functions related to type I interferon (IFN)
regulation. The EBERs are not required for immortalization
of primary B cells in vitro (91); however, the observation that
EBER sequences are highly conserved across EBV strains
suggests they are vital to virus persistence in vivo (92, 93).

ncRNAs and miRNAs
The precise role of the recognized 30–40 EBV ncRNAs, in
addition to the EBERs, remains largely unknown. EBV en-
codes a single snoRNA of 365 nucleotides localized to the
BARTregion. The V-snoRNA1 binds RNPs and is proposed
to guide RNA modification. A stable abundantly expressed
(comparable to EBER-2) 81-nucleotide EBV–small inter-
fering RNA (siRNA)-1 derived from an intron within the
W repeats has been identified recently in latently infected
cells, as has a second novel RNA able to form a massive 586-
nucleotide hairpin. No functional information is currently
available. A family of alternatively spliced, polyadenlyated
and processed RNAs that arise from the BamHI-A region
(BARTs) predominantly localize to the nucleus. They are
abundant in EBV-bearing epithelial tumors and less so in
EBV-bearing lymphoid neoplasms. They may function sim-
ilarly to cellular long ncRNAs (lncRNAs) in regulation of
viral or cellular gene expression.

The very existence of viral miRNAs was first demon-
strated in EBV in 2004. miRNAs are small (322 nucleotides)
ncRNAs that regulate gene expression posttranscriptionally,
each altering as many as 200 transcripts. Approximately 30–
40 miRNAs have been identified primarily in latently in-
fected cells, but some in lytically infected cells, and appear to
variably alter both viral and cellular transcripts. Most are
encoded by introns in the BARTregion and a smaller number
adjacent to BHRF1 sequences (Fig. 4). Diverse studies from
this rapidly evolving area indicate that several EBV miRNAs
contribute to EBV-driven B-cell immortalization in vitro as
well as to the development of specific cancers (31, 94, 95).

FIGURE 4 Genomic origin of noncoding RNAs including EBV-encoded RNAs (EBERs), microRNAs (miRNAs), BamHI-A rightward
(BART), and an Epstein-Barr virus (EBV) small nucleolar RNA (snoRNA). There is clustering of precursor miRNAs in the BARTand to a
lesser degree in the BHRF1 region of the genome. (Reproduced from ref. 31 with permission from the journal.)
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EBV DNA Persistence in Latency
During primary infection, EBV sequentially employs distinct
transcription programs (see Fig. 3), initially triggering the
formation of B-cell blasts that then transit to germinal
centers where the EBV-infected B cells undergo switch re-
combination and somatic hypermutation and emerge as
resting latently infected memory B cells (see Fig. 2), the
primary reservoir for lifelong EBV infection (96). In all, 25%
to 50% of peripheral blood memory B cells are infected la-
tently during primary infection and manifested as AIM. The
frequency of latently infected primary B cells falls to 1 in 105
to 1 in 106 during persistent infection (97). Latently infected
memory B cells typically contain 1 to 20 EBV episomes per
cell. These memory B cells are transcriptionally quiescent
and express only small amounts of EBNA-1, required for
episomal maintenance upon cell division; thus, they remain
undetectable during immune surveillance. Periodic activa-
tion and differentiation of memory B cells into plasma cells
initiates the EBV lytic replication cycle (98). EBV-specific
CD8+ and CD4+ T cells are important in eradicating these
cells and controlling new cycles of infection (99).

Lytic Infection and Virus Replication
Lytic transcripts are required not only for transmission
through production of virions released into saliva, but also
directly contribute to primary infection of B cells. In vitro,
latently infected B cells can be induced to undergo lytic-
cycle replication by activation with biological and chemical
inducers, including phorbol esters, stress inducers, calcium
ionophores, and various genome-modifying agents, or by
cross-linking cell surface immunoglobulin (Ig). Cross-linking
of membrane Ig by cognate antigen on the surface of memory
B cells in vivo is believed to constitute the major physiologic
signal that, upon stimulation of plasma cell differentiation,
initiates epigenetic modifications of the EBV genome re-
quired for lytic cycle induction (100). Following induction,
host cell protein synthesis is shut off. Induced cells undergo
cytopathic changes characteristic of lytic herpesvirus infec-
tion, including chromatin margination, viral DNA synthesis,
nucleocapsid assembly at the nucleus periphery, and virus
budding through the nuclear membrane (12).

During lytic EBV infection, immediate early genes are
defined as genes that are transcribed in newly infected cells
in the absence of de novo viral protein synthesis. The key
immediate early transactivators of EBV lytic-cycle genes are
the 1-kb BZLF1 (Zta) messenger RNA (mRNA) and the
2.8-kb BRLF1 (Rta) RNA. Early (E) genes (330 proteins),
such as the thymidine kinase and polymerase complex,
function in viral DNA replication. The induction of EBV
DNA synthesis is preceded by an increased episome copy
number that is consistent with a rolling circle replication
model. Long concatemers of linear EBV genomes are syn-
thesized, cleaved, and then packaged into viral capsids. The
EBV genes expressed during the late (L) stages of lytic in-
fection (330) primarily encode tegument and structural
proteins that mediate virion formation and egress (101).
Genes that encode several immunoevasins are synthesized in
the course of lytic replication (102, 103).

EPIDEMIOLOGY
Distribution and Geography
Seroepidemiological studies show that antibodies to EBVare
present in all population groups and about 90% to 95% of
adults worldwide are EBV seropositive. In lower-resource

settings, most children acquire EBV infection during the first
2 years of life; for example, 82% of children in Ghana were
EBV seropositive by 18 months of age (104, 105). In higher-
resource settings, EBV infection typically occurs in late
childhood, adolescence, or early adulthood (106, 107).With
global development, EBV acquisition has become increas-
ingly delayed worldwide (106, 108).

Incidence and Prevalence of Infection
The incidence of clinically symptomatic infection AIM is
greatest when primary EBV infection is delayed until the
second decade of life. In the United States and Great Britain,
EBV seroconversion occurs before age 5 in about 50% (20%
to 80%) of the population, depending on age, location, race/
ethnicity, and socioeconomic factors. The overall incidence of
AIM in the United States is about 50 cases/100,000 per year,
with the highest incidence in the 15- to 24-year age group. In
college-aged populations, 30% to 75% of entering students are
EBV seronegative (109). Most susceptible individuals become
infected during their freshman year, and > 75% of primary
infections may be associated with AIM (110, 111). By con-
trast, AIM is observed in fewer than 10% of primary infections
among infants and children, and this discrepancy is currently a
major focus of investigation. No obvious yearly cycles, sea-
sonal changes, or sex differences have been noted in relation
to AIM incidence (106). AIM is a risk factor for subsequent
development of EBV-positive HL, which, because it is asso-
ciated with AIM, is also increasing among young adults co-
ordinately with global development (112).

EBV is most consistently associated with two endemic
malignancies, childhood BL (equatorial Africa) and NPC
(southeast Asia) in addition to sporadic B-lymphoid cancers
typically linked to cellular immunocompromise (12). The
epidemiologic factors that contribute to individual malig-
nancies are discussed below.

Transmission
EBV is transmitted primarily through contact with infectious
oropharyngeal secretions. Virus in saliva is the major route
of transmission from mother to child, although breast milk
also contains infectious virus (113). Siblings and playmates
are additional sources of infectious oropharyngeal secretions
(114, 115). Transmission among adolescents and young adults
is attributed to deep kissing (107, 110). Whereas detection of
EBV in the uterine cervix suggests that sexual transmission
can sometimes occur (116), peripartum transmission is ex-
tremely rare and description is limited, likely because of the
high prevalence of protective antibody among reproductive-
age women (117). Acquisition through blood transfusion and
following solid organ transplant (SOT) and hematopoietic
stem cell transplant (HSCT) has also been documented.

High viral titers are present in throat washings of 100% of
patients during primary infection (99, 118), whereas inter-
mittent, asymptomatic oropharyngeal shedding persists at
lower levels for the lifetime of infected individuals (12% to
25%). Immunocompromised patients typically shed the vi-
rus between 50% and 90% of the time (119). As a conse-
quence, only a small percentage of patients with AIM recall
prior contact with other individuals with AIM, and most
infections are acquired from asymptomatic shedders.

PATHOGENESIS
Initiation of Infection
B lymphocytes that underlie the tonsillar epithelial crypts
are thought to be the initial cells infected in vivo (120, 121),
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because persons who lack B cells or whose B cells are im-
mature are not susceptible to infection, even of the epithelial
cell compartment (122). Productive infection of oropha-
ryngeal B cells followed by epithelial cell transmission leads
to amplification of lytic virus replication, release of EBV into
salivary secretions, and infection of additional B cells in the
lymphoid-rich areas of Waldeyer’s ring. As noted, memory B
cells are likely responsible for dissemination of the infection
throughout the lymphoreticular system and are necessary for
EBV persistence (Fig. 5).

Incubation Period and Early Infection
The incubation period from initial exposure to symptoms is
approximately 6 weeks and coincides with the onset of high
viral loads detected by PCR in both saliva and blood (111,
123). Large quantities of infected B cells (up to 25% to 50%
of memory B cells) can be detected in the circulation upon
onset of symptoms (106). The cellular immune response to
infection is massive, with extraordinary expansion of CD8
T cells, inversion of the CD4/CD8 ratio, and cytokine
storm (124). It is likely that this response not only limits
further rounds of viral replication and EBV-positive B-cell
expansion, but also directly contributes to many symptoms
of AIM associated with the abundant release of inflammatory
cytokines (Fig. 5). Perturbations of early cellular immune
responses, especially in persons with congenital or acquired
immunodeficiency, can result in atypical or uncontrolled
EBV infection, including rapid development of EBV-induced
malignancy, as described in later sections.

Humoral Immune Responses
Primary EBV infection induces circulating antibodies di-
rected against viral antigens as well as unrelated antigens
found on sheep (heterophile) and horse (monospot) red
blood cells. These heterophilic antibodies represent a het-
erogeneous group of mostly IgM antibodies that do not
cross-react with EBV antigens. The detection of heterophile
antibodies was used for many years to screen patients with
symptoms of AIM for new infection, but has been largely
discontinued due to lack of sensitivity (low in young chil-
dren) and specificity (can be positive in liver disease, lym-
phoma, autoimmune disease, others) (125). Current
diagnosis of acute EBV infection is most often based on
indirect antibody immunofluorescence testing (IFT) or
modifications thereof. Serum IgM against the viral capsid
antigen (VCA) complex is typically detected 2 days after the
onset of clinical illness and is followed by stable conversion
to IgG anti-VCA. Although the IgM response to VCA
reaches high titers early, it disappears within several weeks.
IgM VCA antibodies are not detected in the general popu-
lation, and thus their presence is virtually diagnostic of pri-
mary EBV infection. IgG antibody titers to VCA reach peak
levels 2–4 weeks later and persist thereafter at lower levels for
life. IgG directed against early lytic-cycle replication-
related complexes (early antigen, EA) tends to appear with
the peak IgM VCA response but reaches maximal levels
after the IgM response. IgM antibody to EA may actually
appear before antibody to VCA, but is not routinely used in
clinical diagnosis. IgG anti-EBNA-1 titers do not usually

FIGURE 5 Immunobiology of Epstein-Barr virus (EBV) infection in the normal host. Diagram illustrating the transmission, primary
infection, persistent infection, and how the cellular immune response becomes activated to prevent disease. (Reproduced from ref. 151 with
permission from the journal.)
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develop until convalescence, and not all persons develop
these antibodies (126).

Immunoblot profiling of EBV antibodies is now used for
a number of applications and has recently reached com-
mercial platforms (127). Normal EBV carriers develop and
maintain a highly similar anti-EBV IgG antibody titer in-
cluding antibody diversity patterns, and deviations from
these patterns can predict reactivation of infection (e.g.,
increases in EA) as well as development of disease (rising
and more diverse IgG VCA and EA antibodies in chronic
active EBV) and NPC (rising and increasingly diverse IgG
and IgA VCA and EA) (128). Dramatic increases in anti-
body titers often occur in the setting of T-cell compromise,
suggesting that this is a compensatory mechanism, although
how it is triggered is unknown.

In addition to virus-specific antibodies assessed for diag-
nostic purposes, IgG responses are frequently detected to
EBV early lytic antigens (BRRF1 and BORF2) and to teg-
ument proteins (BBRF, BGLF2, BNRF1) (129). Although
gp350 is the most abundant viral protein in lytically in-
fected cell plasma membranes, and most of the human EBV-
neutralizing IgG antibody response is directed against
gp350 (130–132), neutralizing antibody development is
typically delayed, reaching detectable levels only 6–7 weeks
after the onset of illness and peak levels many weeks
later (133, 134). Stable anti-gp350 titers then persist for
life. Gp350-specific antibodies can mediate complement
fixation and antibody-dependent cellular cytotoxicity
(135). Because the gp350 molecule is conserved between
EBV-1 and -2 strains, gp350 is considered to be an essential
component of a prophylactic EBV vaccine. Figure 6 depicts
the onset and time course of peak EBV-specific antibody
responses observed in young adults with AIM in clinical
practice.

Individual humoral response to EBV proteins, particu-
larly to EBNA-1, may result in cross-reaction with cellular
components. In persons who are genetically predisposed,
these cross-reactive antibodies have been implicated by
some in the pathogenesis of autoimmune diseases including
multiple sclerosis (MS), systemic lupus erythematosus
(SLE), rheumatoid arthritis, and Sjögren’s syndrome, but
without rigorous confirmation (136, 137).

Cellular Immune Responses

NK cells
Because primary pediatric infection is often asymptomatic or
undiagnosed, understanding the cellular immune response
that follows EBV transmission is largely based on evaluation
of patients with AIM. Innate NK cells play a primary role in
immune surveillance against virus-infected or transformed
cells, because they do not require priming or prior antigen
exposure. NK cells alone are not sufficient to prevent the
establishment of EBV-transformed B-cell lines in vitro, but
they do contribute to improved LCL regression in the pres-
ence of EBV-specific CD8+ Tcells (138). This effect may be
due to direct cytotoxicity or IFN production, since EBV and
EBV-infected cells induce IFN-g production by NK cells
(139), and IFN-a, an NK product, is known to inhibit EBV-
induced B-cell proliferation in vitro (140). One patient with
complete absence of CD16+ NK cells, however, experienced
an unremarkable EBV infection following life-threatening
infections with varicella-zoster virus, cytomegalovirus
(CMV), and herpes simplex virus (HSV) (141), suggesting
that not all NK cell subsets are equally required for resolution
of primary EBV infection (142). More recently, evaluation in
tonsillar tissues, modeling in humanized mice, and studies of
young children have again emphasized the importance of NK
cells, specifically NK subsets, in controlling EBV infection.
As one example, a CD56+, CD16– NK cell subset, which
progressively declines as children age, is highly effective in
eliminating lytically infected cells in vitro and therefore has
been proposed to mitigate the exuberant CD8 T-cell re-
sponse observed among adolescents with AIM (143, 144).

Other Innate Immune Cells
Precisely how dendritic cells, monocyte/macrophages, and
granulocytes contribute to prevention of primary infection
and to EBV-associated disease is an area of active investi-
gation. EBV encodes multiple products (proteins, ncRNAs)
believed to function in evasion of innate immunity, in-
cluding secreted products that are incorporated as exosomes
(145). Interactions with Toll-like receptors have been re-
ported both to inhibit or promote EBV infection. In a pri-
mate model, infection with an EBV ortholog deleted in
BARF1, a decoy receptor for macrophage colony-stimulating
factor (M-CSF, a cytokine required for monocyte/macro-
phage differentiation) limited virion production, although
precisely how this cell type functions in relation to EBV
infection is not well understood (146). Recently, profound
depletion of circulating plasmacytoid dendritic cells, and to
a somewhat lesser extent conventional dendritic cells, was
shown to accompany AIM, and consistent with this obser-
vation, IFN-a was minimally detected in blood (147). The
mechanisms underlying this profound though transient
dysregulation of the innate immune response are not pres-
ently known.

T cells
A hallmark of AIM is the appearance of “atypical lympho-
cytes” (primarily CD8 T cells) in peripheral blood, which
account for 60% to 70% of the total white cell count that
averages 12,000–18,000/mm3. Accumulating evidence sug-
gests that the exaggerated T-cell response seen with delayed
infection may in part represent activation of cross-reactive T
cells, a consequence of exposure to previously encountered
pathogens (heterologous immunity) (148). Several lines of
evidence indicate that EBV-specific CD8+ and also CD4+ T-
cell responses are critical for limiting primary infection and

FIGURE 6 Classic Epstein-Barr virus (EBV) serologic responses
in acute versus remote versus reactivated EBV infection. (Repro-
duced from ref. 238 with permission from the journal.)
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controlling persistent infection (see Fig. 5). EBV-specific
CD8+ and CD4+ T cells can prevent the transformation
of B lymphocytes in vitro. The increased incidence of EBV-
associated lymphoproliferative disorders or lymphomas in
individuals with compromised cell-mediated immunity
[human immunodeficiency virus (HIV)-infected patients,
immunosuppressed transplant recipients] also indicate that
T cells are important for the long-term control of EBV rep-
lication. In fact, virtually every congenital immunodefi-
ciency that predisposes to development of EBV-associated
disease is characterized by dysregulation within the T/NK-
cell limb of the immune response (149–153).

Over the past decades, powerful and precise methods for
the enumeration and characterization of virus-specific CD8+
and CD4+ T cells in the peripheral blood have been devel-
oped (154, 155) (see Chapter 16). These include the use of
labeled major histocompatibility complex–peptide com-
plexes (tetramers) to directly detect, measure, and isolate
antigen-specific lymphocytes and assays to detect antigen-
specific cytokine-secreting cells following in vitro stimula-
tion (IFN-g enzyme-linked immunospot assays and flow
cytometry-based assays to measure intracellular cytokine
secretion). These novel methods have markedly improved
knowledge of the strength and breadth of EBV-specific
CD8+ and CD4+ T-cell responses over the course of primary
and persistent infection (156).

During primary EBV infection, high frequencies of EBV-
specific CD8+ and CD4+ T-cell responses have been de-
tected directly ex vivo (157–159). EBV-specific CD8+ T-cell
responses in primary infection are directed primarily against
lytic-cycle antigens with greater responses to immediate early
and early antigens than late antigens as viral immune eva-
sion mechanisms become sequentially activated; latent
antigen-specific responses are detected later and at lower
frequencies (Fig. 7) (158). Up to 25% to 44% of peripheral
blood CD8+ T cells are EBV specific and express CD45RO,
human leukocyte antigen–antigen D related (HLA-DR),
and CD38, suggesting high-level activation and turnover of
these cells in vivo (157). In contrast, early EBV-specific
CD4+ T-cell responses broadly target lytic antigens as well as
latent antigens (159). In persistently infected individuals,
EBV-specific CD8+ Tcells decrease, representing up to 5% of

peripheral blood CD8+ T cells, whereas EBV-specific CD4+
Tcells are detected at much lower frequencies (up to 0.1% to
1.5%). The numbers and/or function appear to decline with
old age.

CLINICAL MANIFESTATIONS
Congenital and Perinatal EBV Infections
Intrauterine infection with EBV appears to be a very rare
event. Primary infection during pregnancy is unusual be-
cause in most populations fewer than 5% of pregnant women
are susceptible. Nevertheless, isolated cases of infants born
with congenital anomalies (biliary atresia, congenital heart
disease, hypotonia, micrognathia, cataracts, and thrombo-
cytopenia) have been attributed to primary maternal infec-
tion (160). However, a number of lines of evidence argue
against EBV as a significant cause of congenital infection.
Studies of large numbers of children with congenital
anomalies have failed to confirm EBV infection. Fur-
thermore, cord blood samples from thousands of infants have
yielded virtually no evidence of EBV-infected or EBV-
transformed cells. Finally, prospective studies on seronega-
tive susceptible pregnant women have generally failed to
verify either maternal infection or congenital abnormalities
in infants of women who did develop primary EBV infection
during pregnancy (161).

Primary EBV Infection in Infants and Children
Primary EBV infections in young infants, children, and some
adolescents are usually asymptomatic. When symptoms do
occur, they are usually mild and nonspecific (otitis media,
diarrhea, abdominal complaints, and upper respiratory in-
fection); classical manifestations of AIM, such as lympho-
cytosis and fever, are rare (162). In one series, blood smears
from only 32 of 200 children under 4 years of age who
presented with clinical findings compatible with AIM
(pharyngitis and significant cervical adenopathy) had more
than 50% mononuclear cells and more than 10% atypical
lymphocytes (163). Respiratory symptoms were frequently
prominent, especially in young infants. IgM antibodies to
VCAwere detected 60% of the time in infants compared to

FIGURE 7 Frequency and distribution of CD4 and CD8 T cells in response to lytic and latent cycle Epstein-Barr virus (EBV) proteins.
(Reproduced from ref. 151 with permission from the journal.)
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100% in older children and young adults; in addition, peak
titers of IgG VCA antibodies were lower, and the develop-
ment of antibodies to EA was less common in infants. Pro-
spective studies of young children demonstrate that at the
time of primary infection viral loads in blood are similar to
those of older individuals. Despite the reduction in antibody
production, young infants mount robust EBV-specific CD8+
T-cell responses during acute EBV infection, and lytic and
latent proteins recognized are identical to those recognized
by young adults (164). However, evidence of global T-cell
activation and cytokine release, as observed in AIM, is
limited.

Acute Infectious Mononucleosis
EBV-associated AIM is marked by malaise, fever, fatigue,
pharyngitis, and cervical lymph node enlargement (165).
Although other pathogens may produce a similar constel-
lation of symptoms [e.g., streptococcal pharyngitis, adeno-
viral pharyngitis, primary CMV or human herpesvirus 6
(HHV-6) infection, acute HIV infection, toxoplasmosis,
lymphoma] specific clinical as well as laboratory findings
(see below) support a diagnosis of EBV-positive AIM. The
lymphadenopathy associated with AIM characteristically is
symmetrical and involves the posterior cervical chain more
than the anterior chain; inguinal and axillary adenopathy
increase the likelihood of AIM. Tonsillar exudates are a
frequent component of the pharyngitis; the exudates can
have a white, gray-green, or necrotic appearance (Fig. 8);
palatine petechiae are often visible (166). Severe fatigue is
typically prominent, and other, less common findings in-
clude rhinitis, periorbital or palpebral edema, and mac-
ulopapular and morbilliform rash. Nausea, vomiting, and
anorexia often occur in patients with AIM, probably re-
flecting the mild hepatitis found in about 90% of infected
individuals; however, hepatomegaly and jaundice are un-
common. Splenomegaly is almost universally detected by
sonography, but is detected in fewer (20% to 50%) AIM
patients by palpation (166).

Many patients with AIM caused by EBV have prominent
pharyngeal symptoms; however, there are several other forms
of the illness. Some individuals present with the so-called

glandular form of the disease, in which lymph node en-
largement is out of proportion to the pharyngeal symptoms.
Others develop a systemic form of the infection in which
fever and fatigue predominate, while lymphadenopathy and
pharyngitis are mild or absent. Some patients have hepatitis
in the absence of other typical features of AIM. The vast
majority of individuals with AIM recover uneventfully and
develop durable immunity. Acute symptoms typically resolve
in 1–2 weeks, but fatigue may persist for months (106, 111).

Acute Complications
Numerous other manifestations have been associated with
primary EBV infection. Neurologic syndromes can include
Guillain-Barré syndrome, facial nerve palsy, meningoen-
cephalitis, aseptic meningitis, transverse myelitis, peripheral
neuritis, cerebellitis, and optic neuritis. Hematologic abnor-
malities, including hemolytic anemia, thrombocytopenia,
neutropenia, aplastic anemia, thrombotic thrombocytopenic
purpura/hemolytic-uremic syndrome, and disseminated in-
travascular coagulation, can occur. EBV can affect virtually
any organ system and has been associated with such diverse
disease manifestations as pneumonia, myocarditis, pancrea-
titis, mesenteric adenitis, myositis, glomerulonephritis, gen-
ital ulceration, and others comprehensively reviewed in a
classic book by R.S. Chang (167).

One of the more common complications of AIM is a
morbilliform rash following the administration of ampicillin
or amoxicillin, and, to a lesser extent, penicillin and other
antibiotics. The incidence initially was reported to be as
high as 70% to 90% but is probably far lower (168). The
mechanism responsible for this rash is not well understood.
Development of this rash during AIM does not presage a true
ampicillin allergy because patients have subsequently toler-
ated ampicillin without adverse reactions.

Splenic rupture is a rare but potentially life-threatening
complication of AIM, estimated to occur in one or two cases
per thousand (169). Almost all cases have been in males.
Splenic rupture is often the first symptom of AIM that brings
the patient to seek medical attention; it is spontaneous in
more than half of the reported cases, with no history of
specific injury. Rupture has occurred between the 4th and

FIGURE 8 Acute infectious mononucleosis (AIM). Swollen lymph nodes, pharyngitis, fatigue, and headache comprise the four classic
symptoms of AIM (left). Pharyngitis is often exudative (top right), and atypical lymphocytes are present in blood (bottom right). (Image of
symptoms of AIM https://www.nim.nih.gov//medlineplus/ency/imagepages/17267. Image of atypical lymphocytes from Wikipedia; image of
pharyngitis from ref. 265 reproduced with permission from the publisher.)
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56th days of symptomatic illness and has not correlated with
the clinical severity of AIM or with laboratory findings.
Despite its life-threatening potential, fatality from this
complication is rare. The management of splenic rupture is
similar to that of other forms of splenic injury. Nonoperative
treatment with intense supportive care and splenic preser-
vation has been successfully carried out in some cases,
whereas others require splenectomy (170).

Obstruction of the upper airway due to massive lymphoid
hyperplasia and mucosal edema has long been recognized as
an uncommon, although potentially fatal, complication of
AIM. Severe obstruction can be successfully treated by tra-
cheotomy or endotracheal intubation. Alternatively, the
brief use of corticosteroids to reduce pharyngeal edema and
lymphoid hypertrophy is advocated for individuals with in-
cipient obstruction despite concerns about corticosteroid
therapy in the course of severe virus infection (171).

EBV-Associated Lymphoproliferative Disorders
Atypical manifestations of EBV infection are often observed
in persons with primary (congenital) immunodeficiency
disease, particularly those involving the Tand NK cell limbs
of the immune response. The list of genetic lesions has in-
creased greatly with advanced sequence analysis. Symptoms
may be limited to EBV infections or reveal susceptibility to
multiple infectious diseases (151, 153, 172). Knowledge of
the disease mechanisms involved has expanded the knowl-
edge of how lifelong asymptomatic carriage of EBV is
maintained. Atypical manifestations of EBV infection may
also represent a serendipitous confluence of environmental
factors, for example, transient coinfection facilitating EBV
entry into otherwise nonpermissive cells. Several of the
described disorders may terminate in malignancy following a
prolonged period of dysregulated proliferation (Table 1).

Hemophagocytic Lymphohistiocytosis
EBV is one of the recognized causes of sporadic hemopha-
gocytic lymphohistiocytosis (HLH), a disorder characterized
pathologically by generalized histiocyte proliferation and
hemophagocytosis (173). Patients with this unusual syn-
drome present with fever, generalized lymphadenopathy,
hepatosplenomegaly, hepatitis, pancytopenia, and coagu-
lopathy. T-cell proliferation is a primary feature of HLH. The
proposed pathogenesis of this disorder suggests that infection
of T cells by EBV selectively upregulates the expression of
tumor necrosis factor-a (TNF-a), which, in combination
with IFN-g and other cytokines, can activate macrophages.
While sporadic HLH is not associated with known immu-
nodeficiency (174), unlike familial HLH in which mutations
in perforin and other genes compromise cytotoxic granule
delivery, it is likely that a significant subset of patients will
eventually fall into this category (175). Therapy typically
includes corticosteroids, etoposide, and cyclosporin, but
some patients may require HSCT. HLH may be a harbinger
of chronic active EBV (see below) or an EBV-bearing T-cell
malignancy (176).

Lymphomatoid Granulomatosis
Lymphomatoid granulomatosis is an angiodestructive disor-
der of the lymphoid system; over 90% of cases have been
associated with EBV infection (177–179). In the majority of
cases, EBV-infected B cells are present, and the B-cell pro-
liferation is clonal. Patients often have evidence of immu-
nodeficiency, including congenital and acquired conditions
such as HIV infection. The pathogenesis of this disorder is
thus likely directly related to the transformation of EBV-
infected B cells in an environment with impaired T-cell
function. Patients with lymphomatoid granulomatosis may
respond to IFN-a (177). Clinical features include fever,
cough, malaise, and weight loss, with involvement of lung,
kidney, liver, skin, and subcutaneous tissue and the central
nervous system, with the typical histologic changes.

Lymphocytic Interstitial Pneumonitis
Lymphocytic interstitial pneumonitis (LIP) is a lymphopro-
liferative disorder characterized by lymphocyte-predominant
interstitial lung infiltrates, most often involving the bilat-
eral lower lobes. Diffuse infiltration of the interstitium and
alveolar spaces by lymphocytes and plasma cells is typical.
The main clinical symptoms are gradual onset of dyspnea
and cough of approximately 6 months’ duration. Less fre-
quently, systemic symptoms may include fever, night sweats,
arthralgia, and weight loss. Hypertrophy of the salivary
glands is observed in 20% of patients. LIP is causally asso-
ciated with autoimmune diseases, as well as other virus
infections including HIV (primarily pediatric) and human
T-lymphotropic virus 1 (HTLV-1). A subset of cases is as-
sociated with EBV, and all forms reflect immune dysfunc-
tion. The natural history is variable with immunosuppressive
agents, particularly corticosteroids sometimes used to treat
disease, although success is variable (180–182).

Chronic Active EBV Infection
Chronic active EBV (CAEBV) infection is a rare disorder
that is characterized by recurrent fever, lymphadenopathy,
and hepatosplenomegaly persisting 6 months or longer
(183). CAEBV is accompanied by grossly abnormal EBV
antibody titers, with IgG antibody to EBV VCA often in
excess of 1:5,000. High EBV viral loads and EBV mono-
clonality are present in the majority of CAEBV patients.
EBV-infected T cells or NK cells circulate in the peripheral
blood, particularly of Asian patients with CAEBV, and de-
velopment of HLH as well as T or NK cell malignancies is
frequent. Individuals with EBV-infected T cells had a 5-year
survival rate of less than 50%, whereas those with the NK
phenotype had a 5-year survival rate of 80%. B-cell disease
can also occur, and mutations in perforin and syntaxin
binding protein 2 (STXBP2; required for release of cyto-
toxic granules) have been described in this setting (184).
Etoposide-containing therapy may be effective, although
HSCT is often required for cure (185).

X-Linked Lymphoproliferative and Other Primary
Immunodeficiency Disorders
X-linked lymphoproliferative (XLP1) syndrome-1 (Duncan’s
syndrome) was the first primary immunodeficiency identified
by a selective inability to eliminate EBV-infected B lym-
phocytes (186), although in fact elimination of all activated
B cells is compromised in XLP1 (187). XLP1 is manifested by
severe or fatal AIM, acquired immunodeficiency, and lym-
phoma development (186). The gene (SH2D1A) responsi-
ble for XLP1 syndrome encodes a 128-amino-acid protein

TABLE 1 Epstein-Barr Virus–Associated Atypical
Lymphoid Hyperplasia
Hemophagocytic lymphohistiocytosis (HLH)
Lymphomatoid granulomatosis (LG)
Lymphocyte interstitial pneumonitis (LIP)
Chronic active EBV (CAEBV)
Some primary immunodeficiency disorders
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that binds the cytoplasmic domain of the signaling lym-
phocyte activation molecule (SLAM) family of surface re-
ceptors on hematopoietic cells called SLAM-associated
protein (SAP). The SLAM family proteins transduce acti-
vating signals that facilitate cell-cell cross talk and require
SAP functions to do so (188). During acute EBV infection,
males with XLP1 develop vigorous EBV-directed T-cell ac-
tivation. However, in the absence of SAP, B-T/NK cell
conjugates are unstable, T cells show poor effector function,
and local responses fail to resolve (150).While acute therapy
for XLP1 syndrome is often transiently directed to eliminate
EBV-transformed B lymphocytes (Rituximab), definitive
treatment of XLP1 syndrome currently requires HSCT,
which confers an 80% 1-year survival. Following discovery
of the mutation causing XLP1, a subset of other congenital
mutations that alter clearance of EBV-bearing cells by Tand
NK cells has been uncovered. However, in many more cases,
EBV represents but one among a broader spectrum of altered
pathogen susceptibilities (151).

The second X-linked syndrome (XLP2), with manifes-
tations overlapping those of XLP1, involves mutation of the
gene encoding the X-linked inhibitor of apoptosis protein
(XIAP). XLP2 T cells are highly susceptible to apoptosis
from various stimuli, including T-cell restimulation; thus,
effector functions are poor. EBV infection results in he-
patosplenomegaly, HLH, and hypogammaglobulinemia. No-
tably, XLP2 males do not develop lymphoma, but do develop
colitis, although the mechanism remains unknown (189).

A third X-linked immunodeficiency disease, XMEN (X-
linked immunodeficiency with magnesium defect, EBV in-
fection, and neoplasia) results from mutation of MAGT1,
which encodes a magnesium transporter on T cells that
transduces signals required for T-cell receptor stimulation.
Poor responses to other herpesvirus infections and even
bacterial infections have been detected in XMEN patients.

In contrast, CD27 deficiency (a TNF receptor family
member and marker of B- and T-cell memory) is caused by
an autosomal recessive mutation. CD27 deficiency is highly
associated with a spectrum of diseases focused on EBV.
Mutations in ITK, CORO1A, and LRBA are primarily, but
not exclusively, linked to EBV-related pathology. Mutations
in CD16, MCM4, GATA2, and LYST that diminish NK cell
responses as well in PIK3CD, PIK3R1, CTPS1, STK4,
FCGR3A, CARD11, ATM, WAS, and SCIDs, although
often first identified in the setting of progressive EBV dis-
ease, in fact cause defective clearance of multiple pathogens
(reviewed in 153).

EBV-Associated Malignancies
Distinction between the lymphoproliferative disorders
(LPDs) associated with EBV infection and the EBV-bearing
lymphoid malignancies that frequently result can be blurred.
In virtually every instance, some form of T- or NK-cell
compromise is contributory. In the absence of congenital
immunodeficiency, a major environmental insult (e.g.,
chronic infection, therapy for cancer or autoimmune dis-
ease) to the immune system is often, although not always,
identified (Table 2 and Table 3). With developments in
advanced sequencing, personalized medicine, biologics, and
immune-based therapies, the approach to treatment of in-
dividual cancers is in flux; therefore, further review for each
tumor type is recommended.

Posttransplant Lymphoproliferative Disorders
EBV is associated with LPDs in transplant patients—both
HSCT and SOT recipients on immunosuppressive therapy

(190). Posttransplant LPDs range from polyclonal B-cell
proliferations (type III latency) to malignant monoclonal
B-cell lymphomas (type II). EBV-positive T-cell LPD occurs,
but is rare. Polyclonal LPD is most common during the first
year after HSCTwhen immunosuppression is maximal. EBV-
positive recipients who receive HSCT from donors who are
EBV-negative are at highest risk due to rapid infection of the
new immune system in the absence of functional T cells.
Systemic symptoms of fever and sore throat may be evident
on presentation. These symptoms and lymphadenopathy
will sometimes respond to reduction in immunosuppressive
therapy alone. Anti-CD20 monoclonal antibody therapy
(e.g., Rituximab) that depletes B cells is often employed,

TABLE 2 Diverse Forms of Cellular Immunodeficiency
(T, NK) That Predispose to Epstein-Barr Virus Disease
Coinfection (chronic and persistent)

HIV/AIDS
Malaria

Iatrogenic (therapy related)
Transplant recipients
Autoimmune disease
Cancer chemotherapy

Select primary immunodeficiency diseases
Some autoimmune diseases
Extremes of age

Very young
Very old

HIV, human immunodeficiency virus; AIDS, acquired immunodeficiency
syndrome.

TABLE 3 Spectrum of Epstein-Barr Virus–Associated
Disease

Immunocompromised host “Normal host”

Primary infection
Runaway infectious mononucleosis
Hemophagocytic syndrome

Asymptomatic infection
AIM

Reactivated infection
B-PTLD
B-NHL, various

B-NHL (elderly)

Burkitt’s lymphoma Endemic Burkitt’s
lymphoma

Hodgkin’s lymphoma Hodgkin’s lymphoma
T-LPD (rare) T/NK-cell lymphoma
Chronic active EBV Monocytoid (rare) tumor
Leiomyosarcoma
Oral hairy leukoplakia Nasopharyngeal carcinoma

Lymphoepitheliomas,
various

Gastric adenocarcinoma
Other epithelial cell
carcinomas, subset
of head and neck, breast?

Autoimmune diseases: MS, SLE

AIM, acute infectious mononucleosis; B-PTLD, B-cell posttransplant lym-
phoproliferative disease; B-NHL, B-cell non-Hodgkin’s lymphoma; T-LPD, T-cell
lymphoproliferative disease; EBV, Epstein-Barr virus; NK, natural killer; MS,
multiple sclerosis; SLE, systemic lupus erythematosus.
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although it increases the vulnerability of posttransplant re-
cipients to infection (191). Many centers now monitor EBV
load in the circulation early after transplant by PCR. Opti-
mized detection methods are in development (192, 193).
High or rising loads predict (but do not prove) incipient
disease. If immunosuppression cannot be reduced or is in-
effective, prophylactic Rituximab is often administered
(194). Anecdotal use of other agents such as interleukin 2,
IFN-a, and intravenous Igs has been reported. No clear-cut
benefits of such modalities have been demonstrated. Pro-
phylactic ganciclovir, administered to prevent CMV disease
early after transplant, can effectively reduce lytic replication
of EBV and thus may limit new B-cell infection, potentially
decreasing early disease, but systematic validation is needed
(195, 196). EBV-specific T cells have been employed suc-
cessfully both prophylactically and therapeutically for
treatment of PTLD with most success in HSCT recipients
(see below).

The frequency of LPD following receipt of a solid organ
allograft is related to the degree, type, and duration of im-
munosuppression and history of infection. Reported rates of
LPD for children and adults following receipt of different
allografts are given in Table 4. In contrast to HSCT, an EBV-
seronegative recipient who receives an EBV-positive allo-
graft is at greatest risk of disease, similar to CMV infection
(197). Pediatric recipients of SOT who develop primary
infection after transplantation have an extremely high
mortality rate compared with previously infected children
(198), underscoring the need for vaccine development.
Onset of a monoclonal B-cell lymphoma may be preceded by
benign polyclonal B-cell proliferation or present with sud-
den growth of a solid tumor mass in the organ allograft or any
other tissue.

These lymphomas may be polymorphic in appearance,
although the tumor mass is usually monoclonal and gene
expression patterns often resemble those of diffuse large B-
cell lymphomas (DLBCL). Because SOT recipients main-
tained on long-term immunosuppressive therapy are more
likely to develop monoclonal disease, steps to minimize
immunosuppressive therapy over time should be a priority
(199). Late-onset disease is often resistant to treatment and
the clinical course is usually the same as for an aggressive
lymphoma. If chemotherapy [e.g., cyclophosphamide, doxo-
rubicin (hydroxydaunomycin), vincristine (Oncovin�), and
prednisolone (CHOP) or other] plus Rituximab is ineffec-
tive, cell-based therapies, including EBV-specific T-cell lines
(EBVSTs), are being used increasingly (190). They are labor

intensive, costly, and can sometimes exacerbate graft-versus-
host disease, but can be effective (200). T-cell checkpoint
inhibitors in the form of monoclonal antibodies that block
the interactions between surface antigens such as PD-L1
on tumors and PD-1 on T cells (as well as other check-
point inhibitors) show promise for future treatment of EBV-
associated LPD in combination with cell-based approaches
(201).

EBV-Associated Malignancies in HIV Infection
In the setting of profound immunodeficiency associated with
HIV infections, non-Hodgkin’s lymphomas (NHLs) have
been observed to occur approximately 60- to 100-fold more
frequently than expected (202). A study conducted from
1984 to 1992 [before combination antiretroviral therapy
(cART)] showed that EBV was associated with 39 of 59
(66%) of HIV-related systemic lymphomas (203). Analysis
of EBV terminal repeats in these lymphomas again con-
firmed their monoclonal origin, and c-myc rearrangements
were noted in up to 40%, indicating a Burkitt-like patho-
genesis. B-LPD-like disease was most prevalent among pa-
tients with frank acquired immunodeficiency syndrome
(AIDS), whereas HL was less common (discussed below).
For unknown reasons, many EBV-associated NHLs in per-
sons with HIV present with primary central nervous system
lymphomas (204). Whereas B-LPD-like disease has virtually
disappeared in the post-cART area, certain NHLs and HL,
although decreased in HIV-infected individuals successfully
treated with cART, nevertheless remain elevated relative to
the general population (205).

A less serious EBV-induced disease in persons with AIDS
is oral hairy leukoplakia, an unusual geographic, gray wart-
like lesion of the lingual squamous epithelium. Virus repli-
cation is evident only in the upper layers of the epithelium
and is effectively inhibited by nucleoside analogs, such as
acyclovir or ganciclovir. Oral hairy leukoplakia lesions, ini-
tially thought to be specific for HIV-related immunodefi-
ciency, have now been observed in other immunosuppressed
patients and rarely in healthy individuals (206).

EBV and Smooth-Muscle Tumors
Children and young adults with AIDS experience an un-
usually high incidence of smooth-muscle tumors (leiomyo-
mas and leiomyosarcomas) (207). These tumors are often
multifocal and can also localize to the central nervous system
(208). Convincing evidence for an etiologic role of EBV in
the development of these neoplastic lesions was provided by
demonstration that these smooth-muscle tumors contain
clonal EBV and also develop with increased frequency in
transplant recipients (209).

Primary Effusion Lymphoma
Primary effusion lymphoma (PEL) is an uncommon B-cell
malignancy that occurs almost exclusively in the T-cell
compromised host (e.g., AIDS and transplant patients). It is
characterized by lymphomatous effusions in pleural, perito-
neal, and other body cavities and is comprised of malignant
postgerminal center type B cells. PEL is an aggressive disease
with inflammatory-type symptoms and very poor prognosis.
While Kaposi’s sarcoma herpesvirus (KSHV, HHV-8) is al-
ways present in PEL, 70% to 80% of these tumors are co-
infected with EBV (latency I). Studies suggest EBV
coinfection provides a survival advantage in vivo because
coinfected cell lines are more tumorigenic in small-animal
disease models (210). There is no standard therapy for PEL
at this time (211).

TABLE 4 Rates of Posttransplant Lymphoproliferative
Disease among Solid Organ Transplant Patients

Pediatric Adult
Organ 1 year 5 years 1 year 5 years

Lung/heart-lung 4.0% 16% 1.0% 1.5%
Liver 2.1% 4.7% 0.25% 1.1%
Pancreas (isolated) N/A N/A 2.3% 2.3%
Heart 1.6% 5.7% 0.3% 0.7%
Kidney 1.3% 2.4% < 0.2% 0.6%

Cumulative 1- and 5-year incidence of PTLD in pediatric and adult SOT
recipients by transplanted organ as reported in the 2010 Organ Procurement and
Transplant Network (OPTN)/Scientific Registry of Transplant Recipients
(SRTR) Annual Report. Data for intestinal transplant recipients not broken down
by pediatric versus adult and therefore not included.

PTLD, Posttransplant lymphoproliferative disease; SOT, solid organ trans-
plant; N/A, not available.
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Hodgkin Lymphoma
EBV genomic DNA was first reported in HL in 1987. Evi-
dence supports a role for EBV in the pathogenesis of classical
HL because malignant Reed-Sternberg cells contain the
EBV genome in up to 50% of “Western” cases (212). Fur-
thermore, AIM is a risk factor for subsequent development of
classical HD (nodular sclerosing, mixed cellularity) that is
variably reported as 3- to 10-fold increased during the 10-
year period after AIM. The basis for this association remains
unknown, but is supported by studies in countries such as
Singapore, where rapid development has led to an increase
of both diseases in young adults (108). As with BL (see
below), detection of EBV in Reed-Sternberg cells appears to
vary geographically and by age; for example, 94% of classical
HD (mixed cellularity) cases occurring in Peru contain EBV
transcripts (213) and globally almost all childhood cases of
HD are EBV positive (214). Recently, a risk locus for EBV-
bearing HL in European populations was described on
chromosome 6p21.3 (215). The pattern of EBV latency in
HD resembles type II latency as observed in NPC. Both are
characterized by rich cellular infiltrates. EBNA-1 is ex-
pressed from the Qp promoter, whereas expression of other
EBNAs is prevented by the silent Cp and Wp promoters.
LMP-2, LMP-1, EBER transcripts, and BART miRNAs are
detected irrespective of histologic subtype (216). The EBV
genome is also usually present in cases of HL (mixed cellu-
larity) that appear in individuals with primary immunode-
ficiency or AIDS (217). Among persons successfully treated
with cART, the incidence of LPD-like tumors has greatly
diminished and other NHLs are somewhat diminished,
whereas the incidence of HL has remained high for reasons
that are not well understood (216, 218).

Burkitt’s Lymphoma
BL is among the most common childhood malignancies in
equatorial Africa (219, 220). This unmistakable tumor is
typically localized to the jaw of young patients and occurs
more frequently in males, as do all EBV-associated malig-
nancies. The majority of endemic cases occur in discrete
geographic climates located along the P. falciparum malaria
belt across Africa. Analysis of the EBV genome terminal-
repeat copy number in endemic BLs showed that tumors
originate from a single EBV-infected B cell. Products de-
rived from recurrent bouts of P. falciparum malaria during
early childhood (e.g., Pfemp1, hemazoin, others) are be-
lieved to provide a chronic stimulus for proliferation and
differentiation of B lymphocytes (221, 222) that already
carry high loads of latent EBV because of T-cell exhaustion
resulting from chronic malaria infection (223). As these B
cells differentiate, expression of activation-induced cyti-
dine deaminase (AID) in the course of the germinal center
reaction facilitates c-myc translocation and multistep tu-
morigenesis (224).

Tumor cells from areas where BL is endemic virtually
always contain copies of the EBV genome in contrast to
tumor cells from patients with sporadic cases of BL from
areas of low incidence (> 95% versus 20%). BL-like tumors
are increased in HIV-infected persons, even on highly active
antiretroviral therapy (HAART) (40% to 50% EBV posi-
tive) (225). The malignant cells obtained from fresh tumor
biopsy samples consistently display a homogeneous surface
phenotype, including the pan-B-cell marker (CD20), the
common acute lymphoblastic leukemia antigen (CALLA,
CD10), and the BL-associated antigen (CD77), consistent
with a germinal center origin. These cells do not express the

common B-cell activation antigens CD23, CD30, CD39,
and CD70 or the cell adhesion molecules LFA-1 (CD11a/
18), ICAM-1 (CD54), and LFA-3 (CD58) in contrast to the
malignant B cells that characterize LPDs and variably certain
NHLs. Fresh BL tumor cells retain a resting B-cell phenotype
and typically express only EBNA-1, EBERs, and ncRNAs. It
is speculated that eradication of P. falciparum malaria will
result in eradication of endemic BL, but studies to date are
inconclusive (220). In cases of sporadic BL and classical HL
that lack EBV genomes, the specter of a transient EBV in-
fection has been raised, but has not been proven to date.

T-Cell and NK-Cell Lymphomas
Although much less common than B-cell infection, normal
activated T-cell populations can variably express the EBV
attachment receptors CD21 and CD35 as well as HLA class
II, providing a local environment permissive for EBV entry
(226, 227). Supporting this observation, studies by Ana-
gnostopoulos et al. demonstrated EBV-infected tonsillar T
lymphocytes in individuals with AIM (120). The events
that determine whether T-cell latency or immortalization
results are unknown. EBV-positive T- and NK-cell lym-
phomas, though rare, occur in several settings. EBV T-cell
LPD is sometimes diagnosed following iatrogenic immuno-
suppression as required for transplant, similar to B-LPD
(228). Individuals with CAEBV infection often succumb to
EBV-bearing T-cell lymphomas (229). Two major forms of
primary EBV-associated T-cell lymphoma display distinct
geographical distributions. Both are aggressive tumors,
poorly responsive to chemotherapy, and both occur most
frequently in middle-aged men. Peripheral T-cell lymphomas
not otherwise specified (PTCL-NOS) are 340% EBV
positive and are primarily encountered in North America
and Europe. In contrast, extranodal NK/T-cell lymphomas,
nasal type (ENKT), the most common form of extranodal
lymphoma worldwide, are prevalent in Asia and South and
Central America. Similar to several EBV-associated malig-
nancies, a rich lymphoid infiltrate is present in these tumors.
The molecular biology of T-cell tumors is currently poorly
understood. Reports of viral gene expression include EBERs,
EBNA-1, and LMP-1 (more variably), most consistent with
type I/II latency (230).

Nasopharyngeal Carcinoma
Worldwide, nonkeratinizing NPC is relatively rare; however,
it is one of the most common cancers in southern China,
with age-adjusted incidence rates of up to 25 to 100 per
100,000 (231). Middle-aged men are most frequently af-
fected. The incidence of undifferentiated NPC is also in-
creased throughout Southeast Asia, among Alaskan natives,
and around the Mediterranean, with North African men
typically diagnosed at younger ages than Asian patients.
Genetic predisposition and environment are recognized as
contributory factors. In contrast to BL, EBV is present in
every anaplastic NPC cell regardless of geography. The
presence of a single clonal form of EBV in premalignant
lesions, such as nasopharyngeal dysplasia or carcinoma in
situ, indicates that EBV-induced cellular proliferation pre-
cedes the acquisition of full invasiveness. EBERs and EBNA-
1 are universally detected, whereas LMP-1 and LMP-2 are
detected in most tumors as are ncRNAs (latency II). Al-
though EBNA-2 is essential for the initial transformation of
lymphocytes, its absence in preinvasive neoplasia in NPC
indicates that EBNA-2 is not required for the altered epi-
thelial cell growth associated with NPC (232, 233). Radia-
tion has long been a major component of treatment together
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with chemotherapy; new potential therapeutic targets are
emerging (234).

Gastric Carcinoma
EBV-associated gastric carcinoma was first reported by Burke
et al. in 1990. The EBV-bearing tumors that contain a rich
lymphoid infiltrate similar to NPC form part of the spectrum
of EBV-associated lymphoepithelial carcinomas (NPC,
thymoepitheliomas, salivary gland tumors), whereas the
gastric adenocarcinomas are distinct (235). The distribution
of the latter appears to be worldwide, with young rather than
middle-aged men primarily affected. Although only 310%
of all gastric cancers contain EBV, because gastric cancer is
the second leading cause of cancer deaths worldwide, EBV-
bearing gastric carcinoma is potentially the most common of
all EBV-related malignancies. Current treatment is the same
as for other forms of gastric cancer. Complete surgical re-
section is especially effective because the EBV-associated
adenocarcinomas do not readily metastasize to lymph nodes
and carry an improved prognosis compared with EBV-
negative forms of gastric cancer. Viral gene expression is most
consistent with a latency I/II program, although expression of
limited lytic cycle proteins, such as the immunoevasin
BNLF2a has also been detected (236, 237).

Other EBV-Infected Tumors
There are limited reports of atypical tumor types sometimes
bearing EBV genomes, primarily tumors of other hemato-
poietic and epithelial lineages. In some cases, detection of
contamination by EBV-positive B cells in the tumor mi-
croenvironment has been a concern, especially when PCR
alone was applied for detection. In others, more extensive
analyses complemented by immunohistochemistry, in situ
hybridization, and other technologies (238) have provided
more compelling evidence that EBV is present in these
cancer cells and may have contributed to multistep tumor-
igenesis, perhaps following aberrant expression of virus entry
proteins by a premalignant host cell in a microenvironment
where EBV load is serendipitously high.

EBV and Autoimmune Disease
Genetic predisposition combined with an environmental
trigger(s) can result in a spectrum of diseases manifested by
immune dysregulation and pathologic targeting of self.
Similar to patients with AIM, who often manifest transient
autoimmunity, patients with systemic autoimmune disease
often demonstrate elevated antibody levels to VCA and EA
as well as elevated titers of EBV DNA in blood, consistent
with altered T-cell function. Although controversy persists
(239), more definitive epidemiologic and clinical data sup-
port EBVas a major environmental trigger for MS (240) and
possibly SLE. In the case of MS: (1) virtually all patients,
including very young children, are EBV seropositive; (2)
development of AIM almost always precedes MS; and (3)
elevated IgG responses to a distinct subdomain in EBNA-1
similar to myelin, but not to most other EBVantigens, occurs
years before MS becomes clinically apparent, supporting
molecular mimicry as a disease mechanism (241). In con-
trast, AIM does not predict lupus development, and the
spectrum of autoantibodies is distinct and broader (242,
243). However, among young children that develop SLE the
seroprevalence of EBV is much higher (99%) than that of
closely matched peers (70%). Whether EBV contributes to
the pathogenesis of rheumatoid arthritis (244), Sjögren’s
syndrome (245), or other autoimmune diseases is under in-
vestigation in several laboratories.

LABORATORY DIAGNOSIS
Primary Infection
To establish a diagnosis of AIM among persons with clini-
cally suspected disease, evaluation of the white blood cell
count can be especially useful, as lymphocytosis with > 10%
atypical lymphocytes is often present before either hetero-
phile or IgM antibodies to VCA, conventional criteria for
confirming new infection, can be detected. Total lympho-
cytosis of > 50%, the presence of monocytosis, together
with > 10% increasing to > 40% atypical lymphocytes in
combination virtually assures a diagnosis of AIM, although
relatively few patients will meet all of these conditions
(166). (See also the section on Humoral Immune Response
for additional discussion.)

The classic serologic response that is used to diagnose
primary EBV infection in clinical practice is depicted in Fig.
6 (above), although variation often occurs. IgM to VCA,
predicted to arise at the time of clinical illness, may be de-
layed by several days and may first appear together with IgG
to VCA. If IgM VCA is negative and suspicion of primary
infection is high, retesting is warranted. IgM antibodies to
VCA (also heterophile) disappear within 2–6 months and
failure to do so suggests a process other than primary EBV
infection should be suspected. Antibody to the EA complex
rises at the time of clinical presentation and then, like IgM
antibody, disappears after several months. Both may reappear
in the setting of poorly controlled lytic reactivation associ-
ated with T-cell compromise and malignancy. Production of
antibodies to the nuclear antigen complex EBNA is delayed
by several months following primary infection. Thus, de-
tection upon initial evaluation indicates that the clinical
syndrome is not primary. One caveat is that some individuals
never develop anti-EBNA antibodies.

Although primary infection is usually accompanied by
viremia, EBV PCR is not useful in healthy individuals be-
cause intercurrent viremia may occur among persistently
infected individuals. On the other hand, EBV PCR can be
an important tool for diagnosing primary infection in the
immunocompromised host who is known to be EBV nega-
tive and may fail to mount a detectable or conventional
antibody response upon primary infection. In many centers,
EBV-negative transplant recipients (testing is performed
pretransplant) are surveyed by EBV PCR at defined intervals
to identify a new infection and implement strategies to
control disease.

Reactivation
Although rising antibody titers to EBV lytic-cycle antigens
appear to reflect loss of cellular immune control relevant to
several EBV-associated diseases, they have been primarily
used to (1) establish a diagnosis of CAEBV (high titers of IgG
to VCA) and (2) diagnose and treat NPC (high or rising
titers of IgA to VCA). Determination of viral load by PCR
has now been validated as a biomarker of incipient or es-
tablished malignant disease in multiple settings, although
optimal methods remain under investigation (192). Changes
in viral load have been used to implement preemptive
strategies to diminish the risk of PTLD as well as to follow the
response to treatment of the various EBV-associated tumors.

PREVENTION
Immunization
Evidence implicating EBV in the etiology of a variety
of human diseases has made the prospect of developing a
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virus-based vaccine very appealing. Vaccine administration
in resource-rich countries and increasingly on a global basis
would prevent AIM in young adults. With the annual in-
cidence of AIM estimated in the United States at 100,000
cases, EBV causes significantly more illness than mumps, for
which a successful vaccination strategy exists.

As discussed, gp350 mediates B-cell attachment. It is one
of the most abundant late viral proteins present in lytically
infected cell plasma membranes and is the most abundant
protein on the outer surface of the virus coat. Passively
transferred antibodies are likely important in protecting in-
fants from EBV infection. As most of the human EBV-
neutralizing antibody response is directed against gp350
(130), gp350 has been the major EBV lytic-cycle protein
targeted for subunit vaccine development. The largest study,
a phase II, randomized, double-blind, placebo-controlled
trial of an adjuvanted recombinant gp350 vaccine was un-
dertaken in healthy, EBV-seronegative young adults (246).
More than 90% of vaccinated individuals developed anti-
gp350 antibodies. Importantly, the vaccine demonstrated
efficacy (78%) in preventing symptomatic primary EBV
infection (AIM), but was not effective in preventing
asymptomatic infection. These data justify development and
testing of anti-gp350 vaccines (247) such as virus-like par-
ticle vaccines (248) and others that incorporate gp350 (as
well as other novel candidates) and also recruit T cells. Al-
though development of potent neutralizing antibody re-
sponses is important, given that CD8+ T-cell responses are
essential for controlling EBV replication and LPD, future
vaccine research defining additional protective T-cell epi-
topes for inclusion in EBV vaccines will also be key (249).

Prophylactic Therapy
Antivirals have been administered transiently to prevent
primary EBV infection, particularly in seronegative children
who are at high risk of PTLD following an EBV-positive
SOT; however, antivirals will not prevent tumors that arise
from latently infected donor B cells. IVIG or CMVIG,
which contains high-titer anti-EBV antibodies, has been
used with unproven benefit to prevent primary EBV infec-
tion (250, 251). Administration of monoclonal antibodies,
such as anti-CD20 (e.g., Rituximab) can abort expansion of
EBV-positive B cells en route to PTLD but compromise
humoral responses to new infections. Prophylactic treatment
of HSCT recipients at high risk of PTLD with EBV-specific
T cells (EBVST) has been successful in some settings. These
varied approaches to prophylaxis and treatment are dis-
cussed in more detail below.

TREATMENT
Symptomatic and Anti-Inflammatory
The mainstay of treatment for individuals with AIM is
supportive care. Acetaminophen or nonsteroidal anti-
inflammatory agents are recommended for the treatment of
fever, throat discomfort, and malaise. Provision of adequate
fluids and nutrition is also appropriate. Although ensuring
adequate rest is prudent, bed rest per se is unnecessary.
Contact sports should be avoided due to the risk of splenic
rupture.

The use of corticosteroids in the treatment of EBV-
induced AIM remains controversial. Studies looking at the
use of corticosteroids have been imperfect, but they do
suggest that these agents induce a modest improvement with
reduction of lymphoid and mucosal swelling. Thus, a trial of
corticosteroids in individuals with impending airway ob-

struction (manifested clinically by difficulty breathing in the
recumbent position) is warranted. In addition, individuals
suffering from severe, overwhelming, life-threatening infec-
tion (e.g., liver failure), along with individuals who sustain
other severe complications such as aplastic anemia, should
also be considered for corticosteroid therapy, although data
supporting benefits in these situations, because of their rarity,
are lacking.

Despite the recommendations of some experienced cli-
nicians that corticosteroids be administered in routine cases
of AIM, the literature does not support this approach. The
clinical illness of AIM represents the immune response to
EBV, an agent that establishes lifelong latency and that has
oncogenic potential. For this reason, the administration of
immunomodulating agents such as corticosteroids during
primary infection is theoretically contraindicated because of
the possibility of altering the immune response and predis-
posing the patient to a long-term lymphoproliferative com-
plication. Indeed, studies of individuals with AIM who
received corticosteroids many weeks earlier have demon-
strated globally diminished numbers of B cells and T cells,
including diminished numbers of CD4 T-helper and CD8 T
cytotoxic cells (252). Since no long-term data obtained for
individuals who received corticosteroids during primary
EBV infection are available, it would seem prudent, despite
the potential of short-term improvement, to withhold such
treatment from most individuals given the self-limited na-
ture of this infection in the vast majority of cases (171).

Antiviral Treatment
Acyclovir and ganciclovir are nucleoside analogs that can
inhibit lytic EBV replication following phosphorylation by
the EBV phosphotransferase (BGLF4) (253). This enables
incorporation of their triphosphate form into viral DNA by
the EBV DNA polymerase and is followed by DNA chain
termination (replication arrest). These agents have no effect
on latent infection. Specific therapy of acute EBV infections
with intravenous and oral formulations of acyclovir has been
studied (254, 255). Short-term suppression of viral shedding
can be demonstrated, but significant clinical benefit has not
been demonstrated. These results are not surprising in view
of data documenting that viral load has likely peaked at the
time of presentation with AIM and that the manifestations
of AIM are more likely due to aberrant immune responses
(99). Long-term administration of valacyclovir over 1 year
diminished the frequency of EBV-infected B cells in normal
volunteers. On the basis of this study, it was estimated that if
possible, it would take 11.3 years of continuous treatment to
eradicate EBV (256).

In the majority of the EBV-associated malignancies,
where the stage of the virus infection cycle has been char-
acterized, there is little evidence for permissive (lytic) in-
fection. Standard chemotherapy that varies based on tumor
type and not specifically directed at the virus is still employed
for most EBV-associated tumors discussed in the above sec-
tion. Because nucleoside analogs that inhibit polymerase
function (acyclovir, ganciclovir, cidofovir, foscarnet, and
their congeners) are only effective in inhibiting replication
of linear EBV DNA, there is little to be gained by their use as
single agents in diseases associated with latent infection.
There is anecdotal support for their use in EBV-induced
histiocytic hemophagocytosis (acyclovir), where evidence of
replicating EBV has been demonstrated (257). Definitive
studies regarding prophylactic use in the immunocompro-
mised host, such as children who are EBV seronegative at the
time of SOT and are at risk of severe primary infection and
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subsequent PTLD, are lacking (196). However, routine
prophylactic use of the aforementioned nucleoside analogs to
prevent CMVand HSV in the peritransplant period may also
diminish the risk of primary EBV infection and PTLD.
Measurements of EBV viral load in the circulation reflect
both lytic replication and outgrowth of latently infected
cells; thus, if the titer of circulating virus is decreased, the
likelihood of additional B-cell infection and posttransplant
lymphoproliferative disease (PTLD) may also be decreased.
Robust lytic cycle induction of latently infected tumor
cells—“lytic induction therapy”—remains an area of active
research, and, if successful, would potentially expand a role
for both antivirals and novel cell-based therapies (258).
Small-molecule inhibitors that target key viral as well as
cellular proteins are also under investigation (259).

Cell-Based Therapies
The presence of viral proteins in EBV-associated tumors has
provided an impetus for development of T-cell-based im-
munotherapies crafted with increasing sophistication over
the years (260, 261). Although labor intensive, expensive,
and only available in limited cancer centers, the tide is be-
ginning to turn due to increasing support of cell-based
therapies by the biotechnology sector. To date, the greatest
success of EBVSTs has been achieved upon treatment of
PTLD in HSCT recipients, as viral protein expression is
robust (type III latency) creating multiple potential T-cell
targets and decreased cellularity has facilitated outgrowth
and function of infused T cells. Although use of unselected
donor lymphocyte infusions (DLIs) was often accompanied
by side effects, including graft-versus-host disease and cyto-
kine release syndromes, EBVSTs have proved far more effi-
cacious and devoid of most toxicity. Therapy of SOT
patients has proved more challenging because of potential
HLA mismatch, diminished viral protein expression in most
tumors, and the requirement for ongoing immunosuppres-
sion reducing the efficacy of infused Tcells. However, banks
of EBVSTs have now been developed that are able to pro-
vide a rapid source of cells with partial HLA matches that
have been used with some success. Tumors in which viral
gene expression is comparatively reduced (type II latency,
e.g., NPC, HL, some NHLs) have responded less well to
EBVSTs, but there is optimism that the introduction of
checkpoint inhibitors together with EBVSTs will improve
outcomes. Type I latency-expressing tumors have not been
assessed systematically at this time. The introduction of
T-cells activated with chimeric antigen receptor (CAR; of-
ten a monoclonal antibody directed to a specific cell type)
into clinical practice suggests that a combination strategy
could result in enhanced tumor cell localization of EBVSTs
increasing future efficacy (262, 263).

Therapeutic Immunization
Although the safety bar is set very high for a prophylactic
vaccine, therapeutic vaccine candidates that incorporate
EBV products expressed by EBV-associated malignancies are
also under development using vectors optimized to stimulate
a vigorous cellular immune response capable of eradicating
established tumors (249). Current targets include, in par-
ticular, NPC and gastric carcinoma with some promising
early-phase results.
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Discovered in 1994, Kaposi’s sarcoma-associated herpesvirus
(KSHV or HHV8) causes several human cancers, including
Kaposi’s sarcoma (KS), primary effusion lymphomas (PEL),
and some forms of multicentric Castleman’s disease (MCD).
KSHV is commonly associated with cancers among AIDS
patients but it is also a significant public health problem in
developing countries for both HIV-infected and uninfected
populations. KSHV is a gammaherpesvirus with unique fea-
tures in its gene products, gene distribution and evolution,
and mechanisms of cellular transformation. The epidemi-
ology of KS in different risk groups and geographic regions
parallels the prevalence of KSHV infection. While modes of
transmission of KSHVare still to be fully determined, specific
measures can be implemented to prevent its spread. Specific
assays, including serologic and antigen immunohistochem-
istry tests, have been developed that allow detection of
infected patients and patient tissues. Understanding of the
molecular mechanisms for KSHV-related pathogenesis
should facilitate the detection, prevention, and therapy of
KSHV and its associated cancers.

INTRODUCTION
Kaposi’s sarcoma-associated herpesvirus (KSHV; also called
human herpesvirus-8 [HHV-8]) is a large double-stranded
DNA herpesvirus that is the cause of Kaposi’s sarcoma (KS)
and primary effusion lymphomas (PEL). KSHV is also the
etiologic agent in the majority of multicentric Castleman’s
disease (MCD). KSHV belongs to the Rhadinovirus genus of
the gammaherpesvirus subfamily. Similar to other herpes-
viruses, KSHV has both latent and lytic replication cycles,
and infection is presumed to be lifelong. KSHV has evolved
sophisticated mechanisms at multiple levels to facilitate its
infection and replication, resulting in maintenance of per-
sistent infection in immunocompetent hosts and induction
of disease, predominantly in immunocompromised hosts.

KS, the most common malignancy associated with
KSHV, has a dynamic and evolving epidemiologic profile. A
rare cancer in the Western world prior to the emergence of
HIV, the onset of the AIDS epidemic resulted in an explo-
sive increase in the incidence of KS. With the success of
antiretroviral therapy (ART), KS rates have declined but it
remains a significant problem with distinct clinical mani-
festations (1). In Africa, where it has long been a highly

prevalent cancer, KS is now the most common cancer in
several regions (2), in large part because of the AIDS pan-
demic in populations lacking effective preventive and ther-
apeutic intervention.

KS, a spindle cell tumor arising from lymphatic endo-
thelium, was first described in 1872 by the Austrian der-
matologist and dermatopathologist Moriz Kaposi (3). An
infectious agent had been suspected as the cause of the tumor
since the 1950s (4). This was reinforced by the emergence of
KS as an AIDS-related tumor and its differential occurrence
among different HIV risk groups (5). KSHV was discovered
in 1994 through a PCR-based DNA subtractive hybridiza-
tion method in AIDS-KS tissues (6). Shortly after the initial
description of KSHV, all forms of KS, in both HIV-positive
and HIV-negative patients, were found to harbor the virus.
The virus was also found to be B-lymphocyte tropic by its
identification in PEL and MCD (7), and cell lines from PELs
have become a source for growing the virus in culture (8–
10). KSHV was sequenced in 1996 (11) and shown to pos-
sess a remarkable array of viral genes homologous to cellular
regulatory genes.

VIROLOGY
Classification
KSHV belongs to the genus Rhadinoviridae (gamma-2 her-
pesvirus) of the subfamily Gammaherpesvirinae of the fam-
ily of Herpesviridae (12). Among the human herpesviruses,
KSHV is most closely related to Epstein-Barr virus (EBV or
HHV4), a member of the genus Lymphocryptovirus (gamma-1
herpesvirus) (Figure 1). Although Gammaherpesvirinae has
members broadly represented in mammals, KSHV and EBV
are notable as the sole human members of this subfamily, and
both are uniquely recognized among human herpesviruses
for their tropism for B lymphocytes and their ability to cause
human cancer.

Evolution and Genotypes
Early searches for KSHV-like viruses among primates re-
vealed several surprises: KSHV-like rhadinoviruses were
discovered to infect rhesus macaques (13) and similar viruses
were later discovered among higher primates (Figure 2). All
Old World and New World primates appear to be infected
with KSHV-like rhadinoviruses (RV-1) that have coevolved
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FIGURE 1 A phylogenetic tree showing the alpha-, beta- and gammaherpesvirus subfamilies. KSHV belongs to the genus Rhadinovirus,
also known as c-2 herpesviruses, in the lymphotrophic gammaherpesvirus subfamily. Other related gammaherpesviruses are also associated
with lymphoproliferative disorders, including EBV in humans and herpesvirus saimiri (HVS) in NewWorld monkeys. Herpesviruses from the
alphaherpesvirus (e.g., herpes simplex and varicella-zoster virus) and betaherpesvirus subfamilies (e.g., cytomegalovirus and human her-
pesviruses 6 and 7) have not been found to cause tumors in humans. (From Moore et al. (12) with permission.)

FIGURE 2 Old World primate hosts and their gammaherpesviruses. It is evident from this phylogenetic tree that these are ancient viruses
that have coevolved with their hosts. A second rhadinovirus, rhesus rhadinovirus, has been found widely distributed among primates
including chimpanzees. It is likely that a human version of this virus exists but has not yet been found. (Courtesy of B. Damania, University of
North Carolina, Chapel Hill.)
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with their hosts. During this search, however, a second dis-
tinct but closely related rhadinovirus lineage (RV-2) was
found. Members of this lineage include rhesus rhadinovirus
(RRV) (14), and pig-tailed macaque RV2 rhadinovirus
(MneRV2). These viruses have similar genomic structures
and coding genes (15–17). Viruses of this lineage were also
found among higher primates (18), leading to the intriguing
possibility that there may be an undiscovered RRV (“HHV-
9”) infecting and possibly causing disease among humans.

KSHV genotyping has been useful in characterizing
KSHV transmission (19), and a strong correlation exists
between virus evolution and human migration patterns (20,
21). Genotypic diversity among KSHV isolates is highest at
the left and right ends of the long unique region (LUR) in
open reading frames (ORF)-K1 and -K15, respectively
(Figure 3). The K1 ORF displays up to 30% amino acid
variability, allowing designation of major viral clades A, B,
C, D, E, F, and Z. Subtypes B, F, and Z are found almost

exclusively in KSHV-infected patients from Africa or of
African heritage. Subtype D is found in Pacific Island pop-
ulations, and subtype C is common in patients from the
Middle East and Asia. Both subtypes A and C are seen in
North America, and subtype E is present predomina-
ntly in ancient populations such as Brazilian Amerindians
(Figure 4).

At the opposite end of the viral genome, the K15 ORF
can occur in multiple forms that encode for distinct groups of
alternatively spliced K15 proteins. These forms, designated
as predominant (P) and minor (M) forms (20), apparently
arose from rare intertypic recombination events (see refer-
ence 22 for a thorough overview of KSHV molecular typ-
ing). Internal repeat regions in the latency associated
nuclear antigen (LANA)1 gene (ORF73) show strain-to-
strain variation in repeat numbers that has also been used
for typing (23, 24) and measuring viral monoclonality in
KSHV-infected tumors (25).

FIGURE 3 Genomic map of KSHV sequenced from the BC-1 KSHV-infected PEL cell line. The viral genome contains a ~145 kb long
unique coding region (LUR) flanked on both sides by reiterated terminal repeat (TR) units of high GC content (> 85%). Conserved
herpesvirus gene blocks (dark blue) are interspersed with blocks containing genes unique to KSHV and other Rhadinoviruses (light blue).
These nonconserved regions contain numerous homologs to host cell genes involved in cell-cycle regulation, apoptosis, and immune
regulation.

FIGURE 4 The global KSHV seroprevalence, subtype distribution, and migration. KSHV migration might be correlated with the major
migrations of modern humans out of Africa over the past 100,000 years.
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KSHV Structure
Typical herpesvirus virion structures of approximately 100-
nm diameter have been detected in the nuclei of KSHV
infected B cell lines 24–48 hours after chemical induction
(10, 26) (Figure 5). Electron cryomicroscopic reconstruction
shows that KSHV has a three-dimensional structure similar
to those of other herpesviruses (Figure 6). The capsid shell
is composed of 12 pentons, 150 hexons, and 320 triplexes
arranged on an icosahedral lattice (27, 28). The primary
capsid component is the major capsid protein (ORF25) that
forms both the pentons and the hexons (29). Triplex pro-
teins (ORF62 and ORF26 proteins), a small capsomere
interacting protein (SCIP, ORF65), and the scaffolding
protein (ORF17.5) are other components of the capsid.
Similarities in capsid structure and replication mechanisms
between herpesviruses and bacteriophage suggest that her-
pesviruses may have distantly evolved from these prokaryote
phage viruses (30).

The space between the virus capsid and the viral enve-
lope is filled with an amorphous protein structure called the
tegument, which is organized into three prominent regions: a
penton-binding globular region, a helix-bundle stalk region,
and a b-sheet-rich triplex-binding region (31). The tegu-
ment is composed of specific proteins, such as ORF45 and
ORF75 proteins (32, 33), that are microinjected into cells
after viral membrane fusion with the host cell and prepare it
for infection. Remarkably, the tegument also incorporates a
number of viral mRNAs and small noncoding microRNAs

FIGURE 5 Electron photomicrographs of KSHV virion formation and egress in a PEL cell line induced into lytic replication with TPA.
A. Naked virus capsids are formed in the nucleus of the cell (NM, nuclear membrane). B. Virions budding through the nuclear membrane and
becoming enveloped viruses. C. Transit of the virus through the cytoplasm (arrow). D. egress of the fully enveloped virus from the cell plasma
membrane (PM). E. The insert shows a high magnification image of the virus with the capsid (C), tegument (T), and envelop (E). (Photos
courtesy of Antonella Tosoni, University of Milan.)

FIGURE 6 Schematic diagram of KSHV enveloped virus struc-
ture. The capsid is composed of hexons, pentons, and triplexes
arranged in an icosahedral lattice that contains the virus genome.
This is surrounded by an amorphous tegument layer composed of
viral and cellular proteins and viral RNAs that are microinjected
into the cell on infection. The bilayer envelope surrounding the
tegument contains viral glycoproteins such as gB that act as receptor
and entry proteins.
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(miRNAs) (34–36) that similarly can directly act on their
targets once injected into a new cell during the initial stages
of infection.

Replication of KSHV
KSHV has both lytic and latent life cycles. During lytic
replication, the virus expresses its own DNA polymerase,
replicates its own DNA, and generates hundreds to thou-
sands of viral particles per cell over a 24- to 96-hour period, a
process thought to invariably lead to cell death. During la-
tent replication, viral DNA exists as a circular nuclear epi-
some that relies on host enzymes for genome replication.

Lytic Replication
Lytic replicating viruses can be seen as massed nuclear in-
clusions containing electron-dense cores in KSHV-infected
cells (10, 26). The virus replicates in the cell nucleus and
packages its genome into the viral capsid as a linear mole-
cule that acquires an initial membrane envelope by bud-
ding through the inner nuclear membrane. Components of
this membrane mature as the virus passes through the outer
nuclear membrane and transits through the Golgi apparatus,
where the virus incorporates specific viral glycoproteins prior
to reaching the plasma membrane. A number of viral pro-
teins including gB, K8.1, ORF33, ORF67, and ORF69 have
been identified as participating in this process (37–39). The
virus can be released from the cell by direct plasma mem-
brane budding, although release through exocytic vesicles is
thought to be more common (40).

The lytic viral genome replicates through a rolling circle
mechanism from the circular genome, like the unrolling of a
tape, producing a linear strand of concatenated genomes.
The KSHV genome concatemer is packaged into the na-
scent capsid through a portal protein complex (41) and
cleaved within the terminal repeat region, resulting in a
linear viral genome having variable numbers of terminal
repeat sequences at both ends. Lytic viral genome replica-
tion is most efficient when cells enter the S phase (40, 42),
and KSHV genes expressed during lytic replication act to
overcome the G1/S cell cycle checkpoint (35, 43, 44) as well
as to disarm host cell innate immune signaling pathways

(Tables 1 and 2) (45–47). During late stages of infection,
structural component proteins of the capsid are synthesized;
the capsid forms on a putative scaffolding that is turned over
or incorporated into the capsid as the virion matures.

Rapid viral synthesis after initiation of lytic replication
results in many capsids being only partially filled (29), and
only a portion of virus produced during lytic replication is
fully mature and transmissible. When KSHV lytic replica-
tion is initiated, early genes alter cell cycle transit (48) and
inhibit cellular mRNA processing and stability to maximize
production of viral DNA (49). Simultaneously, nonstruc-
tural KSHV gene expression alters the cell to prevent
adaptive and innate immune activation. Although anti-
apoptotic proteins are expressed during lytic virus replication
to prolong survival of the infected cell (Table 3) (50–52),
damage caused by host protein synthesis shutoff (49), frag-
mentation of viral DNA (53), and activation of innate
immune signaling (54) pathways ultimately lead to host cell
death during lytic replication.

Latent Replication
During latent viral replication, the viral genome is present in
cells as an extrachromosomal circular episome (plasmid).
This may limit activation of DNA damage responses from
free viral DNA ends. The viral DNA is replicated in tandem
with host DNA by using the host cell machinery so that
stable copy numbers of KSHV are maintained in latently
infected cells. Latent viral gene expression is highly re-
stricted to viral proteins and miRNAs essential for main-
taining the viral episome and preventing premature cell
death and senescence (Table 3) (55, 56). The bulk of KS
tumor cells infected with KSHVare in a latent state, and less
than 5% of tumor cells are actively undergoing lytic repli-
cation at any one time.

KSHV Tropism and Primary Infection of Cells
KSHV primarily infects B-cells and endothelial cells but also
can infect dendritic cells, macrophages, epithelial cells, fi-
broblasts, and mesenchymal stem cells in laboratory cell
culture. Initially, the virus attaches through electrostatic
interactions with heparin sulfate (57) and then initiates

TABLE 1 KSHV genes with mitogenic or cell cycle regulatory functions

KSHV
protein

KSHV
gene Features and functions References

LANA1 ORF73 Activates multiple mitogenic and oncogenic pathways including b-
catenin, c-myc, ERK, hypoxia, surviving, Notch, and BMP-
SMAD1-IDs pathways

(191–198)

vCyclin ORF72 Associates with cdk6 to phosphorylate RB and histone H1;
Phosphorylates and downregulates p27; Promotes high density
cell proliferation and cellular transformation

(199, 200, 204)

vFLIP ORF71 Induces lymphoma; Transform rodent fibroblasts; Activate NF-kB;
Induce inflammatory cytokines

(215, 222, 223, 289, 290)

vGPCR ORF74 Induces cellular transformation, angiogenesis, and VEGF in rodent
fibroblast; Signals through heterotrimeric G proteins, JNK/Sapk,
p38/HOG, and Akt

(291–294)

vIL-6 ORF K2 B-cell proliferation factor; Induces angiogenesis and VEGF in
rodent fibroblasts

(101, 211)

vIRF-1 ORF K9 Cellular transformation (228)
KIST ORF K1 ITAM-mediated signaling, cellular transformation (110, 218, 219)
Kaposin ORF K12 Induces cellular transformation; Activates the p38/MK2 pathway (295, 296)
K-bZIP/RAP ORF K8 Inhibits G2/M transition (48)
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membrane binding (through interactions with integrins
a1b3, avb3 and EphrinA2) (58–60) and membrane fusion
(through xCT interactions) (61). The presence of these re-
ceptors on the cell surface largely determines whether a host
cell is susceptible to KSHV infection.

KSHV-receptor interactions activate a number of cellular
pathways, including MEK/ERK, JNK, p38, and FAK path-
ways, that are needed for KSHV entry and transport to the
nucleus (62–65). KSHV enters cells by endocytosis (66–68)
and then undergoes activated intracellular transport by the
cytoskeletal machinery to perinuclear regions, where it de-
livers the viral genome into nuclei (67, 69, 70).

The extent of cell-specific activation of signaling path-
ways during infection determines the expression of viral
genes and the scale of viral lytic versus latent replication.
Robust induction of the MEK/ERK, JNK, p38, and MSK
pathways promotes lytic replication by activating the AP-1
and CREB1 transcriptional complexes, while the NF-kB
pathway suppresses KSHV lytic replication and promotes
viral latency (63, 65, 71, 72). In human foreskin fibroblasts
and dermal microvascular endothelial cells, KSHV has a
short and limited scale of lytic gene expression and quickly
enters latency upon infection (73). In human umbilical vein

endothelial cells, KSHV has a robust lytic replication pro-
gram producing high titers of infectious virions before en-
tering into latency (35, 74).

Latent and Lytic Gene Expression
Initiation of lytic replication begins with a highly choreo-
graphed cascade of gene expression that determines the se-
quence of events leading to linear genome replication, virion
synthesis, genome packaging, and egress of the virus from
the infected cell (75, 76). Lytic replication begins with
immediate-early expression of the replication and tran-
scription activator protein, RTA, encoded by ORF50 (75,
77). RTA in combination with the transcription factor RBP-
Jk activates its own promoter (78), resulting in a positive
feedback loop to generate sufficient RTA to maintain the
remaining steps in lytic or productive virus replication. PKC,
ERK, JNK, p38, MSKs, H-Ras, hypoxia, and ER stress pro-
mote KSHV lytic replication by inducing RTA expression
through activation of transcriptional factors including c-Fos,
c-Jun, CREB1, Ets-1, HIFs, and XBP-1 (Figure 7) (63, 65,
72, 79–84).

Viral lytic gene expression is associated with increased
histone activation marks such as histone H3 trimethyl Lys4

TABLE 2 KSHV genes with immune evasion functions

KSHV
protein

KSHV
gene Features and functions References

vIRF1 ORF K9 Inhibits interferon-related transcription (228, 229)
vIRF2 ORF K11.1 Inhibits PKR signaling (235)
LANA1 ORF73 Inhibits IRF3 activation; Prevents MHC I peptide processing; Inhibits CIITA by

blocking the IRF-4 binding to pIII and pIV promoters and by binding to RFX
complex

(234, 252, 253, 255)

LANA2
(vIRF3)

ORF K10.5 Inhibits IRF7 activation; Antagonizes PKR signaling; Inhibits the PML-mediated
transcriptional repression; Inhibits expression of interferon-g and CIITA

(236, 243, 254)

RTA ORF50 Targets IRF7 for degradation (231)
ORF45 ORF45 Blocks IRF7 activation to inhibit type I interferon induction (233)
vIL-6 ORF K2 Abrogates signaling from the interferon-b receptor; Polarizes anti-KSHV immune

signaling towards Th2 response
(101, 260, 261)

vMIP-I ORF K6 Chemotaxis; Regulates Th2 response and angiogenesis (297)
vMIP-II ORF K4 Chemotaxis; Polarizes anti-KSHV immune signaling towards Th2 response (260, 261)
vMIP-III ORF K4.1 Chemotaxis; Polarizes anti-KSHV immune signaling towards Th2 response; Acts

as a CCR4 agonist and stimulates angiogenesis
(260, 261)

RIF ORF10 Blocks Jak1/Tyk2-STAT2 interferon signaling (238)
ORF63 ORF63 Inhibits NLRP1-dependent innate immune responses (241)
ORF64 ORF64 Reduces RIG-I ubiquitination to inhibit its activation and suppresses RIG-I-

mediated interferon signaling
(239)

MIR1 ORF K3 Functions as an E3 ligase; Downregulates surface expression of MHC I; Inhibits
cell surface presentation of T cell costimulatory molecule B7.2, NKT cell CD1
signaling, and interferon-g receptor

(237,248–250 257, 258)

MIR2 ORF K5 Functions as an E3 ligase; Downregulates surface expression of MHC I, NKG2D
ligands MICA and MICB, and NKp80 ligand AICL; Inhibits cell surface
presentation of T-cell costimulatory molecule B7.2, NKT cell CD1 signaling
and interferon-g receptor

(237,248–250257–259)

ORF75 ORF75 Antagonizes ND10-mediated intrinsic immunity (242)
KIST ORF K1 ITAM-mediated signaling; Mimics activated B-cell receptor (BCR) (218, 219, 247)
vCBP ORF4 Complements inhibitory protein; Mimics BCR signaling; Promotes survival of

infected B cells
(220)

miR-K1 miR-K1 Downregulates IkBa; Activates NF-kB pathway (298)
miR-K11 miR-K11 Decreases IKKe-mediated IRF3/IRF7 phosphorylation; Inhibits the activation of

IKKe-dependent ISGs
(232)

554 - THE AGENTS—PART A: DNA VIRUSES



(H3K4me3) and decreased repressive histone marks such as
H3 trimethyl Lys27 (H3K27me3), resulting in chromatin
unwinding (85, 86). Similarly, phorbol esters and histone
deacetylase inhibitors that cause chromatin modifications
can induce KSHV reactivation (87–90). The most abundant
KSHV transcript during lytic replication, the long non-
coding PAN RNA (polyadenylated nuclear RNA, ORFK7),
is involved in epigenetic regulation of viral and cellular
gene expression by interacting with demethylases UTX
and JMJD3 and PRC2 complexes (91, 92). PAN RNA is
required for viral reactivation in part by binding to LANA1
and sequestering LANA1 away from the KSHV genome to
counter its repressive effects on lytic gene expression (92,
93). Cellular molecules identified as negative regulators of
lytic replication promote viral latency and include KAP1,
HEY1, SIRT1, and several miRNAs (88, 94–97).

Latent KSHV gene expression, in contrast, is constitu-
tive, and not dependent on the replication status of the
virus, although it may be regulated by cell cycle stage or
tissue type (98–100). Individual genes are often referred to as
“latent” or “lytic” genes, although in reality their expression
patterns are controlled by a number of factors beyond the
KSHV replication cycle. Some viral genes encoding pro-
teins, such as vIL-6, that are induced during lytic replication
are also induced entirely independently of lytic replication
(101). Notch signaling has been demonstrated to induce a
wide variety of KSHV nonstructural genes without lytic viral
replication (so-called class II genes) (102, 103). KSHV has
many different gene expression profiles that depend on vi-
rus replication status, cell and tissue type, immune signaling
and other factors—a complexity that is obscured by dichot-
omizing KSHV gene expression into only latent and lytic
forms.

Organization and Features of the KSHV Genome
The KSHV genome was first sequenced from the virus-
infected lymphoma cell line BC-1 (11). Because of the ex-

tensive collinear homology between KSHV and the first
sequenced rhadinovirus, herpesvirus saimiri, KSHV genes
(or ORFs) are named according to their herpesvirus saimiri
positional homologs (e.g., ORFs 4–75) if obvious gene
similarity is present (Figure 3). Those genes unique to KSHV
are given a K prefix starting from the left end of the genome
(e.g., ORFs K1-K15) (11). KSHV is unique among the
human herpesviruses in the extent of its extensive molecular
piracy of genes from the host genome. These stolen genes
include not only DNA replication genes found in other
herpesviruses but also regulatory, cytokine, receptor, and
immune signaling genes that contribute to KSHV-related
pathogenesis.

The long unique region (LUR) is approximately 145
kilobases in size and possesses close to 90 viral genes thus far
identified (Figure 3). Structural (e.g., capsid) and lytic rep-
lication genes common to other herpesviruses are present in
the KSHV genome and tend to be grouped together. These
KSHV genes generally share the highest degree of homology
with other herpesvirus genes. Conservation of structural
proteins leads to cross-reactivity with virion structural an-
tigens of other herpesviruses in serologic assays, although
this problem can in part be overcome by identifying unique
antigens through peptide mapping (104–107).

DNA polymerase (ORF9), thymidine kinase (ORF21),
and phosphotransferase (ORF36) (108) are conserved with
other herpesviruses and are targets for antiherpesvirus drugs.
KSHV has other DNA synthesis enzymes that are not found
in most other herpesviruses, including a dihydrofolate re-
ductase (ORF2), a ribonucleotide reductase (ORF66), and a
thymidylate synthase (ORF70). The cellular counterparts to
these genes are regulated by the retinoblastoma cell cycle
checkpoint protein. KSHV probably uses these viral en-
zymes to overcome the G1/S checkpoint during lytic repli-
cation or by inducing an artificial S phase, which can allow
viral DNA replication. These genes are also potential drug
targets against lytic virus production.

TABLE 3 KSHV genes with anti-apoptotic and anti-autophagic functions

KSHV
protein

KSHV
gene Features and functions References

vFLIP ORF K13 Activates canonical and noncanonical NF-kB pathways; Promotes cell
survival; Induces spindle morphology; Inhibits autophagy by
preventing Atg3 from binding and processing LC3

(205–207, 221–223 289, 290)

vBCL-2 ORF16 Inhibits Bax-mediated apoptosis; Suppresses cellular autophagy
pathway by interacting with Beclin1 complex

(50, 215)

vIL-6 ORF K2 Act as a B-cell proliferation factor; Prevents apoptosis in IL-6-
dependent plasmacytoma cells; Induces angiogenesis and VEGF in
rodent fibroblasts

(101, 211)

LANA1 ORF73 Promotes cell survival by inhibiting p53 and p73 pathways and TGF-b
signaling

(109Santag, 2013 #611, 299)

LANA2 ORF K10.5 Inhibits p53 mediated transcription (99)
vIAP ORF K7 Inhibits apoptosis by binding to Bcl2 via BH2 domain and blocking

caspase-3 activity via BIR motif; Interacts with rubicon to inhibit
autophagosome maturation by blocking Vps34 enzymatic activity

(51, 216)

vIRF-1 ORF K9 Inhibits p53; Induces Bim nuclear translocation to inhibit apoptosis (214, 300)
vIRF-4 ORF K9 Inhibits p53 (301)
K-bZIP ORF K8 Inhibits p53 (213)
RTA ORF50 Inhibits p53; Induces autophagy during viral lytic replication (302, 303)
miR-K1 miR-K1 Activates NF-kB pathway by downregulating IkBa (298)
miR-K10 miR-K10 Inhibits TGF-b signaling and TGF-b-induced apoptosis (115)
miR-K11 miR-K11 Inhibits TGF-b signaling and TGF-b-induced apoptosis (304)
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While genes required for lytic replication are largely
conserved with other herpesviruses, those genes expressed
during latency are unique to KSHV. KSHV, for example,
does not possess direct sequence homologs to any of the EBV
latency genes, such as the Epstein-Barr nuclear antigens
(EBNAs) or latent membrane proteins (LMPs). Despite
these genetic differences, KSHV and EBV tend to target the
same regulatory cellular circuits. In general, KSHV has pi-
rated, modified, and targeted cellular genes for use during its
replication and survival, while EBV tends to regulate these
same pathways using complex viral transcriptional activating
proteins. As an example, KSHV encodes an IL-6 homolog
whereas EBV LMP1 induces expression of cellular IL-6;
many other parallel examples exist. Conserved and non-
conserved genes are segregated into blocks of genes, which
tend to be regulated together.

The KSHV pirated genes express proteins that function
similarly to host proteins but have modified regulatory func-
tions. Known homologs to cellular genes include a com-
plement binding protein (KCP), vIL-6, viral macrophage
inflammatory proteins (vMIPs or viral CC-chemokine li-
gands, vCCLs), vBcl-2, viral interferon regulatory factors
(vIRF1, vIRF2, LANA2, and vIRF4), a viral FLICE-
inhibitory protein (vFLIP), a viral cyclin (vCyclin), a viral
adhesion molecule (vOX2 or vAdh), and a viral G-protein-
coupled receptor (vGCR, ORF74). Additional KSHV pro-
teins, such as LANA1 and KIST (KSHV immunosignaling
transducer or ORF K1 protein), do not have known cellular
homologs but have roles similar to those of oncoproteins
found in other viruses (109, 110).

KSHV encodes a large number miRNAs that are ex-
pressed during latency (111). A number of KSHV miRNAs
share seed sequences with cellular miRNAs. KSHV miR-
K11 mimics miR-155 (112, 113), miR-K10a/b and variants
mimic miR-142-3p variants (114, 115), and miR-K3 (vari-
ant miR-K3+1) mimics miR-23a/b/c (116). KSHV miRNAs
mediate viral latency by suppressing lytic replication, and
promote cell growth and survival (56).

Recent mapping of KSHV transcripts and 3’ UTRs by
high throughput sequencing (117–120) have revealed a far
more complex KSHV transcriptome than previously de-
scribed (103): over one third of the genes may be bicistronic
and polycistronic. The extended 3’UTRs of these transcripts
are presumably regulated by a variety of mechanisms in-
cluding targeting by miRNAs, providing additional layers of
unexpected complexity in controlling viral gene expres-
sion (121).

EPIDEMIOLOGY
KSHV-related diseases are a major unmet public health
problem. Although the incidence of AIDS-associated KS
declined 70% to 90% after the introduction of effective
antiretroviral therapy, these drugs do not inhibit KSHV in-
fection and a second emergence of KS among persons with
low HIV loads and high CD4+ cell counts has been reported
(122, 123). Clinical manifestations such as immune recon-
stitution inflammation syndrome (IRIS)-KS in the era of
cART pose additional new challenges (1, 124). Finally, al-
though KSHV is poorly transmissible through transfusion,
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FIGURE 7 Schematic illustration of mechanisms of KSHV latency and reactivation. Expression of KSHV latent products including
LANA, vCyclin, vFLIP, and miRNAs enhance/maintain latency by inhibiting KSHV lytic replication, promoting cell survival, and facil-
itating the viral episome replication and segregation. Several cellular factors such as NF-kB, Hey1, SIRT1, KAP1, and IRF7 as well as cellular
miRNAs inducing miR-1258 and miR-320d repress KSHV lytic replication. In contrast, several physiological factors including hypoxia, HIV
infection, inflammatory cytokines, oxidative stress, and ROS can induce RTA expression by activating specific cellular pathways and
transcriptional factors including MEK/ERK, JNK, p38, AP-1, MSKs, Ets-1, Pin1, HIF1/2, PKC, and Notch. RTA interacts with several host
proteins such as XBP-1, Notch, and C/EBPa, as well as viral proteins such as MTA and kb-ZIP to induce the expression of viral lytic genes and
activation of the entire viral lytic transcriptional program.
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this route of transmission can occur and may cause silent
infection and disease (125, 126).

Distribution and Geography
Unlike other human herpesviruses, KSHV is an uncommon
infection (*2% to 3%) in North American and northern
European populations (Table 4) (127). Rates of infection are
higher among Mediterranean, Eastern European, and North-
Western Chinese populations, and highest in African pop-
ulations, particularly Central-Eastern African populations
(9, 128–131). This correlates generally with the worldwide
distribution of KS disease prior to the emergence of the
AIDS epidemic (Figure 4) (129). There are population-wide
correlations between KSHV infection and KS disease rates,
as seen by comparing provincial Italian KSHV infection
rates in blood donors with historic pre-AIDS rates of KS
disease with increasing rates of infection and disease occur-
ring in a north-to-south gradient along the Italian peninsula
(128, 132). Not all studies, however, find a close geographic
correlation between infection rate and disease. Despite
overall low infection rates in the Americas, very high KSHV
infection rates are present among isolated South American
indigenous populations (133–135). Viral genotypes isolated
from these Amerindian populations most closely match
KSHV strains isolated in Asia, suggesting that the virus first
migrated with humans to the Americas across the Bering
Strait thousands of years ago (Figure 4) (136).

Transmission

Sexual Transmission
In American and European populations, the groups at
highest risk for KSHV infection are men who have sex with
men (MSM), in whom infection rates range from 30% to
60% (Table 4) (9, 130, 131). While compelling evidence
indicates that KSHV is sexually transmitted (Figure 8), the
specific behaviors resulting in KSHV transmission are dis-
puted. Heterosexual transmission appears to be uncommon
in these areas.

KSHV is not appreciably shed into semen and direct
transmission through unprotected anal intercourse is un-
likely. KSHV, like most other herpesviruses, is asymptom-
atically shed from the oropharynx (137). A significant risk
factor for virus transmission among homosexual men has
been found to be deep kissing, although oral-penile contact
and oral-anal contact are also significant risk factors for in-
fection or seroconversion (138, 139). Since heterosexual
couples also engage in kissing and oral-penile contact, the
reasons MSM couples are much more susceptible to infec-
tion remain unclear. Use of saliva as a sexual lubricant
for anal intercourse may also contribute to high infection
rates.

Nonsexual Transmission
Explanations for the extremely high endemic rates of KSHV
and KS in sub-Saharan Africa are also lacking. KSHV
infection is common among presexually active African chil-
dren. Areas of relatively high endemicity in Europe, in-
cluding Italy, also show evidence for horizontal nonsexual
transmission among children and possibly among adults
(140). Congenital and perinatal mother-to-child transmis-
sion is rare, but transmission from mothers to older infants
and children may be more common (141, 142), presumably
related to oropharyngeal shedding and saliva contact
(143, 144).

Initial investigations of KSHV among AIDS patients
found that persons infected with HIV through blood prod-
ucts had low rates of KS (5). This led to the assumption that
the agent causing KS is not transmitted by transfusion.
However, case-control studies demonstrate that the virus is
detectable in approximately one-half of peripheral blood
mononuclear cell (PBMC) samples from AIDS-KS patients
using standard PCR techniques (145), and the rate of virus
detection may be dependent on the level of host immuno-
suppression (146).

Direct demonstration of bloodborne transmission has
been found in both U.S. and African studies (2, 125, 126).
Transfusion transmission is less efficient than for other
viruses (*4% per infected transfusion) (126) and may be
markedly reduced by blood processing. Despite the low

TABLE 4 Patterns of KSHV infection and KS prior to the AIDS epidemic

KS incidence Regions

Population
KSHV

prevalence Transmission Risk groups

Low North America, North
Europe, East Asia

0–5% Sexual, iatrogenic Homosexual men, STD attendees, transplant
recipients

Intermediate Mediterranean,
Middle Eastern
countries,
Caribbean

5–20% Sexual, iatrogenic,
nonsexual

Homosexual men, STD clinic attendees, transplant
recipients, older adults

High Africa > 50% Nonsexual, sexual Children, older adults, lower socioeconomic status

FIGURE 8 KSHV seroprevalence increases linearly with num-
bers of recent sex partners in this population-based sampling of gay
and bisexual men (sera collected in 1984) from San Francisco. This
and related risk-factor data suggests that KSHV is sexually trans-
mitted although the precise mechanism for transmission remains
unclear. (From Martin et al., (319) with permission.)
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efficiency of bloodborne transmission, large numbers of
transmission events might take place in the United States
alone each year.

Transplantation
KSHV transmission during transplantation presents the most
immediate public health concern that is amenable to simple
interventions. Initial high rates of transplantation-related KS
have been reported (147, 148) but these rates have precip-
itously declined with lowered immune suppression regimes
(149). European studies demonstrate KS resulting from
transplantation is principally due to reactivation of KSHV
infection. Approximately one third of transplant KS patients
are infected from the donated organ (150). The rate of dis-
ease among KSHV-positive transplant patients can be
strikingly high, between 25% and 68% (151, 152). Intrigu-
ingly, some KS tumors are derived from the donor rather than
the recipient, suggesting that transmission of tumor cells
rather than infectious virus contributes to transplantation KS
(151, 152). Transmission can occur after transplantation of
any organ including heart, bone, as well as liver and kidney,
and all KSHV-related diseases including KS, PEL, MCD, and
bone marrow failure, have been reported in the transplant
setting. Mortality and graft loss is high among transplant KS
patients (153), strongly arguing for primary screening.

African KS Epidemic
Prior to the AIDS epidemic, KS was the third most com-
monly reported tumor in some areas of Africa (Figure 9).
With the onset of the AIDS epidemic, rates of KS have
dramatically risen and it is now the most commonly reported
cancer in many sub-Saharan African countries. In Zim-
babwe, for example, KS accounts for 31% of cancers (154)
and in Uganda it is the most common tumor in males and
the second most common in females (behind cervical can-
cer) (155). Unlike the North America and Europe, men and
women have similar KSHV infection rates in African
countries (156). KS tumors, however, are more common in
men, leading to speculation for a role of sex hormones in
disease expression.

KS is virtually nonexistent among children from devel-
oped countries, but it is one of the most common cancers
among African children (157). Pediatric KS is a fulminant
disease that spreads via the lymphatic system, generally
resulting in death within a year (157). As previously indi-
cated, horizontal transmission appears to be the predomi-
nant means of infection (142).

CLINICAL MANIFESTATIONS
AND PATHOGENESIS
Primary Infection in Humans
Primary KSHVinfection is generally asymptomatic; rare cases
of seroconversion-associated atypical lymphocytosis with
mononucleosis-like symptoms (158) and rashes with or with-
out fever have been reported in immunocompetent chil-
dren from regions of high KSHV seroprevalence (159, 160).
In immune-suppressed individuals, KS can develop within
weeks or months of primary infection. For transplant pa-
tients infected by organ donation, KSHV-related diseases
can erupt within 2 to 6 months of transplantation, indicat-
ing that the incubation period for KS is primarily dependent
on the state of immune surveillance rather than length of
time of infection. Among Dutch and American homosexual
cohorts with both HIV and KSHV infection, those persons
infected with KSHV first and HIV second tend to have a

lower rate of developing KS (161, 162), suggesting that HIV-
induced immune dysfunction impairs immunologic surveil-
lance and control for KSHV.

Kaposi’s Sarcoma
KS is a complex tumor characterized by proliferation of
spindle-shaped, KSHV-positive endothelial cells forming
abnormal slit-like vascular channels. KS lesions frequently
contain inflammatory infiltrates comprised of lymphocytes
and macrophages suggesting an immune response against
tumor-specific antigens. Neoangiogenic vessels can also be
seen in KS tumors but these are negative for KSHV and are
distinct from the disorganized tumor endothelial cells (163).

KS often first appears on the skin (Figure 10), particularly
of the extremities, face, and genitalia but can disseminate to
mucosal surfaces, lymphoid tissues, and viscera, especially in
immunocompromised patients. KS skin lesions initially ap-
pear as bruised or discolored macules that progress to nodules
and plaques, often with ulceration in late stages of disease.
Advanced disease may be associated with edema and spread
to surrounding lymph nodes. Gastrointestinal dissemina-
tion is frequently asymptomatic and can be difficult to di-
agnose because of submucosal infiltration by the tumor.
Pulmonary involvement has a markedly worse prognosis
than isolated skin or mucocutaneous disease and also may be
difficult to distinguish radiologically from other opportu-
nistic infections.

At initial presentation, KS lesions can be confused with
other conditions or even simple bruises “that don’t go away.”
The Koebner phenomenon, where KS tumors appear at the
site of an old scar, is not uncommon. The differential diag-
nosis, particular among HIV/AIDS patients, should include

FIGURE 9 Map of KS prevalence throughout Africa prior to the
AIDS epidemic. This map was constructed from surveys performed
by Denis Burkitt who first described Burkitt’s lymphoma. It is evi-
dent that KS was hyperendemic throughout this continent. With
the onset of the AIDS epidemic, a second epidemic of KSHV-
related cancer has occurred and KS is the most commonly reported
cancer in most sub-Saharan African countries.
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bacillary angiomatosis (due to Bartonella) and even skin
manifestations of Mycobacterium haemophilum. KS tumors
can occur in combination with MCD in lymph nodes or
with PEL in visceral cavities, resulting in a mixed tumor cell
population and complex clinical presentation.

All forms of KS (classical, endemic, epidemic, and
iatrogenic) are KSHV positive, histologically indistinguish-
able, and differ only in clinical or epidemiologic character-
istics. Classical KS is generally an indolent tumor occurring
in elderly patients, particularly men of Mediterranean, Eas-
tern European, or Middle Eastern ethnicity. No specific risk
factors for classical KS have been identified although coun-
try or region of birth (139, 164) and receipt of blood trans-
fusions (165) may be associated with elevated disease risk.
HIV-seronegative homosexual men also appear to be at in-
creased risk for classical KS (166).

Endemic or African KS is similar to classical KS in
having a male predominance but can be a progressive and
rapidly fatal disease, especially in children. While the geo-
graphic pattern of occurrence in Africa overlaps with EBV-
associated Burkitt’s lymphoma, areas with high rates of KS
and Burkitt’s lymphoma are not identical (167). Endemic
KS is not associated with specific immunodeficiency al-

though some patients may have diminished responses to skin
test antigens (168).

AIDS-KS or epidemic KS is clinically aggressive, and
visceral involvement is common. Male homosexual and bi-
sexual AIDS patients are approximately 20 times more likely
to present with KS at AIDS diagnosis than hemophilic AIDS
patients (5), and cohort studies demonstrate that up to one
half of homosexual/bisexual men with AIDS develop KS
over the course of their lifetimes. The reported proportion of
U.S. AIDS patients with KS as an initial AIDS-defining
condition has declined since the beginning of the AIDS
epidemic, perhaps due to changes in sexual practices (5) and
the use of potent antiretroviral therapy. However, there is an
increased incidence of KS-IRIS, which often has high mor-
tality rates, particularly in sub-Saharan Africa (1).

Primary Effusion Lymphomas (PEL)
Primary effusion lymphomas (PEL) are a rare type of non-
Hodgkin B cell lymphomas first described in AIDS patients
as body cavity-based lymphomas (BCBL) (169). PEL are
infected by KSHV at high copy number (50 to 150 viral
genome copies/cell). The KSHV populations infecting a
particular PEL are monoclonal by viral terminal repeat

FIGURE 10 A. Typical appearance of KS lesions on arm and chest for an AIDS patient. B. KS frequently involves mucosal surfaces, in this
case sublingual palette. C. Disseminated skin KS occurring in a dermatomal distribution on the back of an AIDS patient. D. AnAIDS patient’s
leg showing post-radiation hyperpigmentation, ulceration, and nodular KS lesions that have recurred within the radiated area. (Photos cour-
tesy of Bruce Dezube, Beth Israel Deaconess, Boston, MA, and Susan E. Krown, Memorial Sloan-Kettering Cancer Center, NY, NY.)
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analysis, indicating that each lymphoma arises from a single
KSHV infected cell. Although PELs are most frequently
observed in the setting of AIDS and coinfected with EBV,
PELs solely infected with KSHV have been described for
both HIV-positive and HIV-negative patients (170). PELs
characteristically present as intracavitary pulmonary, ab-
dominal, or cardiac effusions with tumor cells growing in
suspension. Usually there is no direct local tumor destruc-
tion or invasion into serous membranes although spread to
lymph nodes and lymphatics occurs, and circulating lym-
phoma cells can be isolated from the peripheral blood (9,
171). Extracavitary PEL have been reported (172).

PEL are composed of postgerminal center, pretermin-
ally differentiated malignant B-cells. Consistent with their
plasmablastic stage of differentiation, the PEL tumor cell
phenotype is inclusive of CD45 and CD138/syndecan-1 but
exclusive of CD19, CD20, and CD79a/b antigens (173).
Although PEL do not usually express surface B-cell markers,
they have clonal immunoglobulin chain rearrangements and
display lymphocyte activation markers including CD30,
CD38, CD71, and epithelial membrane antigen (7, 169,
174). PEL tumor cells have morphologic features that span
those of large cell immunoblastic lymphomas and anaplas-
tic large cell lymphomas with abundant atypical mitosis,
marked nuclear/cytoplasmic pleomorphism, and prominent
nucleoli. These lymphomas consistently lack genetic alter-
ations that have been associated with other lymphomas,
including activation of the proto-oncogenes c-Myc, Bcl-2,
and Ras as well as mutations of p53 (169, 175). However,
recurrent chromosomal gains have been detected in six
chromosomes (176). A search for driver mutations that
complement KSHV in PEL tumorigenesis has revealed
strong evidence that mutations to X-chromosone-linked
interleukin 1 receptor-associated kinase (IRAK1) are likely
to be critical to PEL etiology (320).

The majority of PEL are described in patients with
compromised immune status, especially those with AIDS. In
these individuals, PEL respond poorly to therapy and are
highly aggressive, often rapidly fatal with a median survival
of 2 to 3 months after initial diagnosis (177). Symptoms are
frequently due to the mass effect of the rapidly expanding
malignant effusion on adjacent vital organs, and drainage
procedures can provide short-term symptomatic and func-
tional relief. In contrast, PEL often have a much less ag-
gressive course in HIV-seronegative patients, and they tend
to occur in elderly persons.

Multicentric Castleman’s Disease
Castleman’s disease is a rare non-neoplastic, lymphoproli-
ferative disorder related to excess IL-6-like activity. It
encompasses a spectrum of clinicopathologic entities that
range from circumscribed involvement of localized lymph
nodes, referred to as unicentric Castleman’s disease (UCD),
to generalized lymphadenopathy, also called multicentric
Castleman’s disease (MCD) (178). Castleman’s disease pa-
tients can be infected by KSHV with or without HIV
coinfection or may be found in patients with no evidence of
infection with either virus. Histologically, Castleman’s dis-
ease is divided into two subtypes: hyaline-vascular and
plasma-cell variants, but mixed forms of the two can be
juxtaposed in a single lymph node. The majority of the
hyaline-vascular variant occurs in a clinical setting of UCD
and presents as solitary lymph node hyperplasia typically in
the mediastinum or retroperitoneum. Other than isolated
nodal enlargement, patients have few other symptoms and
surgical excision of involved lymph nodes is curative. In

contrast, the plasma cell histologic variant is most frequently
correlated with multicentric or generalized involvement,
and is challenging to treat. Clinically, MCD patients present
with a variety of proinflammatory systemic symptoms in-
cluding fever, night sweats, and fatigue. Physical examina-
tion is often notable for cachexia and hepatosplenomegaly
in addition to generalized lymphadenopathy. Laboratory
findings include anemia, hypergammaglobulinemia, hypo-
albuminemia, elevated inflammatory markers, and high
circulating levels of IL-6 and IL-10. Intercurrent diseases
frequently diagnosed with MCD or during follow up include
Kaposi’s sarcoma, lymphomas, and hemophagocytic lym-
phohistiocytosis (HLH) (179, 180).

KSHV infection is present in essentially all cases (99.7%)
of MCD occurring in HIV-infected individuals; and in ap-
proximately a quarter to half of MCD in HIV-seronegative
patients (181). In MCD, KSHV infected cells have a dis-
tinctive distribution. Immunohistochemical localization
studies show that KSHV-infected cells comprise a minority
population of B-cells in the mantle zones, which surround
germinal centers (182–184). These infected cells have a
plasmacytoid immunoblastic or plasmablastic morphology
and express abundant KSHV vIL-6 (182) supporting the
notion that Castleman’s disease is a syndrome of multiple
etiologies involving aberrant IL-6 activity.

Other Disorders Associated with KSHV
KSHV is identifiable in several rare lymphoproliferative
disorders in addition to PEL, which can be broadly grouped
as PEL-like solid lymphomas, plasmablastic proliferations
arising in MCD, and germinotropic lymphoproliferative
disorder. Descriptive names given these entities include
KSHV-associated large B-cell lymphoma (KSHV-LBL), in-
travascular large B-cell lymphoma, and HHV8+ plasma-
blastic microlymphoma/lymphoma (172, 185, 186). The
literature suggests a significant degree of overlap in these
entities with PELs and MCD in terms of phenotypic mark-
ers, EBV status, and HIV status. Non-neoplastic diseases
including bone marrow failure and some forms of autoim-
mune hemolytic anemia in the setting of Castleman’s disease
have been attributed to KSHV infection (19, 182).

Pathogenesis
The specific mechanisms by which KSHV induces tumor
formation remain incompletely defined and vary in each of
its associated diseases. KSHV is a monoclonal infection in
PELs, which are clearly composed of fully transformed B cells
(11, 171, 187). KS lesions, in contrast, can be oligoclonal or
polyclonal but probably evolve into monoclonal lesions with
disease progression (11, 188). The bulk of cells in KSHV
Castleman’s disease MCD lesions, in further contrast, consist
of hyperplastic, uninfected, untransformed cells. Only a
fraction of cells, localized to the marginal zone of germinal
centers, are infected with KSHV. Interestingly, while these
infected cells are not monoclonal, they tend to show
monotypic lambda light chain expression (189). Among the
three main KSHV-associated human diseases, the mecha-
nistic underpinning of KSHV MCD is most accessible, can
be attributable to KSHV vIL-6 expression, and even has a
naturally occurring human disease counterpart, KSHV
negative MCD. KSHV MCD is the first recognized disorder
that is likely to be caused by a virus-encoded cytokine.

Cell Transformation and Proliferation
KSHV is primarily in a latent, unencapsidated, and non-
transmissible form in KS lesions and PELs. While a small
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percentage of tumor cells undergo productive virus replica-
tion at any one time, the bulk of tumor cells are noninfec-
tious. Therefore, genes expressed during latency are likely to
play important roles in KSHV-induced malignancies. Sev-
eral of these genes have oncogenic functions (Tables 1 and
3). For example, LANA1 is functionally similar to SV40
T antigen in that it targets and inhibits both p53, which
controls apoptotic signaling (109), and retinoblastoma pro-
tein (pRB1), which is responsible for cell cycle regulation
(190). LANA1 has been reported to activate a myriad of
mitogenic and oncogenic pathways including b-catenin
(191), c-myc (192, 193), ERK (194), hypoxia (195), survivin
(196), Notch (197), and BMP-SMAD1-IDs (198) pathways.
vCyclin affects the cell cycle in inducing pRB1 phosphory-
lation by partnering with cyclin-dependent kinases (199,
200). The functions of vCyclin appear to be very similar to
those of the cellular class of D cyclins, although vCyclin can
also induce phosphorylation of H1 (201, 202). This suggests
that vCyclin may be active at stages of the cell cycle other
than the G1 checkpoint controlled by pRB1. KSHV vCy-
clin has been shown to counter the senescence/G1 arrest
response triggered by NF-kB hyperactivation (203) and to
promote KSHV-induced cellular transformation by over-
riding contact inhibition (204). Activation of the NF-kB

pathway and inhibition of the autophagy pathway by vFLIP
are essential for the survival of latent cells (205–207).
Several KSHV miRNAs provide oncogenic and prosurvival
signals (Table 5). Deletion of a cluster of 10 pre-miRNAs
triggers cell cycle arrest and apoptosis in KSHV-transformed
cells (208). Thus, these viral miRNAs are required for
maintaining the homeostasis of KSHV-transformed cells.

Several viral proteins traditionally associated with lytic
replication also activate oncogenic pathways and promote
cell survival. vGCR and vIL-6 have mitogenic activity that
promote cell cycle entry and may lay the cell cycle
groundwork for genome replication (Table 1). Surprisingly,
some KSHV proteins, such as K-bZip appear to arrest the cell
in late G1 by interacting with the cyclin-dependent kinase
CDK2 (48) and by activation of the cyclin-dependent ki-
nase inhibitor p21 (209). This is counterintuitive to the goal
of generating an S-phase state for the infected cell and raises
the interesting possibility that aberrant arrest may benefit
viral DNA over cellular DNA replication.

Many of the functions of the proteins encoded by the
viral homologs of cellular genes affect apoptotic signaling.
KSHV viral inhibitors of apoptosis including K-bZip, vIRF-
1, RTA, vBcl-2, vIL-6, and vIAP are expressed at high levels
after KSHV enters lytic replication, and which effectively

TABLE 5 Cellular and viral targets of KSHV miRNAs

Target Viral or cellular miRNA Putative function Ref

BACH1 Cellular miR-K11 Countering of oxidative stress (112, 113)
BCLAF1 Cellular miR-K5, -K9, -K10a/b Inhibition of caspase activity (305)
Bcr Cellular miR-K6-5 Promotion of angiogenesis (306)
CASP3 Cellular miR-K1, -K3, -K4-3p Inhibition of apoptosis (307)
CDKN1A/p21 Cellular miR-K1 Release of cell cycle arrest (308)
C/EBPa Cellular miR-K3, -K11 Inhibition of lytic gene expression (309)
C/EBPb, C/EBPb p20 Cellular miR-K11

miR-K3, -K7,
Induction of IL6/IL10 secretion (244)

Ets-1 Cellular miR-K3, -K11 Inhibition of lytic gene expression (309)
ICAM1 Cellular miR-K4-3, -10a Promotion of angiogenesis (310)
IKBKE Cellular miR-K11 Suppression of interferon signaling (232)
IRAK1 Cellular miR-K9 Inhibition of TLR/IL1R signaling (311)
MAF1 Cellular miR-K1, -K6-5p, -K11 Induction of endothelial cell reprogramming (312)
MICB Cellular miR-K7 Immune evasion (246)
MYB Cellular miR-K3, -K11 Inhibition of lytic gene expression (309)
MYD88 Cellular miR-K5 Inhibition of TLR/IL1R signaling (311)
NFIB Cellular miR-K3 Promote latency (313)
NFKBIA Cellular miR-K1 Activation of NF-kB (298)
RBL2 Cellular miR-K4-5p Inhibition of lytic replication (314)
ROCK2 Cellular miR-K4-3, -10a Promotion of angiogenesis (310)
SMAD5 Cellular miR-K11 Inhibition of TGF-b signaling (304)
TGFBRII Cellular miR-K10a, -K10b Inhibition of TGF-b signaling (115)
THBS1 Cellular miR-K1, -K3-3p, -K6-3p, -K11 Promotion of angiogenesis (315)
TNFRSF10B/TWEAKR Cellular miR-K10a Inhibition of apoptosis (316)
LANA1 Viral miR-K10a/b-3p Regulation of latency (118)
ORF31 Viral miR-K3-5p Regulation of lytic replication (118)
ORF32 Viral miR-K3-5p Regulation of lytic replication (118)
ORF33 Viral miR-K3-5p Regulation of lytic replication (118)
RTA Viral miR-K9*, -K7-5p Inhibition of lytic replication (317, 318)
vCyclin Viral miR-K10a/b-3p Regulation of latency (118)
vFLIP Viral miR-K10a/b-3p Regulation of latency (118)
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counter innate stress response and prevent premature cell
death to ensure the completion of lytic replication (50, 53,
101, 210–214). Some of these proteins are expressed at low
levels during virus latency, suggesting the possibility that
they may also contribute to tumor cell survival. KSHV also
manipulates autophagy to counter stress by targeting auto-
phagy protein Beclin1 (215), preventing Atg3 from binding/
processing LC3 (207) and blocking Rubicon-mediated
autophagosome maturation (216) (Table 3). vFLIP inhibi-
tion of autophagy is essential for preventing cells from
vCyclin-induced senescence (217).

KSHV also employs several other mechanisms to pro-
mote cell survival. For example, KSHV promotes B-cell
survival by mimicking an activated B cell receptor (BCR)
(218–220). While vFLIP was first described as a dominant-
negative inhibitor of Fas-signaling pathways activated dur-
ing cell-mediated immune killing (221), it is now recognized
that it has a more active role in inducing NF-kB signaling,
contributing to infected cell survival and proliferation (222,
223). Multiple KSHV miRNAs also activate the NF-kB
pathway (208).

Direct KSHV transformation of primary human cells re-
mains elusive. However, a single clone of transformed cells
has been isolated from long-term culture of KSHV-infected
telomerase-immortalized human umbilical vein endothelial
cells (TIVE-LTC) (224). Cell cultures from mouse bone
marrow endothelial-lineage cells transfected with a KSHV
genome cloned in artificial chromosome (BAC36) (225)
can also induce KS-like tumors when subcutaneously inoc-
ulated into SCID/NOD mice (226). More recently, it has
been shown that KSHV can efficiently infect and transform
rat mesenchymal stem cells (227). Subcutaneous inocula-
tion of the KSHV-transformed cells into nude mice induced
KS-like tumors expressing markers of lymphatic endothelial,
vascular endothelial and mesenchymal precursor cells. The
highly efficient nature of this model makes it useful for in-
vestigating the functions of KSHV genes in cellular trans-
formation (204, 208).

Immune Evasion
KSHV possesses a number of proteins that target both
adaptive and innate immunity (Table 2). Multiple nodes for
both type I and type II antiviral interferon signaling are
manipulated by KSHV, including interferon-related tran-
scription (101, 228, 229) and the related IRF3, IRF7, and
IKKe-proteins (230–234); RNA dependent protein kinase
(PKR) signaling (235, 236); interferon-a and -g receptors
(237, 238); and RIG-I activation (239). The inflammasome
is induced during KSHV infection (240); however, KSHV
blocks NLRP1-dependent innate immune responses (241).

Other components of the innate immune system ma-
nipulated by KSHV include ND10-mediated intrinsic im-
munity (242), PML-mediated transcriptional repression
(243), C/EBPb transcriptional activation of IL-6 and IL-10
(244), NKG2D mediated elimination by natural killer (NK)
cells through activation-induced cytidine deaminase (AID)
(245), expression of the stress-induced NK cell ligand,
MICB (246) and BCR (247), and complement attack during
lytic replication (220) (Table 2).

KSHV uses several strategies to prevent efficient viral
immune clearance (Table 2). KSHV targets MHC I by
inhibiting the processing of viral peptides and down-
regulating their plasma membrane presentation to evade
CTL surveillance (42, 248–252) and MHC II by inhibiting
IRF-4 transactivation of the promoters of CIITA and in-
terferon-g (253–255). Inhibition of MHC I and II prevents

the opportunities for the host immune system to sample viral
peptides and blocks initiation of specific CTL responses
against latently infected cells (256). During latency, KSHV
protein expression is kept to minimal levels to avoid im-
mune recognition, and those proteins that must be expressed
to maintain the virus have evolved structural features to in-
hibit antigen presentation or to mimic host epitopes. KSHV
proteins also play a role in inhibiting the cell-surface pre-
sentation of costimulatory molecules required for T-cell re-
ceptor activation such as B7.2 (257), CD1 involved in NKT
cell signaling (258), and the interferon-g receptor (237).
Reduction of cell surface expression of the NKG2D ligands
MICA and MICB and the ligand for NKp80, activation-
induced C-type lectin (AICL), via its ubiquitin E3 ligase
activity, provides a novel way for KSHV to evade NK cell
antiviral functions (259). Furthermore, KSHV-secreted
proteins, including vIL-6 and three virus-encoded chemo-
kines, may help polarize anti-KSHV immune signaling to-
wards an antibody-predominant Th2 response rather than a
cell-mediated Th1 response (260, 261).

LABORATORY DIAGNOSIS

Diagnosis and detection
Direct virus culture from patient specimens is not performed
because of the technical limitations in primary isolation of
KSHV in cell culture. PCR, however, has been used ex-
tensively as a research tool to detect viral DNA in tissues.
While PCR detects KSHV DNA sequences in nearly all of
the KS tumors examined to date, this technique is of limited
use when examining peripheral blood mononuclear cells
(PBMC), since only 1 in 50,000 to1,000,000 cells are nor-
mally infected (145). Given the small amounts of circulating
virus in infected individuals (including those with advanced
KS), PBMC preparations are PCR positive only in about one
half of patients with KS. Nested PCR, which is plagued by
problems of contamination, is frequently required to detect
the virus genome under these conditions. Pathologic diag-
nosis of KSHV-associated diseases from tissue biopsies or
cytology is usually straightforward and can be confirmed by
immunostaining for LANA1 (Figure 11) (184), a viral
protein expressed in every KSHV-infected cell regardless of
histogenesis.

Serologic Assays
Serologic assays have reasonable sensitivity and specificity in
detecting KSHV infection (Table 6). No assay is currently
approved for routine use in patient screening. The most
common assays use whole-cell antigen preparations from
KSHV-infected PEL cell lines in an indirect immunofluo-
rescence assay (IFA) format (12). These assays are divided
into latent or lytic antigen assays depending on whether or
not the virus is induced into lytic replication through the use
of TPA or another chemical agent. IFA assays, which tend to
be labor intensive and require specialized training, are gen-
erally being supplanted by ELISA-based assays using re-
combinant antigens.

Latent-antigen IFAs detect antibodies directed against
the ORF73-encoded LANA1 protein (262, 263). This
highly charged nuclear phosphoprotein clusters in discrete
nuclear speckles and migrates on immunoblots as a ca. 220
to 230 kiloDalton doublet despite its predicted molecular
weight of 150 kilodaltons (130). Assays based on LANA1
IFA use unstimulated whole PEL cells, preferably adhered to
glass slides using a cytospin technique, in which the char-
acteristic LANA1 nuclear speckling pattern of staining is

562 - THE AGENTS—PART A: DNA VIRUSES



present (9, 131). LANA1 positivity is usually determined at
a 1:100 or 1:160 serum dilution and extremely high antibody
titers ( > 1:100,000) are not uncommon. This assay gives a
70% to 85% sensitivity rate in experienced hands and is gen-
erally highly specific. Generation of recombinant or peptide-
mapped LANA1 epitopes tends to reduce assay sensitivity
(264). In part this can be overcome by use of baculovirus-
prepared antigen, suggesting posttranslational modifications
of immunodominant LANA1 epitopes. Immunoblotting for
LANA1 gives similar results as does whole-cell IFA but extra
effort is needed to efficiently transfer the antigen on gel
electrophoresis because of its high molecular weight (130).

Lytic-antigen IFA assays generally have higher sensitivity
than LANA1 assays but lower specificity. PEL cells non-
specifically bind low-affinity human antibodies (9) and thus
serum dilutions less than 1:40 are likely to lead to a false-
positive reaction. When appropriately counterstained, dif-
fuse cytoplasmic staining at 1:40 or greater dilution on lytic
antigen IFAs can have sensitivity greater than 95%.

Given concerns about antigenic cross-reactivity in the
lytic IFA, considerable effort has been put into development
of recombinant lytic protein antigens. Most recombinant
assays rely on two proteins, a viral glycoprotein similar to
EBV gp220/350 that is encoded by K8.1 and a small cap-
somere protein, SCIP, encoded by ORF65 (104, 106, 265).
Epitope mapping of both proteins has been performed and
peptide ELISAs have been developed which work well,
particularly for the K8.1 peptide (105, 266). Some cross-
reactivity of the amino terminus for KSHV ORF65 protein
occurs with EBV hyperimmune sera but this can largely be
avoided by using either a truncated C-terminus fragment or a
synthetic peptide epitope.

Use of recombinant antigen ELISA has distinct advan-
tages in terms of cost, reproducibility and ease of use. In-
dividual sensitivities for these assays tend to be less than those
of whole cell IFAs, but combinations of recombinant antigen
assays (including a recombinant LANA1 fragment assay) can
be used to achieve greater than 90% sensitivity (267). A
combined three-antigen ELISA algorithm using K8.1 and
ORF65 peptides together with recombinant LANA1 has
been optimized to have *93% sensitivity and 95% speci-
ficity (107). As in the diagnosis of other virus infections,
recombinant antigen ELISAs are often used for screening
followed by immunoblot assay confirmation. Antibody re-
sponses to KSHV tend to be rapid and persistent (Figure 12).

LANA1 antibodies often arise prior to ORF65 protein
antibodies (particularly among HIV-infected persons) al-
though exceptions to this are frequent (267, 268). Both
LANA1 and ORF65 protein antibodies persist for years after
infection and have stable titers throughout the asymptom-
atic period of infection (9, 267). Antibody titers may in-
crease immediately prior to the onset of KS tumor formation,
perhaps reflecting increased viremia concurrent with loss of
immunologic control of the virus. However, the variability
in absolute virus antibody titer in different individuals limits
the usefulness of following antibody titers as a means of
predicting onset of disease unless other risk factors are also
taken into consideration (123).

For about 20% of HIV-positive persons, antibodies against
LANA1 fail to develop at any time during the course of
infection. In addition, seroreversion can occur during late-
stage AIDS even in persons with florid KS (130). In contrast,
persons with HIV-negative KS tend to develop robust hu-
moral immune responses. When responses of HIV-negative
KS patients are used as a “gold standard,” the sensitivity of
some assays may approach 100%, suggesting that assay per-
formance may be affected by the types of populations for
which it is used. This has been confirmed by studies showing

TABLE 6 Serologic antigen assays for detecting
KSHV infection

Antigen Gene Sensitivity Specificity Format

LANA1 ORF73 ~80% High WB, ELISA
K8.1A, B K8.1 > 90% Intermediate WB, ELISA,

peptide ELISA
SCIP ORF65 ~80% Intermediate WB, ELISA
Whole

cell
(latent)

— 80% High IFA, WB

Whole
cell
(lytic)

— > 95% Low IFA, WB

FIGURE 11 A. A photomicrograph of KS tumor infiltrating the
duodenum on an AIDS patient. All forms of KS (both HIV+ and
HIV- ) have similar histologic appearances. Vascular clefts (arrows)
within the tumor are filled with red cells, giving the tumor its
characteristic reddish-brown appearance. A mononuclear infiltrate
in the tumor can be present but cellular atypia or pleomorphism is
generally uncommon in KS lesions (· 40 magnification). B. Typical
speckled nuclear staining pattern (brown) for LANA1 antigen can
be seen in many cells of a skin KS tumor (· 60 magnification).
(Photos courtesy of Liron Pantanowitz, University of Pittsburgh,
Pittsburgh, PA.)
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loss of LANA1 reactivity, but not other KSHV antigens,
among HIV patients with low CD4 counts (269).

PREVENTION
Since the exact modes of transmission are unknown, prac-
tical prevention measures have not been developed.
Avoiding deep-kissing or use of saliva as a sexual lubricant
seem to be evidence-based, simple, and reasonable recom-
mendations to avoid oropharyngeal spread during sexual
activity. Condom use is of unclear benefit for preventing
KSHV transmission because of limited shedding in semen
but should be encouraged to prevent other sexually trans-
mitted infections. While it is unknown whether safe-sex
practices have any practical effect on KSHV transmission,
clinicians should counsel both HIV-seropositive and HIV-
seronegative patients to engage in safe-sex practices to re-
duce the risk of acquiring opportunistic pathogens such as
KSHV as well as limit the spread of HIV.

Screening guidelines for KSHV in the transplant setting
have not yet been formally established. Assays to detect
KSHV are not readily available to most clinicians although
they can be developed in-house by clinical laboratories with
sufficient resources and expertise. Since rejection of other-
wise healthy allografts from transplantation has critical
clinical repercussions, only assays with high specificity (low
false-positive rates) should be considered for screening. At
this time, elimination of KSHV-infected allografts from trans-
plantation is not routinely practiced. Knowledge of the in-
fection status of the donor and the recipient may allow
the clinician to either consider antiviral prophylaxis or to at
least monitor the transplant patient for early signs of KSHV-
related disease.

Antibody screening for transplant patients, if available,
should be strongly considered, particularly for patients in
whom reduction in immunosuppressive therapy would have
a fatal outcome (e.g., heart, liver transplants). For these
patients, if they are KSHV positive or received a KSHV-
positive organ, careful follow-up, antiherpesvirus chemo-
prevention, and use of sirolimus can be considered.

There is no current development of a vaccine despite the
established need in African and transplant populations.

Unlike other herpesviruses, KSHV has been naturally lost
from many populations and is poorly transmissible in others.
This suggests that immunogenic vaccines may be capable of
preventing infection and, if effective latent antigens are
included, used as therapeutic vaccines once infection is es-
tablished.

Chemoprevention
Chemoprevention is an important and underappreciated
prevention possibility for persons at high risk for KS. In vitro
assays suggest that cidofovir, foscarnet, and ganciclovir have
higher specific activity against KSHV than acyclovir (108,
270, 271). A retrospective epidemiologic study shows that
AIDS patients receiving foscarnet for prevention and control
of CMV retinitis have a lower incidence of KS occurrence
(272). In a prospective, randomized clinical trial AIDS pa-
tients receiving either oral or intravenous ganciclovir (plus
intraocular ganciclovir implants) had 75% and 93% reduc-
tions, respectively, in onset of new KS tumors compared to
placebo (273). Similarly, foscarnet treatment used to pre-
vent CMV retinitis can delay or prevent KS recurrence and
spread among persons with established KS (274). Thus far,
these drugs appear to have little activity once KS is estab-
lished but may prevent emergence of new tumors.

TREATMENT OF KSHV-ASSOCIATED
DISEASES
Kaposi’s Sarcoma
No specific antiviral therapy against KSHV has been de-
veloped to treat KS. KS is currently treated by surgical ex-
cision, intralesional or systemic chemotherapy, and localized
irradiation. Localized tumors, particularly tumors in non-
immunosuppressed individuals, can be excised or irradiated
(up to 40 Gy over 20 fractions) with good outcome. KS is,
however, a systemic viral disease and local therapy does not
prevent dissemination to other sites. Similarly, intralesional
injection with vinblastine (0.2 mg/ml for 0.1 ml/cm2 of
tumor tissue) has a high partial response rate after single
injection, but tumor regrowth is common. A wide range of
chemotherapeutic agents either as single agents or in com-
bination have moderate to good responses as palliative

FIGURE 12 Antibody responses to KSHV infection are persistent for years after initial infection. This graph shows the reciprocal end-
point titers for six men with AIDS who seroconverted to LANA1 IFA positivity at time 0. Antibody positivity remained stable for up to 8
years until the patients developed KS (marked with an X). Note that anti-LANA1 titers are plotted on a log scale and in some patients can be
positive at 1:50,000 dilution or greater. (From Gao et al., (9) with permission.)
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agents in AIDS-KS. KS is also responsive to systemic
interferon-a (1–50 MU/m2) but whether this is due to an-
titumor, immunomodulatory, or antiviral activity remains to
be explored.

Several novel therapies are being investigated (275). In
contrast to KS, KSHVMCD has been reported to respond to
ganciclovir treatment (276) as well as to rituximab (277,
278). Combined use of zidovudine (AZT) and valganci-
clovir to target the viral phosphotransferase and thymidine
kinase appear to be particularly effective in treating MCD
(321). In tissue culture cells, nutlin-3a, a reactivator of p53,
prevents LANA1 interaction with p53 and MDM2, thereby
leading to apoptosis in PEL cells and KSHV-infected
endothelial cells (279–281). Sirolimus and similar mTOR
inhibitors are effective in controlling classical and transplant
KS in contrast to other traditional immunosuppressive
agents that induce KS (282). While AIDS-KS patients had
partial responses to rapamycin, pharmacokinetic interac-
tions with antiretroviral drugs were observed resulting in
a greater than 200-fold escalation of higher doses (283).
Molecular studies have identified a number of pathways such
as ERK, XBP-1, and ROS hydrogen peroxide that mediate
KSHV reactivation. Targeting these pathways might have
preventive and therapeutic benefits. In a PEL mouse model,
the use of hydrogen peroxide scavenger N-acetyl-L-cysteine
(NAC) was sufficient to inhibit KSHV lytic replication,
progression of PEL, and significantly prolongs the lifespan of
the mice (284).

Among AIDS patients, the most reliable control measure
for KS is effective antiretroviral therapy. The rate of new KS
diagnoses is markedly lower among persons on highly ef-
fective antiretroviral therapy (272, 285). Despite the effi-
cacy of effective antiretroviral therapy, treatment has no
apparent effect on long-term KSHV carriage, and as the
AIDS population ages there are worrisome reports of re-
emergence of KS among patients with low HIV loads and
high CD4+ counts (1, 122).

Multicentric Castleman’s Disease
Treatment for HIV and KSHV coinfected MCD is not
standardized at present; however anti-CD-20 (rituximab)
alone or in combination with chemotherapeutics (etoposide,
vinblastine, cyclophosphamide, chlorambucil, doxorubicin,
and vincristine) appears to confer symptomatic and sur-
vival benefits (181, 286). Although anti-CD-20 treatment
of MCD may lower the risks for subsequent development of
lymphoma, it can perversely exacerbate flares of KS disease
and HLH in some patients (287). In a treatment strat-
egy based on the targeting of the IL-6-driven pathogenesis
of MCD, human anti-IL-6 antibody (siltuximab) has been
demonstrated to attain a significant level of durable tumor
regression and symptomatic response for MCD in HIV and
KSHV negative individuals (288).
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Adenoviruses were first isolated in 1953 from adenoids and
tonsils surgically removed from children (1). Soon after the
recovery of adenoviruses from patients with respiratory ill-
ness, their role as a major cause of febrile infections in young
children and in army recruits was recognized. The illness was
originally called acute respiratory disease (or ARD), but the
signs and symptoms are similar to those of other viral re-
spiratory syndromes, which should replace the old nonspe-
cific expression.

Adenoviruses are most closely linked with infections of
the respiratory tract and conjunctivae and account for 5 to
8% of all pediatric respiratory illnesses. They are also an
important cause of childhood diarrhea and have also been
implicated in causing myocarditis, encephalitis, aseptic
meningitis, hepatitis, and hemorrhagic cystitis. Adenoviruses
are increasingly recognized as an important cause of mor-
bidity and mortality in stem cell and solid-organ transplant
recipients (2–6).

An effective oral vaccine for adenovirus types 4 and 7 was
used in US basic military training populations from 1971 to
1997. During the break in production, adenovirus infections
reemerged as the major cause of morbidity. After re-
introduction of the vaccine in 2012, marked reductions in
adenovirus-related illnesses occurred (7–9).

VIROLOGY
Classification
Adenoviruses are widespread in nature and have been
isolated from a large number of species, including fish (Ich-
tadenovirus), amphibians (Siadenovirus), reptiles (Atadeno-
virus), and the two most-studied genera, those isolated from
primates (Mastadenovirus) and birds (Aviadenovirus) (10).
There is no common antigenic determinant that charac-
terizes the whole family. However, all members of the
Adenoviridae family have virus particles of similar sizes,
structures and polypeptide compositions.

The human adenoviruses are a rapidly expanding class of
viruses comprising more than 54 distinct serotypes that are
grouped into seven species (A to G) originally based on
serology, hemagglutination properties, oncogenic potential
in rodents, and other biological characteristics. The species
B adenoviruses are further divided based on tropism and
other criteria (Table 1). Members within each species are

traditionally subdivided into serotypes based on immuno-
logic differences. Antibodies directed against the two major
capsid proteins, hexon and fiber, are the most important
determinants in this classification. The genetic relatedness
of serotypes within each species is high, and members of each
species generally share greater than 85% DNA sequence
homology, whereas serotypes belonging to different species
show less than 20% homology (11). With the development
of new rapid whole genome sequencing methods, the
number of adenovirus types is rapidly increasing, the current
number being 67. Adenovirus isolates, characterized and
numbered based on genomic sequencing data, are often re-
ferred to as genotypes, whereas serotypes are reserved for
strains classified by serological methods (12). Since the
method of typing does not change the numbering, this
chapter applies the widely accepted term “type.”

Virus Composition
Adenoviruses are nonenveloped icosahedral (20 triangu-
lar surfaces and 12 vertices) double-stranded DNA viruses
with a diameter of approximately 95 nanometers. The three-
dimensional structure of the approximately 150-megadalton
(MDa) adenovirus particle has been determined using
atomic resolution by X-ray crystallography and cryoelectron
microscopy (13, 14).

Figure 1 summarizes the current view of the arrangement
of viral polypeptides in the virion. The capsid consist of 252
major capsomers; 240 hexons form the facets of the icosa-
hedron, and 12 pentons, which are located at the corners of
the virus particle. The hexon capsomer is a trimer of the
hexon polypeptide held tightly together by noncovalent
interactions. The pentons consists of two distinct structural
entities: the penton base, which anchors the pentons to the
capsid, and the fiber, which forms an elongated structure
protruding from the vertices. The fiber is a trimer of poly-
peptide IV, and the penton base is a pentamer of polypeptide
III. Adenoviruses belonging to different subgroups have fi-
bers of different lengths and flexibility. The fiber shaft is built
up from an approximately 15-amino-acid repeating motif.
Hence, the length difference of the fibers results from a
difference in the number of repeat units in the fiber shaft.
The viral capsid consists of four additional minor capsid
protein components, polypeptides IIIa, VI, VIII, and IX,
whose location is graphically illustrated in Figure 1. Poly-
peptide VI binds to an inner cavity of the hexon capsomer
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and provides a link between the inside surface of the capsid
and the viral DNA. Polypeptide VI is located underneath
the peripentonal hexons and polypeptide VIII under the
facets. Polypeptide VIII and polypeptide IX stabilizes capsid
facets by forming interactions with neighboring hexon
capsomers on the inside (pVIII) and the outside (pIX) of the
capsid, respectively. Polypeptide IIIa is located at the inner
capsid surface as a ring underneath each vertex region. The
viral core consists of four proteins, polypeptides V, VII, X (m),
and TP (terminal protein). In contrast to most DNAviruses,
adenovirus codes for its own basic histone-like proteins, V,
VII, and m, that complex to the viral DNAwithin the virion.
In addition, the termini of the viral DNA are covalently
linked to the terminal protein (TP), which functions as a
protein primer during viral DNA replication. For a more
extensive review on virus structure (15).

Viral Genome
The viral genome consists of a linear dsDNA molecule with
a length of approximately 30,000 to 38,000 base pairs. With
the development of new rapid sequencing technologies, the
entire sequences for a large number of human and animal
adenovirus types have been established (see GeneBank).
The lytic replication cycle is divided into two distinct pha-
ses: an early phase preceding viral DNA replication during

which mainly regulatory proteins are expressed, and a late
phase that follows DNA replication and is characterized by
the expression of the structural proteins of the viral capsid.
The viral DNA encodes for 10 different RNA transcription
units, 6 that are active early after infection (E1A, E1B E2A,
E3, E4, and L1) and 4 that become activated at intermediate
(pIX, IVa2, and L4P) and late (major late transcription unit)
times of infection (Fig. 2). All transcription units, except
pIX and IVa2, maturate as a complex set of alternatively
spliced mRNAs that codes for multiple proteins, many that
have distinct biological activities (see below). In addition,
adenoviruses encode for at least one (usually two) highly
structured small RNAs, the so-called virus-associated (VA)
RNAI and VA RNAII (16) that perform important func-
tions during the lytic infection cycle by interfering with the
interferon response pathway and the RNAi/miRNA ma-
chinery in cells (17).

Biology
The replication cycle of adenovirus is summarized in Figure 3.
This cycle takes approximately 30 hours in cultured cells
and results in the production of approximately 50,000 to
100,000 new virus particles per cell. Here we will divide the
replication cycle into four stages: entry, early events, late
events, and virus assembly.

FIGURE 1 Schematic model illustrating the architecture of the adenovirus virion. The current view of the location and the copy number
of polypeptides are indicated for the core and capsid proteins. Adapted and updated from (263).

TABLE 1 Classification of 54 types of human adenovirusesa

Species Type Site of infection Receptor Tumor in animals

A 12, 18, 31 Intestine, respiratory CAR High
B1 16, 21, 34, 35, 50 Respiratory, ocular,

urinary tract
CD46 Weak

B2 3, 7, 14 Desmoglein-2 Weak
B3 11 CD46/DSG-2 Weak
C 1, 2, 5, 6 Upper respiratory CAR Low
D 8–10, 13, 15, 17, 19, 20,

22–30, 32, 33, 36–39, 42–49, 51, 53, 54
Ocular, intestine CAR

Sialic acid
(types 8, 19, 37)

Low

E 4 Respiratory CAR Low
F 40, 41 Intestine CAR Low
G 52 Intestine Unknown Low

aAdapted from (262) and updated according to (19).
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Entry
Adenovirus binds with high efficiency to two receptor types
on the surface of the host cell; the primary receptor interacts
with the carboxy-terminal knob region of the fiber, whereas
the secondary receptor interacts with an RGD motif on the
penton-base protein. The cellular receptors mediating the

initial binding of adenovirus to the cell surface has been
identified for several types (Table 1). The best-studied ade-
novirus receptor is CAR, an immunoglobulin superfamily
member-protein, containing two immunoglobulin-like ex-
tracellular domains, that is also used by Coxsackie B virus
for infection (18). CAR appears to be a preferred primary

FIGURE 2 Adenovirus transcription map here exemplified with human adenovirus type 2. Note that the alternatively spliced structure of
individual mRNAs expressed from the different early and late units are not shown (42). White arrows indicate early transcription units, thin
arrows intermediate transcription units and black arrows late transcription units.

FIGURE 3 Diagram of adenovirus replication cycle. The approximate time scale for the different steps in the adenovirus life cycle is
indicated at the bottom of the figure.
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receptor used by most types across species, except the species
B viruses. In general, species B1 adenoviruses use the com-
plement regulatory protein, CD46, for virus attachment,
whereas species B2 viruses use desmoglein-2 as the high-
affinity receptor (19). Also, some members of species D,
which are associated with epidemic keratoconjunctivitis, use
sialic acid as the primary receptor (20). Interestingly, ade-
novirus infects many cell types efficiently in vitro, while
adenovirus infection in vivo of ciliated lung epithelia is rel-
atively inefficient. This inefficiency appears to result from
the fact that CAR plays a role in maintaining the integrity of
tight junctions and therefore is sequestered on the baso-
lateral side of polarized epithelial cells (21). Of interest, a
single CAR isoform, which is translated from an alterna-
tively spliced mRNA, traffics to the apical surface and is
likely to mediate the initial binding of the virus to the airway
epithelial cells (22).

Cellular integrins function as the secondary receptor pro-
moting internalization of the virus, most often via clathrin-
mediated endocytosis (23).With the exception of the species
F viruses, Ad40 and Ad41, all characterized adenovirus types
encode for a penton-base protein with an arginine, glycine,
aspartic acid (RGD) peptide motif, which mediates the con-
tact with the cellular ab integrin adhesion receptors. In
addition to the first-discovered avß3 and avß5 integrins, addi-
tional RGD binding integrins have been characterized (24).
Penton-base interaction with the integrins facilitates ade-
novirus internalization by activating the mitogen-activated
protein kinase (MAPK) and phosphoinoside-3-kinase (PI3)
signaling pathways, which cause actin cytoskeleton rear-
rangement (25, 26). The vertex capsomer, the penton, is lost
in the acidic endosome (Fig. 3). Following this opening of
the capsid, polypeptide VI manages to escape from the in-
terior of the virus particle. Polypeptide VI has a highly
conserved amino-terminal amphipathic helix that tethers
polypeptide VI to the endosomal membrane and case-
membrane rupture (27, 28). After escape from the endo-
some, the partially dismantled virus is transported by the
microtubule-associated kinesin-1 motor protein (29) to the
nuclear membrane, where it docks to a nuclear pore complex
(30). Here the final disassembly occurs to promote impor-
tation of the viral DNA into the nucleus. Virus entry is a
highly efficient process with 40% of the particles bound to
the cell surface delivering their DNA to the nucleus. Less
than 5% of the incoming viruses fails to escape from the
endosome and ends up in lysosomes for degradation (31).

Early Events
Expression of the early viral mRNAs and proteins are tem-
porally regulated during the infectious cycle. Thus, the first
transcription unit to be activated is the E1A region, and
transcripts from this region can be detected within 45
minutes after infection. The maximum rate of E1A tran-
scription is then maintained for at least 16 hours. The E1A
proteins are essential for the initiation of the lytic infectious
cycle, since they are key regulators of both viral and cellular
transcription and necessary for efficient S-phase entry of the
infected cell (32, 33). E1A encodes for two major protein
isoforms, E1A-289R and E1A-243R. The E1A-289R pro-
tein is the major transcriptional activator protein and is re-
sponsible for the activation the early viral transcription
units. E1A-289R activates transcription by recruiting the
MED23 mediator subunit to the early viral promoters. E1A
is not absolutely essential for early viral gene transcription.
Thus, each early unit binds cellular transcription factors that
promote a low level of viral transcription. However, at low

multiplicities of infection early gene expression needs to be
boosted by the E1A-289R protein to initiate effective viral
replication. Both the E1A-243R and E1A-289R proteins
have the capacity to active the cell cycle by binding the
retinoblastoma (RB) family of proteins thereby derepressing
E2F transcription factors, which are required for expression
of genes required for cell cycle progression. The E1A pro-
teins also sequester the cellular p300/CBP proteins, thereby
contributing to the cell proliferative effect of E1A (33). The
p300 and CBP proteins are considered as global transcrip-
tional activator proteins that stimulate transcription by in-
ducing histone H3 acetylation. Therefore, the sequestration
of p300/CBP by E1A results, on many promoters, in a re-
pression of cellular transcription.

Transcription from regions E1B, E3, and E4 begins around
1.5 hours postinfection. The E1B region encodes for two
major proteins, the E1B-55K and the E1B-19K proteins
(34). Both proteins serve key functions as suppressors of
apoptosis in the virus-infected cell at multiple levels. E1B-
55K binds to the activation domain of the p53 transcrip-
tional activator protein, thereby converting p53 from an
activator to a repressor of pro-apoptotic genes (32). The
viral E1B-55K and E4-ORF6 proteins form a complex with
several cellular proteins to form a Cullin5-based ubiquitin-
ligase complex. This complex targets the p53 protein for
ubiquitination and proteasomal degradation (35). The E1B-
55K protein is the substrate-binding protein, whereas the
E4-ORF6 protein mediates the contact with the ubiquitin
complex. The E1B-55K/E4-ORF6 ubiquitin-ligase com-
plex has several substrates, of which p53 and the cellular
MRN complex are the best studied (32). The MRN com-
plex is involved in DNA double-strand break repair by ini-
tiating the process of nonhomologous end-joining (NHEJ).
The MRN complex needs to be inactivated in adenovirus-
infected cells, since the NHEJ proteins disturb viral DNA
replication by ligating the linear adenoviral DNA into long
concatemers (36). The E1B-19K protein is a homolog of the
cellular BCL-2 protein and inhibits apoptosis by sequester-
ing the pro-apoptotic BAK and BAX in inactive complexes
(34). In the absence of the E1B-19K protein, an adenovirus
infection would cause the BAK and BAX proteins to oli-
gomerize and form pores in the outer mitochondrial mem-
brane, which would result in a release of apoptogenic
proteins to the cytoplasm (34).

The E3 region encodes for proteins that counteract the
antiviral defense mechanisms of host cells (37). The E3-
gp19K glycoprotein protects the virus-infected cell from
cytotoxic T-cell lysis by downregulating cell-surface expres-
sion of class I major histocompatibility complex (MHC)
proteins. E3-gp19K binds and retains MHC in the endo-
plasmic reticulum, thereby reducing peptide presentation at
the cell surface. The E3-14.7K protein inhibits TNF-a-
induced apoptosis and the E3-10.4K/14.5K protein complex
(the RID complex) inhibits apoptosis by internalizing and
degrading the Fas-L and TNF-related apoptosis-inducing
ligand (TRAIL) receptors. In contrast, the E3-11.6K ade-
novirus death protein (or ADP) has a pro-apoptotic activity
and participates in the release of the virus after completion
of the replicative state of the virus (38).

The E4 region encodes for six proteins, which have been
named as open reading frames (ORFs), E4-ORF1, E4-ORF2,
E4-ORF3, E4-ORF4, E4-ORF6, and E4-ORF6/7. The E4
proteins participate in a diverse set of activities during virus
infection. The best characterized is the E4-ORF6 protein,
which forms a complex with the E1B-55K protein and reg-
ulates protein stability, as described above. The E4-ORF6
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and the E4-ORF3 proteins appear to serve redundant ac-
tivities, and both proteins can individually replace the entire
E4 region to support virus growth in tissue culture cells (39).
The E4-ORF4 protein targets the cellular protein phospha-
tase IIA (PP2A) and redirects the phosphatase to new
substrates in the infected cell. E4-ORF4 contributes to the
virus replication cycle by downregulating early viral gene
expression and inducing hypophosphorylation of various
viral and cellular proteins, for example, transcription and
alternative RNA splicing factors.

Region E2 is the last early transcription unit to be acti-
vated, and RNA synthesis begins around 3 hours post-
infection. The E2 region encodes for the three viral proteins
needed for viral DNA replication, the viral DNA polymer-
ase (E2B-Ad-pol), the terminal protein (E2B-pTP), and the
single-stranded DNA binding protein (E2A-DBP) (40).

Late Events
The late phase of the replication cycle follows DNA repli-
cation, which begins around 8 hours postinfection in cell
culture experiments. Adenoviruses use an unusual single-
stranded DNA displacement strategy to replicate its DNA
(40). Initiation of viral DNA replication requires origin se-
quences that are physically located within the approximately
100-base-pair long inverted terminal repeats located at both
ends of the viral chromosome. Replication initiates at either
the left or right origin sequence and results in the displace-
ment of the complementary strand as a single-stranded
molecule (Fig. 3). Because of the inverted terminal repeat
sequences, the displaced single-stranded DNA molecule can
form partial duplex DNA structures that can be used for
initiation of DNA synthesis of the second strand. Initiation
of adenovirus DNA replication occurs by a protein-priming
mechanism, where the E2B-pTP, covalently attached to
dCMP, the first nucleotide of the nascent strand, functions
as primer for the virus-encoded DNA polymerase (E2B-Ad-
pol). Elongation is rapid and processive and requires the
viral single-stranded DNA binding protein (DBP), which
binds to the displaced single-stranded DNA. Only about
10% of viral DNA is incorporated into new virions. Late
after infection transcription initiates predominantly at the
so-called adenovirus major late-promoter. Transcription
from this promoter accounts for more than 30% of total
RNA synthesis at late times of infection. This does not
necessarily mean that the major late-promoter is a strong
promoter, since efficient transcription requires viral DNA
replication, which amplifies the number of DNA templates
available for transcription initiation (41). The major late
transcription unit generates five families of late mRNAs
with coterminal 3¢-ends (L1-L5; Fig. 2). Following selection
of the poly(A) site, a complex set of mature mRNAs are
generated by alternative RNA splicing (42). Most of the
major late mRNAs encode for structural proteins of the vi-
rion (42). A few mRNAs encode proteins that are non-
structural. For example, the L3-23K protease is required for
proteolytic trimming of some capsid components late during
virus maturation (43). The L4-100K protein is required for
late viral protein synthesis and hexon trimer assembly and
nuclear transport (44). The L4-22K and L4-33K proteins
appear to be the key viral proteins regulating the accumu-
lation of alternatively spliced late mRNAs (45). In addition,
the L4-22K and the L1-52,55K proteins are required for viral
DNA encapsidation (46, 47). Late during infection, large
amounts of the adenovirus VA RNAs (VA RNAI and VA
RNAII) are synthesized. VA RNAI protects virus-infected
cells against the antiviral effect of interferon by binding to,

and preventing activation of, the interferon-induced eIF2a-
protein kinase (PKR) (17). In its active form, PKR would
otherwise phosphorylate translation initiation factor eIF2,
which would result in a general block of translation in virus-
infected cells. The noncoding VA RNAs target the cellular
RNAi/miRNA pathway and saturate the nuclear exportin 5
receptor and the cytoplasmic Dicer enzyme, thereby inter-
fering with cellular miRNA biogenesis (17). Further, the VA
RNAs are cleaved by Dicer into viral miRNAs (so-called
mivaRNAs) that are incorporated into functional RNA-
induced silencing complexes (RISC).

Late during infection cellular protein synthesis di-
minishes, resulting in almost exclusive translation of late
viral proteins. Mechanistically this occurs by selective
transport of late viral mRNAs to the cytoplasm, combined
with an almost exclusive translation of mRNAs derived from
the major late transcription unit late after infection. The
rate of transcription of cellular genes is not inhibited, but
nuclear to cytoplasmic transport of cellular mRNAs is
strongly reduced in late virus-infected cells (48). Despite this
inhibition of transport, viral mRNAs account for only 20%
of the total cytoplasmic pool of mRNA. Nevertheless, more
than 90% of total protein synthesis in late-infected cells is
virus-specific. The mRNAs expressed from the major late
transcription unit possess the unique ability to be translated
independent of the normal cap-recognition process. During
the late stage of infection, the early viral mRNAs and cel-
lular mRNAs are not translated efficiently. The reason for
the selective translation of the late mRNAs stems from
the fact that all mRNAs produced from the major late
transcription unit carry an identical long untranslated 5¢
sequence of approximately 200 nucleotides, the so-called
tripartite leader. This sequence functions as translational
enhancer and allows an mRNA to be translated in the ab-
sence of a functional cap-recognition complex. Inhibition of
host protein synthesis has been shown to result from a virus-
mediated block in cap-binding complex phosphorylation.
The viral L4-100K protein blocks the association of the
Mnk1 protein kinase that is responsible for phosphorylation
of the eIF4E component of the cap-binding complex (49).
Under these conditions the L4-100K protein binds to the
tripartite leader and recruits the cap-binding complex selec-
tively to the viral late mRNAs. Hence, a selective recruit-
ment of the ribosome-to-tripartite leader-containing mRNAs
has been shown to be crucial for the cap-independent
translation of viral mRNAs in the late phase of infection.

Virus Assembly
Most viral polypeptides are rapidly transported to the cell
nucleus after synthesis. The early first step in virus assembly
involves the formation of capsomers from monomeric
polypeptide subunits: hexon, penton base, and fiber cap-
somers. The penton base and the fiber are then combined
to form the penton, the vertex capsomer. Formation of
the hexon capsomer requires the viral L4-100K protein,
whereas fiber trimerization appears to be a spontaneous
process. Structural components are made in huge excess in
late virus-infected cells. Only 20% of hexon capsomers
are incorporated into virions, and only 10% of viral DNA
is encapsidated. Despite this wasteful process, as many as
100,000 virus particles are produced per infected cell (50).

The first step in the assembly process is the formation of
so-called empty capsids. These appear to contain specific
scaffolding proteins and the structural proteins of the virion,
except for the core proteins and viral DNA. Empty capsids,
which have a light density, mature into heavy intermediates
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by encapsidation of increasing amounts of the viral DNA. A
cis-acting packaging element has been localized at the left
end of the viral DNA, immediately downstream of the left
inverted terminal repeat (51). This sequence element causes
a preferential encapsidation of viral DNA into an empty
capsid beginning with the left end of the viral chromosome.
The nonstructural virus encoded IVa2 protein has been
implicated as a key ATP driven motor protein that drives the
encapsidation of the viral DNA. IVa2 appears to reside at
only one unique vertex and, together with the L4-22K
protein, binds to the packaging sequence to facilitate the
incorporation of the viral DNA into the empty capsid (47,
52, 53). The encapsidation process is complex, and many
additional viral proteins have been implicated in the pro-
cess. After DNA packaging is completed, the young virions
mature into fully infectious virions by proteolytic cleavage of
six capsid proteins that are made as precursor polypeptides
(pIIIa, pVI, pVII, pVIII, pm, and pTP). This final maturation
step is carried out by the adenovirus protease (L3-23K) (43),
which is an integral part of the virus particle (Fig. 1). The
viral protease requires the viral DNA as a cofactor. The
protease has been speculated to use the viral DNA as a guide
to slide on, and to reach, all target substrates in the crowded
capsid environment (54).

The replication cycle is completed by the release of new
virus particles from the infected cell. The adenovirus death
protein (ADP or E3-11.6K), which is synthesized at very
late stages of infection (more than 20 hours postinfection),
promotes cell lysis and appears to be the key factor that
ensures efficient release of the virus from infected cells (38).

Experimental Models
Adenovirus prototypes can be propagated in many different
continuous cell lines, much of the data on adenovirus rep-
lication being produced using HeLa, KB, HEp-2, and A549
cells. Determination of infectious virus titers can be per-
formed in cell cultures by plaque titration assays or im-
munostaining or a combination of both. Small animal
models of adenovirus infection include mouse, Syrian
hamster, cotton rat, and woodchuck. Other larger animals
like cats and dogs have also been used, while most of the
primate experiments have been performed in rhesus mon-
keys. Because of the large body of research on the use of
adenoviruses as therapy vectors, fast molecular methods
have been developed to assess the titer and quality of re-
combinant adenovirus stocks (55).

Inactivation of Environmental Contamination
Nonenveloped adenoviruses with the dsDNA genome are
physically and chemically among the most resistant viruses,
and water-borne transmission is an important route for epi-
demic spread of adenovirus infections. Effective water dis-
infection is achieved with ozone or chlorine treatment (56).
For thermal inactivation in liquid, heat-treatment at 70°C
or more for 20 minutes or more is recommended (57).
Ultraviolet light doses normally used in water treatment
are relatively ineffective against adenoviruses, but polychro-
matic, as compared to standard monochromatic, ultraviolet
light shows increased efficiency (58). For surface decontam-
ination, oxidative disinfectants are to be preferred (59).

EPIDEMIOLOGY
Adenovirus infections occur worldwide as causes of endemic
and epidemic illnesses. The most common adenovirus types

in clinical specimens are the low-numbered respiratory types
of species C (types 1, 2, and 5) and B (types 3 and 7), as well
as the gastroenteritis types 40 and 41. In the comprehensive
WHO epidemiological study from 1967 to 1976, types 2, 1, 7,
3, and 5 (in decreasing order) made up 90% of the 24,184
typed isolates (60). This study did not, however, include
types 40 and 41, which could not be isolated during that
time. AU.S. study from 2004 to 2006 with 2,237 adenovirus-
positive specimens collected from 22 medical facilities found
that adenovirus types 3 (35%), 2 (24%), 1 (18%), and 5
(5%) were the most prevalent. In children younger than 7
years, types 1 and 2 were more prevalent than in older
children (61). In a recent 4-year study from Finland, types 3
(32%), 4 (22%), 2 (17%), and 1 (9%) were most prevalent
among 499 cases; an outbreak of type 3 was evident during
autumn of 2010 (Fig. 4) (62). In another recent 8-year
prospective study from Spain, types 3, 6, and 5 were most
frequent (63).

Since 2003, adenovirus type 14 has emerged and spread
throughout the United States causing outbreaks in military
training centers and among civilians (64). The causative
strain was shown to be a variant type 14 (“14p1”), and the
observed virulence was evidently a result of increased
transmission in the absence of immunity, rather than in-
creased pathogenicity of the strain (65). The spread of 14p1
has also been reported from Europe and China (66–68). An
outbreak of severe pneumonia was associated with 14p1
infections among prisoners in Scotland in 2011 (69).

New types evolve through intertypic recombination
within species, especially species D (70). In hospital out-
breaks, sequence analysis has been used to confirm the
transmission pathways and similarities of strains. For stem
cell transplant recipients, molecular typing can be used to
discern whether a patient is having a reactivation of a latent
adenovirus infection, a nosocomial infection, a community-
acquired infection or a donor-associated infection (61).

Incidence and Prevalence of Infection
Many adenovirus infections are subclinical. In large
population-based studies, about 50% of persons from whom
virus is isolated are asymptomatic (71, 72). However, some
of these isolations are made during prolonged excretion of
virus in stools after symptomatic infection. Thus, it is possible
that the proportion of asymptomatic infections is smaller.
One meta-analysis encompassing 1,958 asymptomatic sub-
jects found 5.3% of respiratory specimens positive for ade-
novirus by PCR (73). Infection caused by gastroenteritis
types 40 and 41 is often asymptomatic. In a study of gastro-
enteritis in Texas day care centers, 46% of such infections
were asymptomatic.

Of adenovirus types causing respiratory infections, types
1, 2, 5, and 6 are mostly endemic, whereas 4, 7, 14, and 21
cause epidemics. Type 3 occurs both endemically and epi-
demically. Outbreaks have been described to occur in closed
communities, such as boarding schools and day care centers,
and among new military recruits (74). Community-wide
epidemics also occur. The types causing epidemic kerato-
conjunctivitis (types 8, 19, and 37) are often endemic under
the poor hygienic conditions of developing countries, but in
Western countries, they occur mostly in epidemics which are
sometimes nosocomial. The gastroenteritis types 40 and 41
occur endemically throughout the world.

Adenovirus infections elicit neutralizing antibody re-
sponses that are type-specific and offer protection against
reinfections caused by the same type. Protection is not
complete, however, and reinfections may occur. In a Seattle,
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WA, virus-watch study, reinfections were observed in 6% of
seropositive family members (72); many of these were
asymptomatic. In an adenovirus type 3 outbreak in a boys’
boarding school, previous infection provided 88% protec-
tion against type-specific reinfection (75). Similarly, previ-
ous neutralizing antibodies provided 87% protection in staff
exposed to the index patient during a hospital epidemic
caused by adenovirus type 3a (76).

Age-Specific Attack Rates
Adenovirus infections are most common between 6 months
and 5 years of age but continue to occur throughout life. In
the metropolitan New York virus-watch study, the incidence
of infection per 100 person-years was 40.8 in the age group 0
to 1 years, 33.6 between 2 and 4 years, 15.6 between 5 and 9
years, and 14.4 in the age group 10 years and older (71, 72).
These figures concur with seroepidemiological figures show-
ing that about 33% of children have contracted at least one
adenovirus infection by the age of 6 to 12 months, and some
have already contracted three or four adenovirus infections.

The incidence of enteric adenovirus infections is 4 to 7
per 100 person-years in young children (77). About half of
preschool-age children have neutralizing antibodies against
these types.

The WHO epidemiological study indicates that types 1,
2, and 5 are commonly contracted during the first years of
life; types 3 and 7 are contracted during school years; and
some other types, such as 4, 8, and 19, are not contracted
until adulthood (60). However, geographical variations exist
(78, 79).

High-Risk Groups
Persons with impaired T-cell-mediated immunity have an
increased risk of developing severe adenoviral infections.
Severe and occasionally fatal disseminated infections have

been observed in neonates, in patients with congenital im-
munodeficiency and in recipients of hematopoietic stem cell
transplants. Adenovirus infections are common in human
immunodeficiency virus (HIV)-infected patients, but most
of these infections are mild or asymptomatic.

Seasonality
In general, adenovirus infections are endemic and detected
all year round. Seasonal patterns depend on viral types,
population groups, and types of exposure (Fig. 4). Outbreaks
of adenoviral respiratory disease are most common in winter
and spring (80). Outbreaks of pharyngoconjunctival fever
have been associated with swimming pools and occur most
often in summer. In the military facilities, adenovirus in-
fections spread when introduced to newly enlisted recruits
(81). Adenovirus gastroenteritis shows no distinct seasonal
pattern (60, 71).

Transmission

Routes
Adenovirus infections are transmitted by direct contact, by
small-droplet aerosols, the fecal-oral route, and sometimes
water. The endemic adenoviruses of subgenus C (types 1, 2,
and 5), causing childhood respiratory infections, spread
by direct contact via respiratory secretions or feces. Self-
inoculation with fingers contaminated with infectious se-
cretions is the most important route of transmission (60). For
the epidemic types (especially types 4 and 7), respiratory
spread by large droplets in close contact and by aerosols is
important (81, 82). Aerosol exposure, as measured by ade-
novirus DNA in ventilation filters, correlated with the
number of hospitalizations during an outbreak caused by
adenovirus 4 (82). In a military recruit setting, adenovirus
DNAwas identified in the air and on the surfaces of pillows,

FIGURE 4 The seasonal distribution of adenovirus types circulating in Finland over a period of 4 years. The genotypings performed at the
Department of Virology, University of Turku, represent 10 to 23% of adenovirus infections diagnosed in Finland each year.
Courtesy of Dr. Minna Ylihärsilä.
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lockers and rifles; virus was also cultured in some samples
(81). In hospitals, adenovirus DNA have been frequently
found on surfaces like door handles, floors, nurse chair arms,
reception desks, and toys, showing that the environment can
act as a potential reservoir (83). Types causing phar-
yngoconjunctival fever and keratoconjunctivitis spread by
contact through contaminated fingers or ophthalmologic
instruments and also by swimming pool water. The enteric
types 40 and 41 spread via the fecal-oral route.

Risk Factors
Close contact in crowded institutions and under low so-
cioeconomic conditions increases the risk for adenovirus
infections. Outbreaks have been described to occur in day
care centers, schools, hospitals, shipyards, and military quar-
ters. In households, about 50% of susceptible members will
become infected after exposure (72). The risk increases with
prolonged shedding of the virus. In one family study, 94% of
the siblings and 56% of the parents had acute illness during
follow-up after exposure; adenovirus disease was confirmed in
63% and 20% of these cases, respectively (84).

Variable attack rates have been observed in closed
communities. In an epidemic caused by adenovirus type 3 in
a boys’ boarding school, the infection rate was 80% among
susceptible persons without type-specific neutralizing anti-
bodies, but about half of the infections were subclinical. On
the other hand, in an outbreak caused by adenovirus 21 in
an isolated Antarctic station, the infection rate was only
15%, although 89% of the personnel were susceptible (85).

Nosocomial Infections
Adenoviruses cause outbreaks of nosocomial respiratory in-
fections. In one outbreak due to adenovirus type 3 in a pe-
diatric long-term care facility, 56% of 63 residents developed
adenoviral illness. Seventeen patients (49%) were admitted
to intensive care units and two died (86). An epidemic of
adenovirus 7a infection in a neonatal nursery causing the
death of two patients most likely spread from patient to staff
and subsequently to other patients by infected staff (87).

Adenoviruses frequently cause epidemics of keratocon-
junctivitis that spread via contaminated fingers, dropper
bottles, and improperly disinfected tonometers (88). One
outbreak (89) comprised 110 nosocomial cases, and an at-
tack rate of 17% was observed in another (90). An audit
study found nosocomial infection rates dropped from 48% to
23% after implementation of infection-control measures,
but the rate fell to 3.4% only after patient segregation (91).

Duration of Infectiousness
The median duration of detection of adenovirus DNA in
respiratory specimens after acute infection is 11 days (in-
terquartile range 5 to 26 days) in children and 5 days (2 to 20
days) in adults (92). Respiratory adenoviruses, especially
types 1 and 2, are excreted in stool for weeks or months after
initial infection. Patients are usually considered infectious a
few days before the onset of symptoms to approximately 14
days after the onset of symptoms (88). Adenoviruses can
remain viable for weeks under proper conditions on com-
mon surfaces. With gastroenteritis caused by adenoviruses 40
and 41, fecal excretion lasts 1 to 14 days.

PATHOGENESIS
Incubation Period
The incubation period for adenovirus infection, calculated
from index cases or point source exposures, has been cal-

culated to average 7 to 13 days with a range of 2 to 21 days
(84, 87, 93–96).

Site of Infection
The primary site of replication of adenovirus is the epithelia
of the organs involved. This includes the corneal epithe-
lium, the epithelial lining of the upper and the distal lower
respiratory tracts, and the urinary tract (97–100). In con-
trast, lymphocytes may be the site of chronic persistence of
the virus in the nasopharynx (101). The virus may also
persist in other tissues, as it can be detected by PCR in 10%
of biopsies from patients with various forms of interstitial
lung disease not thought to be related to adenovirus infec-
tion (102), and in 30% of normal duodenal biopsies (103).

In disseminated infection, adenovirus has also been re-
covered from blood and from solid organs, including the
liver, spleen, kidney, heart, and brain (104, 105).

Histology
Adenovirus pneumonia is characterized by a necrotizing
bronchiolitis and alveolitis. The alveolar and bronchiolar
cells are enlarged. Alveolar hyaline membranes may be
prominent, and there may be extensive alveolar cellular
debris. Characteristic cells with basophilic intranuclear in-
clusions with indistinct nuclear membranes known as
“smudge” cells are usually seen (Fig. 5). Other epithelial cells
with small eosinophilic nuclear inclusions, amphophilic
nuclear inclusions or basophilic inclusions with a clear halo
may be seen. An interstitial or alveolar infiltrate is also
present. The type of infiltrate may be either neutrophilic,
monocytic or lymphocytic or mixed monocytic/lymphocytic
(98, 105–107). Based on data from experimental infection,
the type of intranuclear inclusions and type of infiltrate likely
depend on the duration of infection prior to examination.

Histologic examination of adenovirus ocular infections in
humans is limited to visualization of the cornea and con-
junctiva in situ by live confocal microscopy, as biopsies are
not performed.

FIGURE 5 Pulmonary histopathology from a patient with a fatal
case of adenoviral pneumonia. Characteristic epithelial smudge
cells (arrow) show markedly enlarged nuclei containing inclusion
bodies surrounded by thin rims of cytoplasm. Inclusion bodies are
basophilic or amphophilic when stained with hemotoxylin and
eosin. Unlike with herpesvirus infections, no syncytia or multinu-
cleated giant cells are present.
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When there is hepatic involvement, fatty necrosis with
neutrophilic infiltration or monocytic infiltration has been
described, and amphophilic, basophilic intranuclear inclu-
sions and smudge cells are seen (97, 107–109).

Adenovirus colitis occurs in the immunocompromised,
particularly in patients with HIVor those post-bone-marrow
transplantation. Pathologic findings include characteristic
adenovirus epithelial intranuclear inclusions and disorien-
tation of the epithelia with a chronic inflammatory infil-
trate. Focal mucosal necrosis has also been described (97,
110–112).

In rare cases of encephalitis, autopsy findings reveal
perivascular mononuclear infiltrates, which have also been
seen in patients with fatal, disseminated, adenoviral pneu-
monia with encephalitis (104). In a child with end-stage
HIV infection, characteristic intranuclear inclusions were
also observed (113).

Virus-Mediated Tissue Damage
There are three mechanisms that are likely responsible for
the extensive tissue damage that occurs: 1) direct cytotox-
icity due to viral replication or viral components; 2) cyto-
toxicity due to the inflammatory cell infiltrate; and
3) cytotoxicity due to effects related to pro-inflammatory
cytokines stimulated by the virus.

Modulation of Cellular Functions by Adenovirus
During adenovirus replication cycle, the virus profoundly
alters normal cellular function, presumably to create con-
ditions that enhance replication. E1A proteins activate cell
cycling through subdomain interactions with retinoblastoma
protein and p300 (114, 115). Pro-apoptotic effects of E1A
are counteracted by several adenovirus proteins including
E1B-55K, E4orf6, and E1B 19K, partially by inhibiting nu-
clear translocation of apoptosis-inducing-factor (116–118).
These functions prolong survival of host cells to promote
viral replication. However, at late stages in the viral infec-
tious pathway, viral proteins inhibit ongoing cellular pro-
cesses and viability. E1B-55K and a peptide expressed from
the E4 region inhibit nuclear export of cellular mRNAs
(119–121). Host mRNA translation is also inhibited (122).
Cellular integrity is disturbed through the action of a viral L3
viral protease on the cellular cytokeratin K18 (123). Further-
more, production of the E3 11.6K ADP induces cell death
through caspase-dependent and non-capase-dependent
pathways (38, 124). These processes may involve modula-
tion of ubiquination of cellular mediators of apoptosis by
E1A, E1B-55K, and E4orf4 (125).

Adenovirus cellular structural proteins also interfere with
cellular processes. Several of the adenovirus subtypes bind
the Coxsackie and adenovirus receptor (CAR). This bind-
ing disrupts cellular tight junctions and facilitates virus re-
lease (126). The penton base of adenovirus binds to cellular
integrins and inhibits cell adhesion (127).

It should be noted that adenovirus replication is not re-
quired for inflammation to occur. Wild-type adenoviruses
cause inflammation in nonpermissive mouse models (128).
Nonreplicating Ad vectors clearly cause significant tissue
damage in mice, rats, primates and, unfortunately, in humans
(129). This damage likely comes from induction of pro-
inflammatory cytokines and recruitment of inflammatory
cells (130).

Innate Immune Responses to Adenovirus
Much of the data regarding induction of cytokines by ade-
novirus is derived from animal models or from studies

using nonreplicating adenovirus vectors. In a nonpermissive
mouse model exposed to adenovirus intratracheally, TNF-a
and IL-6 mRNA were induced in alveolar macrophages but
not in epithelial or endothelial cells (131). Intravenous in-
fusion of a nonreplicating adenovirus vector in mice induced
TNF-a, IL-6, and IL-12, with tissue macrophages and splenic
dendritic cells and macrophages contributing to this response
(132). Instillation of WT Ad3p and Ad7h, which cause
pneumonia in humans, into a mouse model induces the
proinflammatory cytokines IL-1 b, TNF-a, IFN-g, and IL-12
and the mouse IL-8 homologues, MIP-2 and KC (128). In
human monocytes and monocyte-derived macrophages ex-
posed to WTadenovirus type 2, TNF-a was induced in both
cell types, but IL-1b was only induced in monocytes (133).

Exposure of human peripheral-blood mononuclear cells
to WT adenovirus type 7-induced interferon (not further
specified) in culture (134). Blood interferon alfa levels were
also elevated in two patients with adenovirus-induced he-
molytic uremic syndrome (135).

The source of adenovirus-induced cytokines and che-
mokines is likely not limited to dendritic cells and macro-
phages. IL-8 is also induced in pure epithelial cultures by
WTadenovirus and adenovirus vectors and in a human lung
slice model, where epithelial cells are the predominant cell
type (130, 136).

Induction of cytokines during active adenovirus infection
in humans appears to be a marker of disease severity. Among
38 children with lower respiratory tract infections with ad-
enovirus, serum TNF-a and IL-6 were detected with higher
frequency in patients with severe disease or fatal outcome;
IL-8 was detectable in serum in all groups of patients, and
levels correlated with disease severity (137). Similarly, in
military trainees with febrile respiratory illness due to ade-
novirus type 55 (14p1), the degree of elevation of serum IL-
4, IL-10, IL-15, interferon gamma and interferon alfa-2
levels correlated with either the severity of infection or the
presence of symptoms during infection (138). Additional
cytokines shown to be induced during adenovirus infection
include IL-5, IL-12, IL-17, IL-18, MIP-1, IP-10, and OSM
but not MCP-1 or RANTES (139, 140). The cytokine re-
sponse is likely important in inflammation and cell injury,
but it may also be important in limiting dissemination or
severity of adenovirus illnesses. Although anti-TNF-a
strategies may decrease inflammation during administration
of adenovirus vectors to mice, (141) this therapy may pre-
dispose humans to severe adenovirus infections (142, 143).

Adaptive Immune Responses
The adaptive immune response is important in preventing
reinfection, or, in the case of immunization, illness with
adenovirus. Neutralizing and nonneutralizing antibodies to
adenovirus are produced during infection. Serologic studies
show a high rate of seroconversion. In children with acute
adenovirus infection determined by antigen detection or
seroconversion, virus-specific IgG antibody increased in
77%, IgM in 48% and IgA in 37%. The IgM titer peaked 10
to 20 days after the onset of illness and remained elevated for
two months. IgA titers were variable, decreasing to unde-
tectable levels in some patients and persisting at least 90 days
in others (144). In military recruits, IgG levels increased in
89% of the subjects; IgA and IgM titers increased in 77%
and 39%, respectively. IgA levels also increase in relevant
secretions during adenovirus infections of the nasopharynx,
conjunctiva, and intestine (145–147).

The importance of T-cell responses is not well under-
stood, but it is generally regarded that T-cells play a role in
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limiting the severity of disease. For example, there is high
morbidity and mortality associated with adenovirus infec-
tion of patients with transplants, hematologic malignancies
or AIDS. Many of these patients are infected with a type of
adenovirus, which usually only causes mild disease in im-
munocompetent patients (148–150). Furthermore, recovery
of T-cell counts, decrease in T-cell suppression or infusion of
donor lymphocytes decreases viral shedding and the severity
of the illness (151).

Both adenovirus-specific CD4+ and CD8+ T-cells are
present in normal adults (152, 153). A role for both in
containment of adenovirus infection has been proposed.
Adenovirus-specific CD4+ T cell clones contain viral rep-
lication in infected cell lines and primary bronchial epi-
thelial cells (152). Resolution of viremia is accompanied by
the appearance of adenovirus-specific CD4+ and CD8+ T
cells (154). Adenovirus-specific CD8+ T cell clones kill
transformed lymphoblastoid cells and fibroblasts expressing
adenovirus hexon (153, 154).

Adenovirus Persistence and Latency
The classic example of adenovirus persistence dates back to
the discovery of the virus. Rowe and colleagues, while trying
to develop cell lines from resected human adenoids, noted
the development of a cytopathic effect in culture (155). This
was due to infection of the cells with adenovirus, which was
present in the original subjects in an asymptomatic persistent
or latent state. In a similar fashion, viral shedding occurs for
months to years after infection, and the half-life of viral
DNA persistence in tonsillar and adenoidal tissue has been
estimated at 2.6 years (148, 156). Interestingly, more than
one strain may persist in the same subject (157).

There are several adenovirus proteins that appear to play
a role in evasion of the immune system. This was discovered
when infection of cells with adenoviruses with mutations of
these proteins increased the sensitivity of lysis of these cells
by TNF. These proteins in the E3 region, 10.4K, 14.5K, and
14.7K, act by downstream inhibition of TNF, either through
phospholipase A2 or NF-kB (158). Another mechanism
that may assist in immune evasion is displayed by E3 19K,
which decreases expression of MHC class I molecules in
adenovirus-infected cells. Also, adenovirus E1B19K and E3
proteins counteract destruction of infected cells through in-
hibition of TNF-related apoptosis-inducing ligand (TRAIL),
and E3 proteins also inhibit Fas-ligand-induced apoptosis
(158, 159). Viral microRNA species are also produced in
latently infected cells in culture, and these could facilitate
adenovirus persistence by downregulating targeted cellular
antiviral mRNAs (160). Additionally, E4orf6/E1B55k pro-
tein complexes have ubiquitin ligase activity and degrade
specific cellular targets depending on the types of origin.
Degradation of these targets, including p53, DNA ligase IV
and integrin a 3, has been proposed as a mechanism whereby
the virus facilitates the development of latency (161).

These factors are likely responsible for persistence of the
adenovirus in human tissues by preventing elimination of
virus-infected cells. There has also been speculation that
persistence, or true latency with integration of adenovirus
genes, plays a role in the development of human illnesses.
One study, comparing lung tissue from patients with COPD
to patients with similar smoking histories without the dis-
ease, found that afflicted patients had increased amounts of
adenovirus E1A by PCR and increased detection of the E1A
RNA by in situ hybridization (162). Follow-up studies by the
same group showed that areas of increased E1A expression in
alveolar epithelia correlated with cellular inflammation and

severe emphysema (163). This issue has not been settled,
however, as a subsequent study has shown a low incidence of
E1A RNA expression and E1A DNA in patients with
COPD (164).

In a study of adenovirus-persistence in children, adeno-
virus capsid in BAL fluid from children with treatment-
resistant asthma was detected at high rates compared with
children of similar age without asthma (165). This finding
should be tempered by the fact that others have shown that
steroid treatment of patients with interstitial lung disease
increases the detection of adenovirus by PCR (102).

There are several cross-sectional studies suggesting that
adenovirus type 36, and possibly type 5, infections, as de-
termined by the presence of antibodies to these strains, are
associated with obesity (166). A meta-analysis of 11 of these
studies showed a 1.6 odds ratio (95% CI=1.14–2.25;
P< 0.01) for obesity for subjects seropositive for adenovirus
type 36 and that the odds ratio was increased to 1.95 in
children (95% CI=1.34–2.85; P < 0.01)(167). The role of
adenovirus 36 as a causative agent of obesity remains con-
troversial because there have been negative studies and
because few longitudinal studies have been performed (168).
In any case, these studies raise provocative questions
about the possible role of persistent or latent adenovirus in
the development of chronic respiratory diseases and other
illnesses.

CLINICAL MANIFESTATIONS
Acute Respiratory Infection
Adenovirus infections most commonly occur in children
between 6 months and 5 years of age and manifest as febrile
upper respiratory tract infections. Asymptomatic infections
are common and most symptomatic infections are mild and
self-limited. Adenoviral infections cannot be distinguished
clinically from infections induced by other respiratory viru-
ses (72, 80, 169). In one 12-month study, adenovirus was
identified by PCR in 3% of 543 acute respiratory illnesses;
the mean duration of adenovirus illness was 18.6 days.
Importantly, another respiratory virus is present in up to 60%
of adenovirus-positive cases (63,170–172).

Clinical syndromes during adenovirus infections include
tonsillitis, pneumonia, acute otitis media, conjunctivitis,
febrile convulsions, fever without focus of infections, and
laryngitis (173–175). High and persistent fever is common
in children. In hospitalized children with adenovirus infec-
tion, the mean maximal temperature was 39.4ºC, and the
mean duration of fever was 5.4 days (range, 2 to 13 days)
(174, 176).

About half of children with adenovirus infection have a
marked leukocytosis ( > 15,000/mm3), elevated erythrocyte
sedimentation rate (> 30 mm/h), and elevated serum C-
reactive protein levels ( > 40 mg/liter), in contrast to most
cases of influenza virus, parainfluenza virus and respiratory
syncytial virus-induced illnesses (63,177–179). Except for
respiratory syncytial virus infections (in which as much as
60% of cases also manifest acute otitis media), the number of
possible bacterial coinfections does not differ with different
virus infections. The cause of the elevated laboratory values
in adenovirus infections is unknown (177, 178).

Adenoviral infection may mimic a bacterial infection
and is a common cause of ineffective and unnecessary an-
tibiotic treatment. High-grade and prolonged fever and
common abnormal laboratory findings are the major reasons
for antibiotic treatment in clinical practice.
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Tonsillitis
Tonsillitis is a frequent clinical manifestation of adenovirus
infection. Two studies of acute febrile tonsillitis found that
adenoviruses were the most common single causative agents
and accounted for 19% of cases (180, 181). Adenoviruses and
group A streptococci usually do not cause mixed infections in
children. In adenoviral tonsillitis, the exudates are most
often thin and follicular or netlike but sometimes may have
thick membranes (176, 180) (Color Plate). White blood cell
(WBC) count, serum C-reactive protein and erythrocyte
sedimentation rate do not distinguish bacterial from viral
tonsillitis. Although age groups overlap, adenoviral tonsillitis
occurs most often in children less than 3 years of age, whereas
beta-hemolytic streptococci induce tonsillopharyngitis in 5-
to 17-year-old children. Adenovirus infection is a frequent
cause of tonsillitis unresponsive to antibiotic therapy and
requiring referral to a hospital (144, 181, 182).

Pneumonia
Approximately 10 to 20% of childhood pneumonias and 1
to 4% of pneumonias in adults are attributed to adenoviruses
(171, 183, 184). Conversely, pneumonia is a main diagnosis
of 4 to 18% of hospitalized children identified with an ade-
novirus infection (174,185–188). In basic military trainees,
adenoviruses have been implicated in 90% of pneumonia-
related admissions. Adenoviral pneumonia results primarily
from infections with types 4, 7, 21, and 3. These types may
also cause disseminated disease.

Adenoviral pneumonia cannot be clinically distin-
guished from other viral or bacterial pneumonias. Chest
roentgenogram findings vary from diffuse to patchy inter-
stitial infiltrates. Consolidation and pleural effusions have
been described. Parahilar peribronchial infiltrates and atel-
ectasis occur in most children with abnormal roentgeno-
graphic findings associated with adenovirus infection.
Adenoviral pneumonia may be associated with disseminated
infection involving the heart, liver, pancreas, kidneys, and
central nervous system. The fatality rate can be as high as
30% (189). Permanent lung damage after adenoviral pneu-
monia has been reported to occur in 27 to 65% of those who
had adenovirus type 7 pneumonia. These changes include
bronchiectasis, bronchiolitis obliterans, and unilateral hyper-
lucent lung (McLeod) syndrome. Many patients with normal
chest roentgenograms have abnormal pulmonary function
tests, often consistent with pulmonary obstruction (190).
The young age of the child and measles are risk factors pre-
disposing patients to chronic lung damage.

Pharyngoconjunctival Fever
and Keratoconjunctivitis
Pharyngoconjunctival fever and keratoconjunctivitis are
two well-described adenovirus syndromes affecting the eye.
Pharyngoconjunctival fever occurs principally in children
and was recently associated with types 8 and 4 (191).

Pharyngoconjunctival fever is often associated with pre-
auricular adenopathy. Conjunctivitis is usually unilateral or
asymmetric. In the early stage, adenoviral conjunctivitis
cannot be distinguished clinically from bacterial, allergic, or
other viral acute conjunctivitis. Manifestations include wa-
tering, redness, discomfort, and photophobia, typically last-
ing 1 to 2 weeks. The palpebral conjunctiva is hyperemic
and contains diffuse infiltration and papillary or follicular
hypertrophy. In severe cases, subconjunctival hemorrhages,
chemosis, or pseudomembranes occur.

Epidemic keratoconjunctivitis occurs mainly in adults
and is usually caused by adenovirus types 8, 19, and 37 (60,

192, 193). In 99 children with acute conjunctivitis seen in a
pediatric practice, Haemophilus influenzae (42%), adeno-
viruses (20%), and Streptococcus pneumoniae (12%) were the
most common etiologic agents. Simultaneous infection with
two pathogens was uncommon. The clinical features of
conjunctivitis by the three different pathogens are summa-
rized in Table 2. Eleven (65%) of the 17 children with both
pharyngitis and conjunctivitis had adenovirus cultured from
the conjunctiva (194).

A large number of epidemics of adenoviral keratocon-
junctivitis have been described. During 2008 to 2010 in the
United States, 6 unrelated outbreaks with 411 cases were
reported to CDC (88). Outbreaks of keratoconjunctivitis
typically occur in industrial plants, ophthalmology clinics,
hospitals, nursing homes, camps, military bases, and child
care centers. The virus is transmitted by the hands of med-
ical personnel and by contaminated ophthalmic solutions
and instruments. In industrial and military base outbreaks,
spread may occur by the common use of bathrooms and by
inadequate hygiene. Adenoviruses can remain viable for
several weeks on wash basins and hand towels. The illness is
first characterized by conjunctivitis, chemosis, pain, photo-
phobia, and lacrimation. A diffuse punctate epithelial ker-
atitis occurs within 3 to 4 days. It may resolve within 2 weeks
but can develop into focal subepithelial keratitis with pa-
thognomonic corneal opacities. In rare cases, stromal infil-
tration may persist for months or even years. Fortunately, the
illness is usually self-limited, and the patient’s vision remains
unaffected (192, 193).

Enteric Infection
Adenoviruses are detected in 3 to 14% of stools from chil-
dren with gastroenteritis in hospitals, outpatient clinics, and
day care centers but also in 9 to 42% of asymptomatic
children when PCR is used (195–197). Of the adenoviruses
detected in the feces, types 40 and 41 comprise 30 to 80%,
respectively, in different studies. The other common ade-
novirus types found in the stools are 1, 2, 3, 5, 7, and 31.
Adenoviral diarrhea is most common in children less than 2
years of age. By the age of 3 years, 30 to 100% of children
have neutralizing antibodies to adenovirus types 40 and 41.

No special feature clinically differentiates adenoviral di-
arrhea from diarrheas induced by other viruses (196, 198).
The stools are usually watery and nonbloody, in contrast to
bacterial diarrheas. Mucus is noted in 19 to 57% of cases.
The maximum daily frequency of stools varies from 3 to 15.
The mean duration of diarrhea is 3 to 11 days, often being

TABLE 2 Clinical features of conjunctivitis caused
by three different pathogensa

Clinical feature
H. influenzae
(n = 42)

S. pneumoniae
(n = 12)

Adenoviruses
(n = 20)

Mean age
of patients (yr)

3.6 3.1 8.5

Bilateral
disease (%)

74 50 35

Purulent
exudate (%)

93 83 45

Concurrent
otitis (%)

33 8 10

Concurrent
pharyngitis (%)

5 8 55

aModified from reference (194) with permission.
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significantly longer than rotavirus-induced diarrhea. In pa-
tients seeking care for diarrhea, the severity of adenoviral
diarrhea has been similar to that of rotavirus infection,
whereas in studies of outpatients, rotaviral disease seemed to
be more severe (199). Type 41 adenovirus-induced diarrhea
lasts longer than type 40-induced diarrhea (means, 12.2 days
versus 8.6 days, respectively). Enteric adenoviruses seem to
induce longer enteritis than nonenteric adenoviruses (200).
Fever and vomiting in enteric adenovirus infections are
common. Although adenoviral gastroenteritis is usually a
mild disease, fatal cases in immunocompromised patients
have been described.

Viral and bacterial copathogens in adenoviral diarrhea
have been found in 13 to 18% of the cases, and other viruses
were detected in respiratory specimens from 26% of 47 pa-
tients when adenovirus was visualized in the fecal sample
(196).

Fever Syndromes
In 105 hospitalized patients with adenovirus infection, 17%
had fever with no identifiable site of infection (174). In
another study, adenovirus was cultured from 6% of 116 pa-
tients with fever without a localized cause (201). Samples for
PCR tests from the nasopharynx and feces should be in-
cluded in the workup of febrile patients without focus of
infection.

Adenoviruses are the most common single etiologic
agents of febrile convulsions in young children and caused
13% of 144 cases in one study. In three patients, adenovirus
was also detected from cerebrospinal fluid, suggesting that
febrile convulsions may have been the sole manifestation of
adenoviral central nervous system infection (202).

Hemorrhagic Cystitis
Hemorrhagic cystitis is a self-limited illness in otherwise
healthy children, occurring more often in boys than girls.
Adenovirus type 11 has been recovered from the urine of 19
to 91%of thepatients. In addition to gross hematuria, the clin-
ical manifestations included urgency, frequency, and fever.
The duration of gross hematuria varies from 2 days to 2 weeks,
and there are no changes in serum creatinine levels (203).

Hemorrhagic cystitis associated with adenovirus has
been described to occur following bone marrow and renal
transplantations. Coinfection with BK polyomavirus and cy-
tomegalovirus may occur. Female sex, seropositivity for ade-
novirus prior to bone marrow transplant (BMT), and acute
graft-versus-host disease are significant risk factors. Studies
from the United States reported adenovirus-associated hem-
orrhagic cystitis after BMT in only 0.3 to 1.0% of recipients
(204). In renal transplant recipients, the disease is associated
with gross hematuria, urinary frequency, burning urination,
fever, and negative bacterial cultures. The symptoms last for 2
to 4 weeks and serum creatinine increases (205).

Infection in Military Recruits
Prior to vaccination, up to 80% of recruits experienced ad-
enovirus infection. Among 58,103 febrile respiratory illnesses
in the U.S. military basic trainees, 64% were laboratory-
confirmed adenovirus infections (8). Physical and mental
stress and crowding are considered major reasons for the
susceptibility. The most common clinical manifestations in
military recruits mimic those found in children, sore throat,
nausea/vomiting, cough, and fever. Adenovirus-associated
illness occurred most commonly in training weeks 3 to 6
while influenza occurred in weeks 0 to 2 (206). A large ep-

idemic of keratoconjunctivitis with nearly 3,000 cases oc-
curred at a U.S. military base in the Philippines, and this
event led to recommendations for management of the epi-
demic (Table 3) (207). In one study of 108 young men with
febrile tonsillitis in the military service, adenoviruses caused
31% of the cases, whereas group A streptococcal infections
were detected in 38% (207). In 17% of cases of streptococcal
tonsillitis, evidence of concurrent adenovirus infection was
also found, in contrast to adenoviral tonsillitis in children
(180).

Adenoviral pneumonia in military conscripts is most of-
ten caused by adenovirus types 4 and 7, which are the types
included in the oral live vaccine used successfully between
1971 and 1999 and from 2012 onwards in the U.S. military.
During vaccine unavailability, severe epidemics of adeno-
virus 4 infections affecting thousands of trainees were re-
ported, and adenovirus 4 was responsible for nearly all
diagnosed cases of adenovirus infections in the U.S. military
recruits. Eight deaths were reported during the break of ad-
enovirus vaccination, mostly due to pneumonia (9). From
2002 to 2006, epidemiological studies using molecular di-
agnostic procedures revealed the emergence of adenovirus
type 14 (64). Interestingly, annual cases of adenovirus 14
decreased markedly after the resumption of adenovirus 4 and
7 vaccination (8).

Infection in Newborn Infants
Severe adenovirus infection in newborn infants is rare, but
infants are susceptible to a disseminated form of adenovirus
infection, which has been fatal in 68% of cases (208).
Transmission may occur either vertically, in utero from the
infected mother, or horizontally, after birth. Adenovirus
outbreaks in neonatal intensive care units have been re-
ported. In vertical infections, mothers often have viral
symptoms preceding, or shortly after, delivery, and there
may be prolonged rupture of membranes. The illness starts
within 10 days of age with lethargy, fever or hypothermia,

TABLE 3 Epidemic keratoconjunctivitis preventive
measuresa

General recommendations
Wash hands thoroughly.
Clean and sterilize instruments.
Use unit doses of ophthalmic solutions.
Examine “red eye” patients in a separate area.
Educate staff about epidemic keratoconjunctivitis and other
transmissible eye diseases.
Avoid use of cloth towels in bathrooms.

Termination of an outbreak
Observe above recommendations.
Communicate the existence of an outbreak to all staff.
Segregate patients by presence or absence of epidemic
keratoconjunctivitis.
Discard all open ophthalmic solutions.
Remove infected personnel and patients from clinic for 2 wks.
Determine the cause of the outbreak and mode of transmission.
Educate patients about epidemic keratoconjunctivitis.
Postpone elective procedures.
Act with speed and decisiveness.
aAdapted from reference (192) with permission of Oxford University Press.
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anorexia, apnea, hepatomegaly, bleeding, and progressive
pneumonia. Adenovirus types 3, 7, 21, and 30 have been
cultured most often from the lungs and liver (209). In
horizontally transmitted infections, neonates often have ill
contacts. The mean age of the patients in one study was 16
days. Four neonates required extracorporeal membrane
oxygenation (ECMO).

Infection in Immunocompromised Patients
Adenovirus infections in immunosuppressed patients are
more often disseminated, persistent, and associated with
different types of adenoviruses than in healthy hosts. Severe
adenovirus infections are increasingly being recognized, es-
pecially in recipients of hematopoietic stem cell transplants
(HSCT) (2, 150). The incidences of adenovirus DNAemia
in pediatric allo-HSCT recipients vary from 6% to 42% and
in adult allo-HSCT patients from 3% to 15%, depending on
the transplant type and intensity of surveillance (5). Among
2,879 adult allo-HSCT patients between 1999 and 2008,
adenovirus infection was diagnosed by viral culture in 73
patients (2.5%), in whom mortality was 22% (210). Among
624 adult and pediatric allo-HSCT patients, adenovirus
DNAemia occurred significantly more often in T-cell de-
pleted, compared to conventional, allografts (4% versus
7.9%), and, importantly, the risk for invasive adenovirus
disease was 10-fold higher in the T-cell depleted allograft
group. Half of the patients with very high adenovirus
DNAemia (> 2 x 105 copies/mL) died (211). One early
study, conducting weekly viral surveillance cultures from the
throat and stools and also in the urine of adults during
the first 100 days after transplant in 201 BMT recipients,
found that the incidence of adenovirus isolation was 31%
for children and 14% for adults. Thirty-one percent of all
adenovirus-positive patients had definite or probable ade-
noviral disease, representing 6.5% of all patients (212). Most
adenovirus infections in children develop within 30 days
after transplantation, whereas in adults infection usually
develops more than 90 days after transplantation (5). The
infection is thought to be secondary to reactivation of per-
sistent or latent viruses or the transmission of latent virus via
donor graft. In young children, infection may be acquired
from a family contact or nosocomially (213).

The adenovirus types detected from HSCT recipients
differ from those detected from otherwise healthy subjects.
The most commonly reported adenovirus types include ad-
enovirus C1, C2, B3, B7, B21, A31, E4, and F41. However,
typing is not necessary for optimal treatment (5, 214).

According to the 2013 Guidelines from the American
Society of Transplantation, adenovirus disease necessitates
the presence of attributable organ signs and symptoms com-
bined with virus detection in biopsy specimens on immu-
nohistochemical staining or in bronchoalveolar lavage and
cerebrospinal fluid (culture, antigen detection, or PCR), in
the absence of another diagnosis. Disseminated adenovirus
disease requires involvement of two or more organs, not in-
cluding viremia (6).

The clinical manifestations of adenovirus infection in
HSCT recipients may include high fever, pneumonia,
hemorrhagic cystitis, encephalitis, hepatitis, nephritis, and
colitis. Adenovirus has been the major contributor to mor-
tality in about one-half of those with definite disease. Most of
the fatal outcomes result from fulminant pneumonia, hepatic
failure, nephritis, or colitis. Male sex, young age, alemtuzu-
mab treatment, cord transplant, T-cell-depleted grafts, acute
graft-versus-host disease, lymphocytopenia (< 300/mm3),

and detection of adenovirus from multiple sites are clear risk
factors for disease (5, 210, 211, 213). Routine PCR tests for
detection of adenovirus DNA in nasopharyngeal mucus,
feces, conjunctivae, and possibly from lung biopsy samples
should be included in the etiologic workup of immuno-
compromised patients with suspected infection.

Weekly monitoring of blood samples for adenovirus
DNA by real-time quantitative PCR has been shown to be
useful in recognizing patients at risk for a potentially severe
infection (215). In one study of 238 consecutive pediatric
allo-HSCT recipients, weekly DNAemia monitoring re-
vealed adenovirus loads greater than 1,000 copies per mil-
liliter in 15.5% of all patients. Adenovirus DNA in blood
before day-50 posttransplantation predisposed to develop-
ment of high adenovirus loads ( > 10,000 copies/ml) (214).
Increased or increasing viral loads in blood or stool are as-
sociated with an increased risk of death, and preemptive
antiviral treatment should be considered (2, 213, 215).

Adenovirus DNAemia is also relatively common (5 to
20%) in adult lung, kidney, and heart transplant recipients,
but most infections were asymptomatic, and routine screen-
ing for adenovirus DNA is not recommended in solid-organ
transplant recipients (2, 5). In one study adenovirus was
cultured from 10% of over 400 liver transplant patients at a
median of 26 days from transplantation, most commonly in
urine. Hepatitis was the most common invasive disease
(29% of infections), and type 5 caused most cases of hepa-
titis. All patients had high fever lasting 6 to 44 days. In
addition to elevated transaminase levels, the patients had
characteristic histopathology in the liver consisting of ade-
noviral inclusions or microabscesses.

Adenovirus infections occur frequently in HIV-positive
patients. The actuarial risk of adenovirus infection at 1 year
in late-stage HIV disease was 31 to 38%. Infection occurred
most often in the gastrointestinal tract inducing diarrhea
only, but half of the patients remained asymptomatic or
minimally symptomatic (216). In AIDS patients adeno-
viruses may be associated with pneumonia, hepatitis, en-
cephalitis, nephritis, and gastroenteritis (150).

Uncommon Clinical Manifestations
Adenoviruses have been infrequently isolated from the ce-
rebrospinal fluid and brains of patients with meningoen-
cephalitis. Often the patients have been neonates or
immunocompromised persons with disseminated disease. In
one adenovirus type 7 epidemic affecting 32 previously
healthy children, 25% had meningoencephalitis, and 10%
died. All children also had respiratory symptoms, including
pneumonia in six cases (217). In 2,398 children with ade-
novirus infection, 3.3% had manifestations of central ner-
vous system dysfunction (188, 218). In the California
Encephalitis Project, adenovirus was found as a possible cause
of encephalitis in about 1% of 1,570 patients studied (219).

Sensitive molecular techniques have suggested that
adenoviruses may be causative agents of myocarditis. In
three studies, cardiac samples were obtained for PCR anal-
ysis from patients with myocarditis and from patients with
dilated cardiomyopathy. Adenoviruses were identified in 8
to 23% and 1.6 to 12% of the samples, respectively (220).

Adenovirus infections have been thought to induce
mesenteric lymphadenopathy, which then could act as a
mechanical lead point for the intussusception. In one study,
47% of 53 children with intussusception had adenovirus in
their stools. Of 25 cases, adenovirus group C was most
common. Of note, simultaneous infection with HHV-6 and
adenovirus carried the highest risk for intussuception (221).
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Forty cases of adenovirus urethritis and concurrent con-
junctivitis have been reported. Patients typically present
with dysuria, clear or mucoid urethral discharge, and evi-
dence of meatitis. Conjunctivitis may be bilateral. The mean
duration of this self-limited illness is 14 days. Oral sex is the
likely transmission route (222).

Bacterial Complications
Acute otitis media (AOM) occurs in 30 to 37% of children
with adenovirus infection, and 3 to 10% of AOM patients
have evidence of adenovirus infection. Adenovirus was
found in 2% of 581 middle-ear fluid samples from AOM
patients (223).

Excluding military conscripts, adenovirus-induced febrile
tonsillitis is seldom associated with group A beta-hemolytic
streptococci. Similarly bacterial coinfections have been very
rare in adenoviral keratoconjunctivitis. Serologic evidence of
bacterial infection was found in 47% of 19 children with
adenoviral pneumonia (185). Recently, a U.S. study of child-
hood community-acquired pneumonia reported 248 cases of
adenoviruspneumonia,outofwhich10%hadevidenceofbac-
terial coinfections (171). Approximately one-half of military
conscripts with adenoviral pneumonia have evidence of
concomitant bacterial infection. One study in a developing
country showed that adenovirus lower-respiratory-tract in-
fection is associated with high nasopharyngeal pneumococcal
colonization and, further, with invasive pneumococcal pneu-
monia (224).

LABORATORY DIAGNOSIS
The clinical picture of a respiratory adenovirus infection is
variable and commonly resembles that due to other microbes
(175). Up to 80% of acute conjunctivitis is caused by viru-
ses, of which 65 to 90% are adenoviruses, but the accuracy of
clinical diagnosis is only 50% (225). Therefore, adenovirus
infections can seldom be diagnosed on clinical grounds
alone, and laboratory testing is needed for specific diagnosis.

Virus Isolation

Specimen Types
Adenoviruses have been isolated from stool, throat swabs,
nasopharyngeal aspirates, conjunctival swabs and scrapings,
urine, cerebrospinal fluid, blood, and a variety of biopsy spec-
imens. The optimal specimen type depends on the clini-
cal picture and, to some extent, on the adenovirus type in
question.

Most adenovirus infections involve viral excretion in
stool, which makes it a practical specimen for detection.
However, excretion of the respiratory types in stool can
continue for several months. Therefore, isolation from stool
does not have the same diagnostic significance as isolation
from the involved site, for example, the respiratory tract or
eye specimens. On the other hand, detection of high ade-
novirus DNA load in stool of transplant patients may pre-
cede viremia by several weeks (226).

Specimens should preferably be collected within a week
after onset of illness. After that, in most cases, the excretion
of virus and the sensitivity of isolation will decrease. Swab
and biopsy specimens should be collected in transport me-
dium. Stool and cerebrospinal fluid specimens can be
transported, as such, in clean containers. Adenoviruses are
relatively stable. Shipment on ice (4ºC) or frozen is prefer-
able for maximum sensitivity, but most adenoviruses can be
grown in specimens transported at room temperature.

Cell Culture
Cultures of the appropriate site during active infection have
high yields. This includes cultures of nasopharyngeal swabs
or aspirates, throat swabs or washes, conjunctival swabs or
scrapings, bronchoalveolar lavage fluid, stool or rectal swabs,
urine or urethral swabs, cervical swabs, CSF, and tissue
samples. Adenoviruses are species-specific, and isolation is
best achieved in human cells, although cynomolgus monkey
kidney cells can also be used. All adenovirus types, except 40
and 41, grow well and produce cytopathic effect in a variety
of human epithelial cells. The best sensitivity is achieved
with human embryonic kidney cells, but because these are
expensive and difficult to obtain, continuous cell lines are
commonly used. Suitable continuous cell lines include
A549, HeLa, HEp-2, KB, and MRC-5 strains.

Some strains of the enteric types 40 and 41 will grow in
these cell lines, but the best growth is achieved in HEK 293
cells (human embryonic kidney cells transformed by adeno-
virus type 5 DNA). Because of strain variation in the growth
pattern, sensitivity is increased by simultaneous inoculation
of the specimens into two or three different cell lines.

Adenoviruses produce typical cytopathic effects (CPE),
which often start at the periphery of the monolayer. The
cells become rounded, with characteristic refractile intra-
nuclear inclusions. The appearance of CPE is relatively slow,
especially in the continuous cell lines. For the best sensi-
tivity, a 4-week incubation with blind passage is re-
commended. Among healthy children, adenovirus is rarely
cultivable ( £ 1%) from throat swab specimens, and adeno-
virus isolation can be considered diagnostically significant
and indicative of an acute infection (201, 227). Shell vial
assay, in which monolayers are tested with monoclonal
antibodies to the hexon protein, can shorten detection time
to 1 to 2 days, although the sensitivities of different shell vial
cultures are variable.

Isolated viruses can be identified as adenoviruses by
various immunologic techniques; e.g., immunofluorescence,
enzyme immunoassay (EIA), PCR, or latex agglutination.
Serotyping of the isolates can be done by neutralization, or
with some isolates, by hemagglutination inhibition. Re-
ference antisera are available from American Type Culture
Collection. Today, serotyping has been largely replaced by
genotyping using PCR combined with sequencing, probe
hybridization or restriction endonuclease analysis (62,228–
230). Whole genome sequencing is needed for in-depth
analysis of co-evolution versus intertypic recombination
events for the designation of novel types (65, 70, 231, 232).
Next generation sequencing will facilitate these efforts (233).

Antigen Detection
Monoclonal or polyclonal antibodies directed against the
group-specific hexon antigen can be used for the direct de-
tection of adenoviruses in clinical specimens. Commercial
monoclonal antibodies and immunoassays, showing similar
performances as laboratory-designed tests, are available.

In respiratory and eye specimens, infected cells can be
detected by immunofluorescence, whereas immunoassay
methods (EIA and time-resolved fluoroimmunoassay) can
be used to detect both cell-bound and free antigenic pro-
teins. Nasopharyngeal aspirates are preferable respiratory
specimens for immunoassays, but for adenovirus, throat
swabs also have good performance (234). The best sensi-
tivity is obtained if the specimen is collected during the first
4 to 5 days after onset of illness, but some patients remain
positive for 2 to 3 weeks. The sensitivity of the immunoassay
methods has been 75 to 90% for children, compared to
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culture or serology, but is considerably lower for adults
(144,235–238). Compared to culture, immunofluorescence
has a lower sensitivity than immunoassays (239). There are
several commercial point-of-care tests for adenovirus. A
meta-analysis of Japanese studies on immunochromato-
graphy tests reported 88%, 91%, and 67% sensitivities and
97%, 98%, and 100% specificities for throat, stool, and con-
junctival specimens, respectively (240). A rapid test of ad-
enovirus conjunctivitis (AdenoPlus), designed for direct
sampling of tear fluid with a sterile collector and automatic
transfer of the sample to the test strip, showed 85% sensi-
tivity and 98% specificity as compared to PCR (241). EIAs
have also been used to detect adenovirus antigens in con-
junctival specimens. Compared to culture, EIA has shown a
sensitivity of 70 to 80%, when specimens were collected
early in the course of illness.

In fecal specimens, adenovirus antigens can be detected
by immunoassays and by latex agglutination. Antigen de-
tection is especially suitable because the enteric types 40 and
41 grow poorly in cell culture and stool samples are often
cytotoxic. In addition to group-specific immunoassays, im-
munoassays specific for the enteric types have also been
developed. The sensitivity of EIAs for enteric adenoviruses
in stool has been 85 to 100%, compared to culture (144,
242). Direct visualization by EM is also used to detect ade-
noviruses in stool, although it is impractical under most
diagnostic circumstances. The characteristic morphology of
adenoviruses makes them easy to identify by EM and allows a
rapid diagnosis whenever the amount of viral particles in the
specimen is large enough. Enteric adenoviruses occur in
stools in considerably larger quantities than respiratory
adenoviruses, and the sensitivity of EM is comparable to that
of immunoassays. The enteric adenoviruses can be identified
by the use of immuno-EM.

PCR Tests
Adenovirus DNA can be detected directly from respiratory
specimens, plasma, conjunctivae, stools, urine, and genital
specimens using PCR. As with many other respiratory
viruses, PCR is more sensitive than conventional virus
culture or virus antigen detection. Specificity of PCR can be
confirmed through sequencing. In one study of 1,038 sam-
ples from children with respiratory illness, 130 specimens
were positive for adenovirus by PCR compared to 29 by FA
testing (243). In another study of 181 respiratory samples
from children, virus culture and direct immunofluorescence
identified 7 positive samples, compared to 17 by real-time
PCR (244). Similar test sensitivity has been obtained for
nasopharyngeal aspirates and throat swabs (234). The high
number of types and continuous evolution of new variants
are challenges for PCR test development. The first priority
in clinical setting is adenovirus identification; the type may
become relevant later. Therefore, the conserved motifs of
the hexon gene have been the target for quantitative pan-
adenovirus PCRs, and protocols have been developed that
use 1 to 6 different primer and probe sets (245). Multiplex
PCR methods, including adenovirus as one of the targets,
have been developed for the detection of respiratory, enteric,
and ocular spectrum of infections (246–248). Multiplex
PCR has lower sensitivity compared to individual PCRs, and
adenovirus might be a particularly difficult target for these
assays (249). If a severe adenovirus infection is suspected on
clinical grounds, a negative multiplex PCR result should be
confirmed with a more sensitive singleplex test.

Quantitative detection of adenovirus is helpful for clin-
ical decisions (250). Since PCR may detect latent adeno-

virus in the respiratory, gastrointestinal, or urinary tract, a
high adenovirus DNA load may be more often associated
with active disease or more severe disease (226,251–253). In
situ hybridization is a valuable method in pathogenesis
studies, but it is rarely applicable in everyday diagnosis (254).

Serology
Serological studies of acute and convalescent sera may be
needed to establish evidence of infection. Significant in-
creases in titer of antibody can be measured to the common
hexon antigen by complement fixation or by EIA. The
sensitivity of complement fixation is about 50 to 70% and
that of EIA is about 70 to 80%, compared to virus antigen
detection (144). In small children, seroresponses are more
attenuated than in older children and adults, and immu-
nocompromised hosts may fail to mount responses. IgM
antibodies are detectable in 20 to 50% of infections, but the
immune responses are often poor and difficult to interpret.
Neutralization and hemagglutination inhibition tests are
sensitive but measure type-specific antibodies, so these assays
are not suitable for routine diagnosis.

PREVENTION
Isolation of patients with adenoviral illness has not been
recommended routinely. Detection of adenoviruses by PCR
in the air and on surfaces (81, 82) suggest that proper
cleaning, isolation of patients with suspected or confirmed
cases of adenovirus infection, and restriction of new admis-
sions may be essential in limiting the risk of nosocomial
spread. As droplet precautions may not be effective, airborne
precautions with a properly ventilated isolation room should
be considered when the patient is treated in the intensive
care unit and for patients with severe adenovirus type 3, 7, or
14 infections.

Rigorous hand-washing both before and after contact
with the patient is recommended, but routine soap and water
may not reliably remove adenovirus. An 85% ethanol hand
gel reduced significantly the infectivity titer of adenovirus in
2 minutes (255). However, adenoviruses are resistant to
many disinfectants, and the use of 70% isopropyl alcohol in
disinfection of instruments, for example, is not reliable (88).
The antiadenoviral activity of chlorhexidine is low. Surfaces
should be treated with 85 to 95% alcohol for at least 2
minutes or with sodium hypochlorite for 10 minutes (5). Use
of disposable gloves should be considered when examining
a patient with suspected adenovirus infection. During epi-
demics, medical staff should be instructed not to rub their
eyes or to do so only with a clean tissue or paper towel (192).

Hospital outbreaks have been controlled by grouping of
patients into cohorts; the use of gloves, gowns, and goggles;
and the exclusion of symptomatic staff from the unit. En-
vironmental surfaces have been disinfected daily with so-
dium hypochlorite. Dirty towels may be the source of
infection in outbreaks, and disposable paper towels or hot-air
blowers have been recommended. Table 3 lists preventive
measures for epidemic keratoconjunctivitis.

Immunoprophylaxis
Based on the observations that adenovirus infects the gas-
trointestinal tract but uncommonly causes gastrointestinal
illness in adults, a safe and effective live oral adenovirus
vaccine containing wild types 4 and 7 in enteric tablets was
developed (256). These adenovirus strains replicate in the
intestine and induce type-specific neutralizing serum anti-
bodies. Since 1971, the vaccine program dramatically
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reduced adenoviral disease rates by 95 to 99% and total
respiratory disease rates by 50 to 60% in the U.S. military,
findings demonstrating the dominant role of adenovirus
infections in military populations (Fig. 6). Due to the ces-
sation of production by the sole manufacturer, no adenovirus
vaccine was available from 1999 to 2012. During that time a
dramatic increase in the occurrence of adenovirus infections
was recorded. Two years after reintroduction of the vaccine,
a 100-fold decline in adenovirus disease burden was repor-
ted. It is estimated that adenovirus vaccines now prevent
approximately 13,000 febrile illnesses per year saving ap-
proximately 50 million dollars per year (8).

TREATMENT
At present there is no specific antiviral treatment of proven
value for adenovirus infections. Ribavirin, ganciclovir, val-
ganciclovir, cidofovir, and brincidofovir (formerly CMX-
001) are variably active against adenoviruses in vitro and thus
potentially effective for treatment. Ribavirin shows in vitro
inhibitory activity only for group C adenoviruses, and in-
travenous ribavirin has poor or no efficacy in the treatment
of severe adenoviral disease (5). A great number of case-
series studies have provided anecdotal support for the clin-
ical efficacy of cidofovir (a monophosphate nucleotide
analog of cytosine) treatment, especially when given early
and combined with withdrawal of immunosuppression (215,
257). Cidofovir is commonly used in the clinic as preemp-
tive or as therapeutic treatment, but its use is associated with
high rates of nephrotoxicity, and, in case of severe adeno-
virus disease, the efficacy of cidofovir is limited. However,
prospective randomized clinical trials have not been carried
out. In many centers, adenovirus DNA loads in plasma are
monitored weekly in HSCT patients, and preemptive cido-
fovir treatment is started when adenovirus DNA is detected
or increases progressively. Cidofovir treatment led to stable
or reduced viral load in 70% of 18 HSCT children with
blood adenovirus load greater than 1 · 103 copies per milli-
liter (214). Among 135 patients, mostly HSCT recipients,
who had been treated with cidofovir (5 mg/kg of body
weight), once per week for 1 week to 11 months, renal

toxicity (mostly mild proteinuria or mild elevation of the
serum creatinine) was recorded in 13%. Of 20 patients with
pneumonia, 9 (45%) survived. Among patients treated with
1 milligram per kilogram, three times per week, for 2 weeks to
8 months, renal toxicity developed in 7 (29%) of 24 patients,
but all 6 patients with pneumonia survived (258). A decrease
in the plasma virus load has been shown to predict a clinical
response. On the other hand, retrospective studies have
shown that antiviral therapy may not be necessary for all
children who develop adenovirus viremia after BMT (215).
In neonates with disseminated infection, cidofovir or riba-
virin treatment did not improve outcomes (208).

Brincidofovir is a promising orally bioavailable lipid
conjugate of cidofovir. It is not associated with nephro-
toxicity or myelosuppression but causes diarrhea as a dose-
limiting side effect. It is in vitro 65-fold more potent against
adenoviruses than cidofovir. A controlled clinical trial to
evaluate the safety and efficacy of brincidofovir for adeno-
virus disease in 200 HCT recipients have been recently
completed (5, 259, 260).

Proper T cell function is crucial for clearance of adeno-
viral infection. Adoptive transfer of adenovirus-specific T
cells is a promising treatment for allo-HSCT recipients not
responding to antiviral chemotherapy (5). Peripheral blood
mononuclear cells of the HSCT donor are stimulated in vitro
with adenovirus hexon protein and enriched and transferred
to the patient. With this treatment protocol adenovirus-
related mortality was 9.5% in 21 patients who had immu-
nological response to the therapy, compared with 100%
mortality in 8 patients did not respond (261). Hemorrhagic
cystitis after bone marrow and renal transplantation is
treated with steroid pulse therapy, but the value of this
therapy is unproven. Intravesical instillation of cidofovir in
the treatment of adenovirus-induced hemorrhagic cystitis
has been reported (205).
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Polyomavirus infections are widespread among humans
and animals. The prototype of this viral family, polyoma virus
of mice, was discovered in 1953 as an agent capable of
producing tumors in its natural host (1). A second poly-
omavirus, murine K virus (KV; now known as mouse
pneumotropic virus or MPtV), was discovered in 1952 (2).
The simian polyomavirus, SV40, was discovered in 1960 as
a contaminant of lots of rhesus monkey kidney cells
used to prepare polio vaccine stocks (3). Infectious SV40,
subsequently detected in both the Salk and Sabin polio
vaccines, as well as in adenovirus vaccines, was in-
advertently administered to millions of individuals world-
wide (3).

The first evidence that polyomaviruses might also be
infectious for humans came in 1965, when Zu Rhein et al.
and Silverman and Rubinstein independently reported
the electron microscopic detection of structures resembling
polyomaviruses in brain sections from patients with the
fatal demyelinating disease, progressive multifocal leu-
koencephalopathy (PML) (4). Isolation of the agent was
achieved in 1971, when Padgett et al. recovered a previously
unknown human polyomavirus, JC virus (JCPyV), by in-
oculation of PML brain material from patient J.C. into
primary cultures of human fetal glial cells (5). In that same
year, a second polyomavirus, BK virus (BKPyV) was re-
covered from the urine of a human renal transplant patient
(6). BKPyV has since been repeatedly recovered from
urine and also been associated with hemorrhagic cystitis in
allogeneic hematopoietic stem cell transplant patients (7)
and nephropathy/interstitial nephritis in renal transplant
patients.

For over 40 years, JCPyV and BKPyV were the only
polyomaviruses unequivocally associated with human in-
fections. Recently, however, 11 additional human poly-
omaviruses have been identified (Table 1), and nearly 100
additional polyomaviruses have been recovered from non-
human primates, other mammals, birds, and fish (8, 9). An
unambiguous link to tissue pathology and disease is miss-
ing for most polyomaviruses. This chapter will emphasize
the major polyomaviruses that have been associated
with human clinical illness and cancer: JCPyV, BKPyV,
MCPyV, and TSPyV. The simian betapolyomavirus SV40,
however, remains controversial as a cause of human illness
and neoplasia (10).

VIROLOGY
Classification
Polyomaviruses were initially considered a genus within the
family Papovaviridae, which included papillomaviruses and
polyomaviruses. In 2000, these agents were reclassified as
two separate families, Papillomaviridae and Polyomaviridae.
Subsequently, the rapidly increasing number of polyomavi-
ruses isolated from human and nonhuman animal species led
the Polyomaviridae Study Group of the International Com-
mittee on Taxonomy of Viruses (ICTV) to propose dividing
the polyomaviruses into three separate genera: Orthopolyo-
mavirus, which included JCPyV, BKPyV, and SV40; Wuki-
polyomavirus; and Avipolyomavirus, which was restricted to
polyomaviruses infecting birds. As of December 2015, a new
classification system has been proposed, based on the ob-
served distance between large T coding sequences: this
designates four genera: Alpha-, Beta-, Gamma-, and Delta-
polyomavirus according to host species and order of detection
(9). The recently recognized human polyomaviruses are
distributed across Alphapolyomaviridae HPyV8, HPyV9,
HPyV12, and NJPyV; the Betapolyomaviridae KIPyV and
WUPyV; and the Deltapolyomaviridae HPyV6, HPyV7, and
HPyV11 genera (9). This classification has been accepted by
the ICTV but is still subject to modification.

Virus Structure and Composition
Polyomaviruses are unenveloped 40 to 45 nm, icosahedral
agents encapsidating a supercoiled, circular, double-stranded
DNA genome wrapped around two histones (Figure 1). The
genome consists of 4,900 to 5,900 base pairs (bp), which
comprise three functional regions (Figure 2). The noncoding
control region (NCCR) of approximately 400 bp harbors the
origin of replication (ori), and promoter/enhancer units di-
recting the bidirectional expression of the early and late viral
genes in concert with host cell factors reflecting differenti-
ation and activation. The early viral gene region (EVGR) of
approximately 2,500 bp encodes the key regulatory proteins
including large T-antigen (LTag) and the small T-antigen
(sTag). The primary EVGR transcript is also spliced to give
rise to several smaller T-Ag derivatives with partly overlapp-
ing domains, which are replication cycle, host cell, or species
dependent. Examples include LTag and truncT’ of JCPyV
and MCPyV, respectively, or the middle T-antigen (mTag) of
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mouse polyomavirus (MPyV) and the human MCPyV (11).
The late viral gene region (LVGR) of approximately 2,900
bp encodes the capsid proteins Vp1, Vp2, and Vp3, which
are posttranscriptionally derived from different splice and
translation start signals. In the 5¢ end of the LVGR,
some polyomavirus species including JCPyV, BKPyV,
and SV40 encode a small regulatory leader protein called
agnoprotein. In addition, microRNAs have been detected in
the distal LVGR; these are complementary to EVGR tran-
scripts and may play a role in down-regulation of T-antigen
expression (11).

JCPyV, BKPyV, and SV40 DNAs exhibit extensive (69%
to 75%) DNA homology, with greatest sequence divergence
being found in the regulatory region (RR), on the late side of
the ori (11). In contrast, although the more newly discov-
ered polyomaviruses are phylogenetically related to other
human and primate polyomaviruses in the early region of
their genomes, each of these newer agents is divergent from
JCPyV, BKPyV, and SV40 in the amino acid homology in
the LVGR encoded Vp1 (12).

Although the genomes of JCPyV, BKPyV, and SV40
encode only single serotypes of virus; extensive variation

TABLE 1 Human polyomaviruses1

Common agent name
(abbreviation) Taxonomic name Major site(s) of persistence

Infection in
immunologically
normal individuals

Symptomatic
infection,

immunocompromised
individuals

Genus Alphapolyomavirus
Merkel cell polyomavirus
MCPyV1)

Human polyomavirus 5 Skin Unknown Isolated from 80% of
cutaneous Merkel
cell carcinomas

Trichodysplasia spinulosa
(TSPyV)

Human polyomavirus 8 Skin Unknown Trichodysplasia
Spinulosa

Human polyomavirus 9
(HPyV9)

Human polyomavirus 9 Unknown: recovered from
plasma and urine

Unknown Unknown

Human polyomavirus 12
(HPyV12)

Human polyomavirus 12 Liver (colon, rectum) Unknown Unknown

New Jersey polyomavirus
(NJPyV)

Human polyomavirus 13 Unknown Unknown Microvasculitis of
muscle, necrotizing
dermopathy, and
retinal blindness in a
pancreatic transplant
patient (1 case)

Genus Betapolyomavirus
BK virus (BK polyomavirus)
(BKPyV, BKPyV)

Human polyomavirus 1 Kidney Inapparent or mild
Periodic viruria

Nephropathy
Hemorrhagic cystitis
Ureteral obstruction

JC virus (JC polyomavirus)
(JCPyV, JCPyV)

Human polyomavirus 2 Kidney (brain, PBMCs,
possibly other organs)

Inapparent or mild
Periodic viruria

PML (cerebellar
granule cell
infection)

(cortical encephalitis)
KI virus (KI polyomavirus)
(KI PyV)

Human polyomavirus 3 Respiratory tract, possibly
gastrointestinal tract

Possible but
unconfirmed
association with
respiratory
tract infection

Possible but
unconfirmed
association with
respiratory tract
infection

WU virus (WU polyomavirus)
WUPyV

Human polyomavirus 4 Respiratory tract, possibly
gastrointestinal tract

Possible but
unconfirmed
association with
respiratory
tract infections

Possible but
unconfirmed
association with
respiratory tract
infections

Genus Deltapolyomavirus
Human polyomavirus 6
(HPyV6)

Human polyomavirus 6 Skin Unknown Unknown

Human polyomavirus 7
(HPyV7)

Human polyomavirus 7 Skin Unknown Unknown

MW polyomavirus (MWPyV) Human polyomavirus 10 Gastrointestinal tract Unknown Unknown
STL polyomavirus (STLPyV) Human polyomavirus 11 Tonsillar tissue

(gastrointestinal tract?)
Chronic tonsillitis Unknown

1Agents associated with disease are shown in bold type.

600 - THE AGENTS—PART A: DNA VIRUSES



may occur in the NCRRs of each (11), resulting in multiple
genotypes (often referred to as “strains”) of each agent.
Genotypes that are shed in urine and involved in trans-
mission of infection are termed “archetypal.” Genotypes
differing from the archetype in their rNCCR are termed
“variant” or “rearranged” (13). As discussed below, variance
from archetypal genomic sequences has been postulated to
account for differences in the biological behavior of these
agents, including host range, regulation of viral growth, and
ability to cause disease. In the case of SV40, archetypal ge-
notypes isolated directly from simians usually contain only a
single 72 bp enhancer element, whereas partial duplication
of this region is characteristic of genotypes of virus cultivated
in vitro (14).

BKPyV was initially considered to be comprised of pro-
totypic Dunlop (DUN) and five other genotypes, MM, GS,
MG, AS, and RF (11, 15). Subsequently, BKPyV was di-
vided into four major genotypes (I, II, III, and IV), based on
heterogeneity of VP1 gene and immunoreactivity (15), with
genotype I being most common worldwide, and subtype IV
being common in Europe and East Asia but rare in Africa
(16, 17). Group I comprises the DUN genotype, as well as
two other genotypes, MM and GS. Group II encodes the SB
genotype; group III the AS genotype; and group IV the MG
and RF genotypes (11). GS and MM viruses have sequence
differences around the replication origin. MGV and RFV,
although antigenically similar to BKPyV, have a bipartite
genome consisting of two complementing defective mole-
cules, one having a deletion corresponding to the BKPyV
early region, and the other, to the BKPyV late region (18,
19). More recently, BKPyV has been further classified into
subgroups, which also appear to correlate with geographic
distribution (16, 17). Individuals may harbor more than one
genotype of virus.

Regulatory and Structural Proteins
Polyomaviruses encode two groups of viral proteins: “early
proteins,” which are regulatory and control viral synthesis
but are not components of the virion; and “late” proteins,
which include the structural virion proteins (Table 2) (11).
EVGR and LVGR are separated at their 5¢ termini by the
NCCR of approximately 400 bp, which contain a single
origin of replication (Figure 2). The NCCR plays an im-
portant role in controlling EVGR and LVGR expression and
also in initiating viral DNA replication.

The early proteins have been most thoroughly studied in
the case of SV40. The roles of these proteins in SV40 syn-
thesis are thought to apply to other polyomaviruses as well.
The most important early protein is large T-antigen (LTag), a
708 amino acid protein, which is expressed predominantly
in the cell nucleus but is also present at the cell membrane
(Figure 3) (11, 20). LTag binds to the viral origin of repli-
cation as well as the NCCR and has multiple functions,
many of which are accomplished by the ability of LTag to
bind to and modulate the activity of different host cell
proteins (11). Functions of LTag include initiation and ex-
ecution of viral genome replication, and regulation of syn-
thesis of both viral and cell proteins (Table 2) (20). LTag is
the only viral protein essential for viral DNA synthesis and
interacts with multiple cellular proteins including tumor
suppressor proteins pRb, p107, p130, and p53 (Figure 4).
LTag also plays an essential role in “virus-induced” cell
transformation (11, 20), such that the presence of LTag in
cells has been used as a marker for polyomavirus-mediated
cell transformation (Figure 4) (20). LTag also serves as a
recognition site for cytotoxic T-lymphocyte-mediated im-
mune control (21, 22). sTag is a histone-rich protein
that shares its N-terminus with LTag but has a unique C-
terminus. The functions of sTag and of the late, nonstruc-
tural agno protein are outlined in Table 3 (11, 23, 24, 25).

Three structural proteins comprise the viral capsid in
most human polyomaviruses: the 45 kDa protein Vp1, and
two smaller proteins, Vp2 and Vp3. These are arranged into
72 capsomeres, each comprised of 5 molecules of VP1 and
one molecule of VP2 or VP3. VP1 is the only protein ex-
posed on the capsomere surface and is the major protein
involved in viral attachment to cells (11). In contrast,
MCPyV contains only VP1 and VP2; VP3 is not detected
(26). A smaller derivative called Vp4 has been reported to

FIGURE 1 Electron micrograph of BKPyV extracted from hu-
man fetal kidney cells, concentrated by ultracentrifugation, and
stained with 2% phosphotungstic acid, showing characteristic 42
nm particles.

FIGURE 2 Schematic representation of a human polyomavirus
genome, made up of circular double-stranded DNA. Regions
comprising the NCCR are shown in blue; those comprising the
EVGR are shown in red: these encode LTag, truncT’ as found in
MCPyV, and sTag. LVGR sequences encoding VP1, VP2, VP3, and
the agno protein are shown in red. The agno protein-encoding gene
is not found in every HPyV genome.
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function as a viroporin for SV40 (27). Extensive anti-
genic similarity exists between the large and small T-Ags of
JCPyV, BKPyV, and SV40. A lesser degree of antigenic cross-
reactivity exists among intact JCPyV, BKPyV, and SV40
virions or among the newer polyomaviruses (28, 29, 30).

Biology

Virus Attachment and Entry into Cells
Most PyV capsids bind host cell membrane structures, which
consist of glucose: galactose, N-acteyl-galactosamine, and N-
acetyl-neuraminic acid, connected by glucosidic linkages to
lipids in the host cell membrane and to each other. JCPyV
binds to two receptors in brain: an a2,6-linked sialic acid on
the lactoseries tetrasaccharide c (LSTc) glycan and also the
5-HT2AR serotonin receptor (31, 32, 33). The distribution
of LSTc, serotonin receptors, and virus binding sites overlap
in the kidney, a major site of JCPyV persistence and in the
choroid plexus (34). Within the brain, however, the two
receptors are not coexpressed: LSTc is found on microglia,
vascular endothelial cells, and cells in the choroid plexus,
whereas 5-HT2AR serotonin receptors are found on oligo-
dendrocytes and astrocytes. These data suggest that LSTc
might allow JCPyV binding at the blood-brain barrier, but

that 5-HT2AR serotonin receptors, rather than LSTc, are
necessary for JCPyV attachment to its target glial cell pop-
ulations (34).

BKPyV attachment to cells involves binding of viral
pentamers to gangliosides GD1b carrying one branch of
b1,4-N-acteyl-galactosamine-b1,4-galacose and one branch
of a2,3 N-acetyl-neuraminic acid- a2,8 N-acetyl-neuraminic
acid (35). BKPyV also binds to GT1b, which corresponds
to a GD1b carrying one additional a2,3-N-acetyl-
neuraminic acid coupled to the b1,4-N-acteyl-galactosamine
(35). Addition of the gangliosides GD1b and GT1b to
LNCaP cells, which are normally resistant to BKPyV infec-
tion, makes the cells susceptible to infection by the virus
(35). The events involved in attachment and uptake of the
more recently discovered polyomavirus are less well under-
stood, because of the difficulty in generating replication
competent PyV virions from in vitro cell culture systems.
MCPyV has been reported to bind to GT1B (36) but may
also undergo a two-step attachment and entry process, with
initial binding of VP1 to heparin sulfate and other sulfated
glycosoamines, followed by transfer of the virus to a sialylated
glycan, which appears to play a role in viral uptake (37).

The ability of polyomaviruses to bind to cell membrane
glycosylation structures enables many of these agents, such as

TABLE 2 Functions of early and late polyomavirus-encoded proteins
Large T-antigen
1) Viral DNA replication T-Ag forms a double hexamer and in the presence of ATP causes untwisting of the early viral DNA

palindrome within the origin. Using its helicase activity, the complex unwinds the viral DNA
bidirectionally. Cellular proteins, topoisomerase I and DNA polymerase/primase are recruited to the
replication origin to form a replication complex that is involved in the initiation of the replication of
viral DNA molecules.

2) Activation of late viral
gene expression

T-Ag effects an alteration of the cellular repressors that normally bind near the late promoter. This
derepression, perhaps in combination with recruitment of transcription factors, activates late
transcription. Alternatively, replicated viral DNAs appear in sufficient amounts to titrate the
repressors.

3) Down regulation of T-Ag
expression

Two possible mechanisms for this down-regulation have been reported: 1) T-Ag activates expression of
the late genes at the late promoter by helping to recruit transcription factors. Activation of the late
promoter sequesters the transcription factors also required for the activation of the T-Ag promoter
causing its own down-regulation. 2) Autoregulation: T-Ag binds to viral DNA at sites that block
expression of the T-Ag gene.

4) Initiation and maintenance
of cell transformation

By binding to and/or inactivating tumor suppressors p53, Rb, and perhaps several others, the
suppression or control of cell growth is then reversed and the cells become morphologically
transformed and display several parameters of transformation. Also, the cells may form tumors in
appropriate animals and can assume an immortal phenotype in culture. T-Ag may be required for
immortalization of polyomavirus-transformed cells.

Small T-antigen
1) Intracellular accumulations of viral DNA and viral replication. Regulates PP2A.
2) Reverses the apoptotic effect of large T-Ag.
3) Causes cell cycle progression. Increases tumorgenicity of LTag transformed cells.
4) Binds several cellular proteins, e.g., p300, PP2A.
5) Induces telomerase and AKT activities.

Late (Capsid and Agno) proteins
VP1 Major capsid protein: involved in virus attachment to cell surface receptors.
VP2, VP3 Minor capsid proteins.
Agno protein 1) May serve a role in viral morphogenesis perhaps by retarding polymerization.

2) May help with intracellular migration of VP1 to the perinuclear region and entry of VP1 into
the nucleus with consequent viral assembly.

3) Involved with late transcriptional regulation.
4) May play a role in cell to cell spread of virus.
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JCPyV and BKPyV, to agglutinate red blood cells of various
species. In contrast, SV40 does not hemagglutinate as it
binds to the branched glycan GM1 (b1,4-glucose-b1,4-
glactose-b1,4-N-acteyl-galactosamine and one a2,3-N-
acetyl-neuraminic acid), which is not found on erythrocytes.

BKPyV and SV40 enter cells by endocytosis into cav-
eosomes and from there into the endoplasmic reticulum

(38, 39). Virus-containing vesicles are then transported in-
tracellularly to fuse with the outer membrane of the cell
nucleus, releasing viral particles into perinuclear cisternae.
Uncoating of SV40 and MCPyV DNAs begins in the en-
doplasmic reticulum (11). In contrast, internalization of
JCPyV involves endocytosis of the virus within clathrin-
coated pits, and transport of JCPyV to the cell nucleus in-
volves microtubules and microfilaments (11). Uncoating of
JCPyV DNA is thought to occur exclusively within the cell
nucleus.

Viral Replication
The steps of viral replication have been most clearly defined
for SV40 and BKPyV. Other polyomaviruses are thought to
replicate in a similar fashion. Replication of the SV40 ge-
nome occurs in two stages, with early viral genes being
transcribed off of one DNA strand in one direction and late
viral genes being transcribed after the early genes and off the
other strand in the opposite direction (11). Polyomavirus
gene transcription is governed by cis-acting sequences in the
regulatory region (11). The early promoter of SV40 is lo-
cated near the origin of replication and contains a TATA
box, three G-C rich regions, and an enhancer region of 72
bp tandem repeats all contained within the NCCR (11).
The early G-C rich regions are bound by the Sp1 cellular
transcription factor and the enhancer region, which are
thought to interact with other transcription factors. EVGR
and LVGR expression is critically controlled by a hierarchy
of transcription factors, in which Sp1 and Ets1 sites play a
major role (40). These sites are altered in natural BKPyV
NCCR variants from immunocompromised patients with
nephropathy (41), hemorrhagic cystitis (42), and dissemi-
nated infection (43, 40). Transcription is mediated by cel-
lular RNA polymerase II, resulting first in the production of
EVGR mRNAs encoding LTag and sTag (11). During late
transcription there is differential splicing to form the
mRNAs encoding the agnoprotein, as well as VP1, VP2, and
VP3. Assembly of virions occurs in the cell nucleus, followed
by release of viral particles during cell lysis (11).

Host Range
Polyomaviruses are extremely species-specific and are for the
most part unable to cause productive infection in unrelated
species. SV40 represents an exception to this rule: the virus
naturally infects rhesus and cynomolgus monkeys but was
shown to produce limited infection in humans following
exposure to contaminated vaccines (44). Similarly, BKPyV
has been shown in one study to cause systemic infection and
interstitial nephritis in immunosuppressed cynomolgus
monkeys (45). Species specificity and ability to infect spe-
cific cell populations are controlled by regulatory elements
unique to each virus and their interaction with host cell
proteins (11). Inoculation of laboratory rodents (or in the
case of JCPyV or BKPyV, nonhuman primates) with JCPyV,
BKPyV, or SV40 causes a variety of neoplasms, usually at or
near the site of inoculation. Other animal models are dis-
cussed in the Pathogenesis section.

Growth in Cell Culture
SV40, BKPyV, and PML-associated genotypes of JCPyV can
be grown in primary human fetal glial (PHFG) cells. In this
culture system, SV40 results in a progressive lytic infection
of certain cell populations, resulting in high titers of infec-
tious virus, and a transforming infection in others (Figure 5)
(14, 46). Inoculation of PHFG cultures with BKPyV pro-
duces an infection that is nearly identical to that seen with

FIGURE 3 (A) Identification of SV40 T-Ag by immunofluo-
rescence in transformed simian TC-7 kidney cells. Cells were grown
in a monolayer and reacted with monoclonal antibodies PAb 416,
PAb 108, and PAb 101 directed against T-Ag as described by
O’Neill et al. (272). (B) Naïve TC-7 cells (not containing T-Ag-
encoding DNA sequences) reacted with monoclonal antibodies as
in panel A (negative control).

FIGURE 4 Western blot of SV40 T-Ag and p53 from trans-
formed human cells. SV40 T-Ag was immunoprecipitated in even-
numbered lanes and p53 was immunoprecipitated in odd-numbered
lanes, and the immunoprecipitates were subjected to electrophoresis
in agarose gels and analyzed by Western blotting using a cocktail of
antibodies to T-Ag or p53 (95). The illustration shows that im-
munoprecipitation of either protein results in coprecipitation of the
second protein.
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TABLE 3 Major immunotherapeutic and cytoxic agents associated with PML

Agent Mechanism of action Therapeutic use Frequency of PML

Duration of
treatment before

diagnosis Treatment Mortality

Natalizumab Binds to a4 subunit of a4ß1
and a4ß7 integrins
expressed on leukocytes.
Inhibits lymphocyte
trafficking into brain

Multiple sclerosis
Crohn’s disease

8.5/1,000 in JCPyV-positive
patients treated for 49–72
months; 13/1,000 in
patients with prior
immunosuppression

Months to years Discontinue drug. Plasma
exchange plus
immunoadsorption

23%1

Rituximab Anti-CD20 monoclonal.
Produces destruction of B
lymphocytes and pre-B
lymphocytes

Lymphoproliferative
disorders; collage-
vascular diseases and
other autoimmune
disorders; AIDS-related
lymphomas

1:30,000 (most cases in
patients receiving
multiple
immunosuppressive drugs

Months to years Discontinue drug. Plasma
exchange. Use of
immunoadsorption not
reported

Death in most
reported cases2

Alemtuzumab Binds to CD52 receptors on
lymphocytes

B-cell chronic
lymphocytic lymphoma

Multiple sclerosis

Rare cases in B-CLL, none
as yet in multiple sclerosis

Months Discontinue drug. Use of
plasma exchange or
immunoadsorption not
reported

Unknown3

Brentuximab
vedotin

Binds to CD30 receptors on
Reed-Sternberg and other
Hodgkins or leukemia
cells, activated T cells,
resting B cells

Anaplastic large cell and
Hodgkin lymphomas

Unknown Weeks to months Discontinue drug. Use of
plasma exchange or
immunoadsorption not
reported

80%

Mycophenolate
mofetil

Inhibits inosine
monophosphate
dehydrogenase, involved
in B- and T-cell
proliferation

Solid organ transplants;
systemic lupus
erythematosus; other
autoimmune diseases

Hodgkin’s disease

Rare Weeks to months Discontinue drug. Death in most
reported cases2

Fludarabine Inhibits DNA polymerase
alpha, DNA primase,
ribonucleotide reductase

Chronic lymphocytic
leukemia

0.52% of treated patients Months Unknown Death in most
reported cases

Dimethyl
Fumarate

Mechanism unknown Multiple sclerosis
Psoriasis

< 10 cases reported Months Discontinue drug Unknown3

Fingolimod Prevents transit of
lymphocytes out of
lymphoid organs

Multiple sclerosis < 10 cases reported Months4 Discontinue drug Unknown3

1As of March 2015.
2Most reported cases are in individuals treated with two or more immunosuppressive agents.
3Numbers of reported cases too small to allow estimation of overall mortality.
4Some cases have occurred in patients following transition from natalizumab to fingolimod.
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SV40, and serial passage of BKPyV-infected brain cultures
results in the development of both persistently infected and
transformed cell lines (Figure 5) (46). In contrast, PML-
associated genotypes of JCPyV cause a productive infection
in PHFG that evolves over weeks. JCPyV infection in this
culture system has a more limited cytopathic effect than does
that produced by BKPyV or SV40 and in some studies has
been described to involve spongioblasts or oligodendroblasts
almost exclusively (Figure 5) (46).

Other than their ability to replicate in PHFG cells, the
culture requirements of these three agents differ considerably

(47). SV40 can be isolated in cell lines derived from African
green monkey kidney cells (BSC-1, CV-1, and Vero cells),
and has also been propagated in several human tumor cell
lines (47, 48). SV40 grows poorly in human fibroblasts, such
as WI-38, and even less efficiently in HEK cells (47, 48, 49,
50). BKPyV readily replicates in primary human proximal
tubular epithelial cells, which represent the natural target in
nephropathy, and has become the preferred experimental
model in tissue culture (51, 52, 40). BKPyV also grows in
human fibroblasts, early passage primary cultures of human
embryonic kidney (HEK) and PHFG cells, simian BSC-1
cells, and, to a limited extent, in simian Vero cells (53).
JCPyV was initially isolated from PML brains using PHFG
cells, and this culture system has been used most extensively
in studies of the virus (5). Although several other cell cul-
ture systems have been developed, these have been less ex-
tensively employed (4). The human glial cell–derived line
SVGp12 expressing SV40 LTag supports JCPyV replication,
but because of its contamination with BKPyV, researchers
have resorted to the BKPyV-free clone SVG-A (54). Lim-
ited growth of the JCPyVarchetype has been shown to occur
in PHFG cells, and very slow growth of the virus also occurs
in HEK and human endothelial cultures (55). Efficient
propagation of the archetype forms of both BKPyV and
JCPyV has been reported in 293TT (human embryonic
kidney) cells overexpressing SV40 T-Ag (56). Efficient
propagation of the archetype forms of both BKPyV and
JCPyV has been reported in cells expressing the SV40 LTag
such as HEK293TT, COS-7, SVG-A cells, and SVGp12,
which carries infectious BKPyV (56, 54). Although trans-
duction of cells in culture has been reported with MCPyV
DNA (57), infection of cells in culture using the newer
polyomaviruses has not yet been reported.

Cell Transformation by Polyomaviruses
In primary cell cultures or cell lines that are “permissive,”
polyomaviruses replicate to generate progeny virus. Infection
of cells that are “nonpermissive” for these viruses, however,
is characterized by integration of the viral genome into that
of its host; these cells usually express early but not late viral
proteins, develop distinctive biological and biochemical
properties such as the ability to grow from single cells or to
grow in agar or serum-free media, and are considered
transformed (11, 58). Some, but not all, transformants be-
come capable of indefinite serial passage and are considered
immortal in culture (59). In general, cell transformation has
required the use of cell culture systems derived from species
other than those infected in nature by the virus. Most cell
transformation studies involving SV40, BKPyV, and JCPyV
have employed cultured rodent cells. In addition, BKPyV
and SV40 have been shown to transform primary cultures of
human diploid cells, including PHFG cells, HEK cells, and
fibroblasts (47). Studies of chimeric SV40/BKPyV and
SV40/JCPyV LTags demonstrated that three regions of SV40
LTag are required for immortalization of human cells: the N-
terminus, a central region containing the Rb-binding do-
main, and the C-terminus (60). The mechanisms by which
immortalization occurs are incompletely understood. In the
case of SV40 these appear to involve inactivation of the
cellular growth suppressors pRB, p53, and SEN6 (59).
Neither JCPyV nor BKPyV matches SV40 in its ability to
immortalize human cells. Cell transformation by inoculation
with intact MCPyV virions has not been described, but
MCPyV sTag is sufficient to transform rodent fibroblast cell
lines (61).

FIGURE 5 Comparative cytopathic effects produced by JCPyV,
BKPyV, and SV40 in primary cultures of human fetal brain cells.
Cultures were infected with a 1/10 dilution of the PML-associated
Mad-1 genotype of JCPyV or with 1/1,000 dilutions of SV40 or
BKPyV. (A) Uninfected human fetal brain cells containing rela-
tively small, moderately stained nuclei. (B) Cultures infected with a
1/10 dilution of the PML-associated Mad-1 strain of JCPyV,
showing cells with enlarged nuclei and multinucleated cells. Oc-
casional giant multinucleated cells were present in some cultures
(not shown). (C) Cultures infected with a 1/1,000 dilution of
SV40. Cultures show large, darkly staining nuclei. Some nuclei
were reticulated or mottled (double arrows), but multinucleated
cells were rare. Arrowheads in panels B and C designate cells with
small nuclei, similar to those seen in uninfected cultures. (D)
Cultures infected with a 1/1,000 dilution of BKPyV, showing en-
larged, intensely stained nuclei. Some nuclei contained what ap-
peared to be doughnut-shaped nucleoli (arrows). This was unique to
BKPyV infection. As in SV40-infected cultures, multinucleated
cells were rarely present. In cultures infected with BKPyVor SV40,
cytopathic effect became extensive within 8 to 10 days. In cells
infected with Mad-1 JCPyV, cytopathic effect did not appear until 3
to 4 weeks. (Wright’s stain; magnification, ·152).
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Inactivation by Chemical and Physical Agents
Polyomaviruses withstand prolonged drying at room tem-
perature and are relatively resistant to heat. Because they lack
a lipid envelope, they are unaffected by ether and other lipid
solvents. The viruses can be inactivated b-propiolactone,
proteolytic digestion, formaldehyde, prolonged heating to
above 50°C, and exposure to ultraviolet light. The ability of
these agents to persist at room temperature can present sig-
nificant risks of inadvertent contamination in laboratories in
which these agents have been studied.

EPIDEMIOLOGY
Polyomavirus infections are worldwide in distribution among
human populations. The prevalence of antibody to JCPyV is
10% in children 5 years of age and rises to over 50% by late
adult life (62, 63, 64). Serological evidence of infection by
BKPyV is present in 37% of individuals by 5 years of age and
83% by adolescence, falling to 53% in individuals over 50
years of age (65, 63, 64). Prevalence of antibodies to
MCPyV is over 45% by age 10 and over 80% by age 69 (66,
67), whereas seropositivity rates for KIPyV, WUPyV, and
HPyV7 in adults over 21 years of age have been reported to
be 55%, 69%, and 56%, respectively (68, 67). Seropreva-
lence of antibodies to TSPyV are 41% in children under 10
years of age rising to 70% in adults overall, but falling in
older individuals (69). Antibodies to BKPyV and JCPyV
have been detected in populations so isolated as to be
without evidence of contact with measles and influenza vi-
ruses (70). The high prevalence of serum antibody response
to JCPyV or BKPyV is not further increased in immuno-
suppressed patients, including those with HIV infection.

SV40 as a Human Agent
Over 150 million individuals worldwide received SV40-
contaminated polio or adenovirus vaccines (3). The fre-
quency of antibody response to SV40 in groups receiving
contaminated polio vaccines was as great as 24% (71).
Children receiving contaminated vaccines developed sub-
clinical SV40 infection with prolonged fecal excretion of the
virus (4), and experimentally infected volunteers showed
both transient viremia and prolonged viruria (71). Up to
27% of personnel working for monkey export companies
have anti-SV40 antibodies, and serological evidence of
SV40 infection has been reported in 51% to 55% of labo-
ratory workers in contact with monkeys or involved in
preparation of monkey cells for tissue culture purposes (71).
These data all indicate that SV40 is capable of replication in
human hosts.

Serological, virological, and polymerase chain reaction
(PCR) studies from a number of laboratories have also sug-
gested human infection with SV40 or an SV40-like agent in
individuals not exposed to contaminated vaccines (4, 72, 73,
74). The evidence for a human SV40-like agent has been
controversial, however, in part because antibodies to SV40
in human sera have for the most part been at low titer, and
because many of the reports failed to exclude cross-reacting
antibodies to JCPyVor BKPyV (75, 76, 77). One serological
study of sera from 699 patients, with and without cancer,
detected antibodies to JCPyV or BKPyV in all patients and
control subjects (75). Although antibodies reactive with
SV40 were found in 6.6% of serum samples, preabsorption
experiments confirmed that these were actually antibodies to
JCPyV or BKPyV, which were cross-reactive with SV40.
Attempts to amplify SV40 from urine of AIDS patients or
from human sewage collected from widely dispersed areas in

Europe and Africa were unsuccessful despite the fact that
JCPyV and BKPyV were readily detected in urine and stool
(78, 79). In one study, SV40 and BKPyV coinfection was
reported in some patients (80), but this was not the case in
molecular studies of renal tissue from 19 patients with in-
terstitial nephritis, although these studies did identify JCPyV
and BKPyV (81). Furthermore, although infectious JCPyV
and BKPyV virions have been repeatedly recovered from
human urine, these studies have not detected SV40, nor was
SV40 detected in molecular studies of renal tissue from 19
patients with interstitial nephritis, although these studies did
identify JCPyV and BKPyV (81). The existence of an SV40-
like agent of humans thus remains disputed (10).

Transmission
Because no human polyomavirus has as yet been consistently
associated with symptomatic illness during primary infec-
tion, the routes by which human polyomavirus infections are
acquired naturally have not been defined, nor do we know
the cells and tissues that support viral replication during
primary infection. The most thorough data concerning
polyomavirus transmission come from studies of nonhuman
agents. Mouse polyomavirus is transmitted by respiratory
spread (82). Mouse pneumotropic virus (MPtV) is acquired
orally, with initial replication of the virus in intestinal en-
dothelial cells (83). SV40 produced asymptomatic infection
in volunteers after either oral or respiratory inoculation (71).
JCPyV and BKPyV DNAs have been detected in human
feces, suggesting that both viruses, like MPtV, may be
transmitted by the oral route (84, 85, 86). Both JCPyV and
BKPyV DNAs have been detected in human tonsils. How-
ever, PCR analysis of nasopharyngeal aspirates from children
requiring hospitalization for acute respiratory illnesses de-
tected BKPyV DNA—but not infectious virus—in only 2 of
201 patients and did not detect JCPyV DNA (87). Neither
JCPyV DNA nor BKPyV DNA were identified in saliva
from 60 HIV-infected adults or 10 healthy adult controls
(87). However, BKPyV DNA can be detected in saliva by
PCR, and the virus can productively infect submandibular
and parotid gland cells lines (88). These data, in aggregate,
suggest that JCPyV and BKPyV may persist in tonsillar
or salivary tissues and that, in the case of BKPyV, salivary
tissues might play a role in viral transmission. For the newer
polyomaviruses associated with cutaneous shedding of virus,
like MCPyV, infection is thought to be acquired by direct
skin-to-skin contact among individuals or from environ-
mental surfaces contaminated with virus (89). Suspected,
but unproven, sites for primary infection by the newer hu-
man polyomaviruses include nasopharynx and lung for
WUPyV and KIPyV; the skin for MCPyV, HPyV6, HPyV7,
TSPyV, and HPyV9; and the gastrointestinal tract for
MWPyV and STLPyV (90). Sexual transmission of human
polyomavirus infection has not been documented, nor has
detection of polyomavirus DNAs in human semen been
reported.

Individuals with impaired host immunity do not appear
at greater risk of acquiring polyomavirus infection. However,
as will be discussed below, urinary excretion of both JCPyV
and BKPyV are increased under conditions of immunosup-
pression, and clinical disease caused by JCPyV, BKPyV,
MCPyV, and TSPyV occurs essentially only in immuno-
suppressed patients (91, 92).

Progressive Multifocal Leukoencephalopathy
PML is an opportunistic demyelinating infection caused by
JCPyV. The disease was initially identified as an extremely
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rare, almost invariably fatal condition seen in patients im-
munosuppressed because of hematological malignancies,
cancer chemotherapy, immunosuppression for organ trans-
plantation, or collagen vascular disease (4). The disease was
also reported, but rarely, in patients with protracted granu-
lomatous disorders (including tuberculosis or sarcoidosis),
with congenital immune deficiencies, or with celiac disease
(4). With the advent of the AIDS epidemic, PML became
much more common, causing death in 4% of patients (93).
Following development of combination antiretroviral thera-
py (cART), however, this number has fallen significantly, and
many treated patients with AIDS-PML now survive (94, 95).

In recent years, increasing numbers of cases of PML have
been reported in non-AIDS patients receiving potent
monoclonal immunomodulatory agents (Table 3), as well as
in individuals receiving aggressive immunosuppression for
organ transplantation (96, 97, 98). The agent most com-
monly associated with PML has been the humanized
monoclonal antibody, natalizumab (99). Natalizumab reacts
with the a4 subunit of a4ß1 and a4ß7 integrins, which are
expressed on the surface of all leukocytes except neutrophils
(99). The agent is thought to inhibit migration of T lym-
phocytes and other peripheral blood mononuclear cells
(PBMCs) across vascular endothelial cells and could thus
interfere with lymphocyte-mediated immune surveillance
within the central nervous system (CNS). Natalizumab has
also been shown to reduce numbers of B lymphocytes in
CSF, which could affect antibody-mediated control of
JCPyV replication within brain parenchyma but could
conceivably also reduce numbers of JCPyV-infected B cells
entering CSF and brain. Other agents associated with PML
have included rituximab (100), alemtuzumab, brentixumab
vedotin, mycophenolate mofetil, and, more recently, di-
methyl fumarate (Table 3) (101, 96). The effects of each of
these agents on JCPyV persistence and reactivation have not
been defined. Serum and JCPyV antibody levels in patients
treated with natalizumab may have value in predicting pa-
tients who will develop PML (102), as may CSF anti-JCPyV
antibody index (103, 104).

Association of BKPyV with Renal and Other
Urological Diseases
BKPyV replication with high-level viruria and viremia is
more prevalent in children or adults undergoing kidney or
hematopoietic stem cell transplantation and may progress to
tubulointerstitial nephropathy (105, 106, 107, 108), and/or
hemorrhagic cystitis (7, 109, 110, 111, 112, 113). BKPyV-
associated nephropathy affects 1% to 15% of kidney
transplant recipients. Although the intensity of immuno-
suppression unquestionably plays a role in development of
nephropathy, it is clearly not sufficient since BKPyV-
associated nephropathy is rare in nonkidney solid organ
transplantation receiving similar or even higher immuno-
suppression. Other risk factors include HLA-mismatches,
older age and male sex of the recipient, transplantation of a
graft from a seropositive donor with high antibody titers into
a recipient with low or no antibody titers, cumulative steroid
exposure, and tacrolimus-mycophenolate versus cyclosporine
or mTOR inhibitor combinations. In rare cases, BKPyV
nephropathy may be associated with congenital immuno-
deficiency (114, 115) or with HIV infection (116). BKPyV-
associated hemorrhagic cystitis affects 5% to 20% of human
stem cell transplant (HSCT) patients (7, 110, 111, 113).
Risk factors include unrelated donor, myeloablative condi-
tioning with urotoxic drugs including cyclophosphamide and

busulphan, total body irradiation, and graft versus host dis-
ease. At present, BKPyV-associated urothelial carcinoma is a
rare condition in immunosuppressed transplant patients and
has occasionally been linked to chromosomal integration of
the viral genome (117, 118).

Merkel Cell Carcinoma
MCPyV, like all other human polyomaviruses, is a ubiqui-
tous and normally benign agent, without associated symp-
tomatic infection (119). However, the virus is associated
with Merkel cell carcinoma (MCC), a highly aggressive skin
neoplasm first discovered in 1980, with an incidence of 0.24
per 100,000 patient years (120). MCC is predominantly a
condition of the elderly and is most common under condi-
tions of immunosuppression (120). Merkel cell carcinoma
represents the only human condition in which clonal inte-
gration of a polyomavirus has been definitively associated
with human cancer (121). The disorder is infrequent, with
roughly 1,500 cases being reported per year but has a median
survival of 9 months (119).

Trichodysplasia Spinulosa
Trichodysplasiaspinulosa (TS) represents a rare, potentially
disfiguring cutaneous condition caused by TSPyV infection
(69). The majority of cases have been reported in immu-
nosuppressed individuals undergoing organ transplantation;
a minority of cases have involved patients undergoing treat-
ment for chronic lymphocytic leukemia (69). TSPyV is de-
tected more frequently on the skin of HIV-positive than
HIV-negative males but, somewhat surprisingly, the actual
disorder has not as yet been reported to be increased in
patients with HIV infection (122).

PATHOGENESIS
Animal Models of Human Polyomavirus Infection
None of the human polyomaviruses appear capable of causing
productive infection in nonhuman species. For this reason,
much of the current knowledge about the biological behavior
of polyomaviruses in their natural hosts comes from studies of
nonhuman agents. SV40 produces renal involvement in its
simian host, as do JCPyV and BKPyV in humans. In immu-
nocompromised animals, SV40 has been associated with fatal
interstitial pneumonia, renal tubular necrosis, menin-
goencephalitis, and a PML-like illness (4, 123, 124). Under
experimental conditions, mouse polyomavirus (MPyV)
produces a protracted, widely disseminated infection fol-
lowed by a latent renal infection that can be reactivated by
pregnancy (4, 125).

The polyomavirus most extensively studied as a possible
model for human infection is mouse pneumotropic poly-
omavirus (MPtV), formerly known as K virus. Infection is
acquired by ingestion of virus, with initial replication of
virus in intestinal endothelial cells (126, 83). In mice less
than 6 days of age, MPtV produces an overwhelming in-
fection of systemic and pulmonary vascular endothelial cells;
death results from interstitial pneumonia (126). Older ani-
mals also develop widespread infection of vascular endo-
thelial cells but survive acute infection. By 2 to 3 months
following initial infection, viral nucleic acids, T-Ag, and V
antigens can be detected in renal tubular epithelial cells,
suggesting that viral persistence involves not actual latency
but rather a chronic, low-level productive infection, similar
to that now believed to occur in humans (127, 128) (Figure
6). Initial protection against lethal infection depends on a
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prompt antibody response. Cell-mediated immunity appears
to be required for containment of persistent infection, and
failure of T-lymphocyte function allows progression of in-
fection by cell-to-cell spread (128).

With the exception of PML in simian AIDS, PML has
not been observed in animals, nor have most attempts to
produce PML in genetically modified animals been suc-
cessful (129). Recently, CNS infection, with demyelination,
has been produced following JCPyV inoculation into the
brains of human glial chimeric Rag2–/–Mbpshi/shimice (130).
Although this model reproduces several features of PML, it
differs from the disease seen in humans in that the model
involves productive infection of astrocytes, an infrequent
finding in human PML; also, oligodendrocyte death in this
model involves apoptosis rather than the productive, lytic
infection seen in humans. Attempts to reproduce human
JCPyV infection in nonhuman species, using either JCPyV
T-Ag or purified virus have resulted in dysmyelination in
JCPyV T-Ag transgenic mice or in induction of a variety of
tumor types in a number of species. However, none of these
efforts has produced lesions resembling human PML (129).

Viral Replication and Persistence
Although none of the human polyomaviruses has been as-
sociated with symptomatic acute infection, primary infec-
tion by JCPyV or BKPyV is thought to result in viremia and
dissemination of infection to organs distant from the site
of initial exposure in particular the renourinarytract (131).
TSPyV and MCPyV genomic sequences have been detected
in urine, kidneys, lung, and blood, suggesting that these
agents are also capable of causing disseminated infection
(89, 132). Both JCPyV and BKPyV have been shown to
persist in renal tubular epithelial cells (11). In addition,
however, JCPyV DNA sequences have also been identified
in multiple other organs from individuals without PML
(133–136). Both archetypal and variant forms of JCPyV
DNA have been detected in the brains of up to 33% of
individuals without HIV infection or PML (137–139).
These findings suggest that JCPyV may persist in the brain
and that PML might be a consequence of reactivated in-
fection within the CNS. It is not known whether persistence
of these agents represents truly latent infection as opposed to
productive infection at very low levels, controlled by host
immune response.

Following initial detection of JCPyV DNA by in situ
hybridization in B lymphocytes within the spleen and bone
marrow of an AIDS patient with PML (140), a number of
studies using PCR methods have detected JCPyV in PBMCs
or other leukocytes (141, 142), suggesting that infection of

circulating blood leukocytes could provide a mechanism for
viral entry into the brain. Detection of JCPyV DNA se-
quences has been reported in PBMCs from 28.9% of 157
HIV-positive patients and from 16.5% of HIV-negative pa-
tients (143). In contrast, JCPyV DNA sequences both for
the noncoding region of the genome and for VP1 were de-
tected in only 0.9% of blood donors (144). In another study,
DNA encoding JCPyV T-Ag was detected in blood from
31.8% of 60 AIDS patients but only in 2.3% of 88 immu-
nologically normal blood donors (145). mRNA sequences
encoding JCPyV VP1 were found in 38% of JCPyV DNA-
positive urine samples from AIDS patients but in blood from
only one individual (145). Other investigators have de-
tected JCPyV DNA in T lymphocytes, monocytes, and po-
lymorphonuclear leukocytes (146). In summary, these
studies confirm that JCPyV may infect B lymphocytes and
that the frequency of infection may be increased by immu-
nosuppression. However, the studies also suggest that blood
leukocyte infection by JCPyV may be latent and that other
leukocyte populations may also support viral persistence,
making it uncertain to what extent these cells are involved
in dissemination of viral infection (139).

BKPyV is known to persist in kidneys. Infection of other
organs and tissues is exceptional and essentially always asso-
ciated with inherited immunodeficiency, immunosuppression
for transplantation, or HIV-AIDS. In these settings, BKPyV
has been detected in lungs, eyes, and brain (147–150).

MCPyV DNAs are readily recovered from normal skin, as
are TSPyV, HPyV6, HPyV7, and HPyV9 (89), and studies
employing next-generation sequencing may identify a wide
diversity of polyomavirus species (151). MCPyV DNA has
also been amplified from mucosal surfaces, and MCPyV
DNA recovery has also been reported from internal organs,
buffy coat preparations, and peripheral blood monocytes
(132, 152). TSPyV is readily amplified from plucked eye-
brows but has also been detected in nasopharynx, urine, and
stool (69).

Reactivation of Infection
Earlier studies of persistent infection by JCPyV or BKPyV
strongly associated reactivation or urinary excretion of
JCPyVor BKPyV with immunosuppression. In these studies,
serologic evidence for reactivation of BKPyV was detected
in 22% to 44% of individuals undergoing renal transplan-
tation or chemotherapy for malignant disease (65). Further,
longitudinal studies of HIV-infected patients documented
urinary excretion of BKPyV in 37% of patients and JCPyV in
22% (153). Urinary excretion of either virus was more likely
in patients with low CD4 counts or low ß2-microglobulin

FIGURE 6 Polyomavirus persistence as a chronic productive infection, as shown in a kidney of a nonimmunosuppressed mouse 6 months
after inoculation with murine pneumotropic (K) virus. Arrows indicate the presence of viral nucleic acids (A), T-Ag (B), and VP1 antigen
(C) indicative of viral replication in renal tubular epithelial cells.
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levels and did not correlate with serologic markers for either
virus. Excretion of JCPyV did not appear to increase the
likelihood of developing PML (153).

More recent studies employing PCR methods demon-
strate that asymptomatic urinary excretion of JCPyV and
BKPyV is common in healthy individuals and is unaccom-
panied by a rise in antibody titers. Urinary excretion of
JCPyV DNA has been shown to occur in up to 62%
of normal individuals (154, 63). In most studies, excretion of
BKPyV has been less common, occurring in roughly 5% of
patients (154, 63). However, one study has identified urinary
excretion of BKPyV in 55% of premenopausal women,
without detectable variation in viral excretion throughout
the menstrual cycle (155), and another study detected uri-
nary excretion of BKPyV DNA in 24% of children under 9
years of age, possibly reflecting excretion during primary
infection (156). BKPyV DNA excretion fell to under 20%
until age 30 and then gradually increased, reaching 44% by
age 80 to 89 (156). Urinary excretion of JCPyV DNA was
less than 10% in children 0 to 9 years of age and then
steadily increased thereafter, reaching 75% by age 80 to 89
(156). Other studies have confirmed high rates of JCPyV
DNA tend to be continuous, whereas excretion of BKPyV
DNA appears to be more sporadic (154). These data plus
older studies would suggest that urinary excretion of JCPyV
or BKPyV, lasting days to weeks, is a recurrent event in many
immunologically normal individuals, but that excretion of
actual infectious virus is increased under conditions of im-
munosuppression. JCPyV and BKPyV DNAs recovered from
nonimmunocompromised patients have been almost in-
variably archetypal (63), whereas JCPyV genotypes recov-
ered from immunocompromised patients may consist of both
archetypal forms and rearranged variants (11).

Reactivation of BKPyV or JCPyV infection, with urinary
excretion of virus, usually as the archetype, is a common
event during pregnancy in most women (157, 158). Rise in
antibody titers indicative of reactivated JCPyV or BKPyV
infection occurs in approximately one-third of pregnant
women, most frequently at the end of the second trimester
and irrespective of initially high antibody titers (157). Uri-
nary excretion of BKPyV DNA may also be increased in
pregnant women compared to healthy controls, with most
individuals excreting the archetype (158, 159). Some, but
not all, studies have detected increased excretion of the
JCPyV archetype. Although reactivation of most of the
newer polyomaviruses during pregnancy has not been stud-
ied, limited data suggest that urinary excretion of WUPyV,
KIPyV, or HPyV9 is not increased during pregnancy (158).

Whether reactivation of human polyomavirus infection
during pregnancy might result in infection of the fetus is
debated. Although one group has reported detection of
JCPyV IgM and BKPyV IgM in newborn infants (160), this
has not been a consistent observation (161), and attempts to
detect polyomavirus nucleic acid sequences in aborted fe-
tuses or placentas have been inconsistent (162, 163, 164).

Immune Responses to Polyomavirus Infection
Polyomavirus infections elicit both antibody- and T-cell-
mediated immune responses (11, 165, 166). The respective
roles of the B- and T-cell responses in control of primary
infection are not well understood. Impairment of the T-cell-
mediated immune response results in increased urinary ex-
cretion of JCPyVor BKPyV despite continued high levels of
circulating antibody, similar to the effect of immunosup-
pression on persistent MPtV infection in mice (167). Im-
paired T-cell function is almost invariably present in

individuals succumbing to PML or BKPyV-associated ne-
phropathy (168–174), and are presumed to play a role in the
development of Merkel cell carcinoma, or trichodysplasia
spinulosa (11, 89).

Pathogenesis of PML

Pathology
PML may involve cerebrum, cerebellum, or brainstem; the
spinal cord is only rarely involved (4, 175, 176). Cerebral
cortex and deep gray matter appear normal, but areas of
retraction within subcortical or deep white matter indicate
myelin loss. Histopathological examination of PML lesions
demonstrates loss of oligodendrocytes in demyelinated areas,
and remaining oligodendrocytes may have enlarged nuclei or
contain actual intranuclear inclusions (4, 175). Astrocytes
in and around PML lesions frequently develop hyper-
chromatic or multiple nuclei and mitotic figures (Figure 7)
(4, 175). JCPyV nucleic acids and early and late viral pro-
teins are present within nuclei of infected oligodendrocytes
(4) (Figures 7 and 8). Atypical astrocytes in PML contain
viral nucleic acids, but only occasionally express early or late
viral proteins (Figures 7 and 8) (4, 177, 178). Electron
microscopic examination of PML brains demonstrate crys-
talline arrays of viral particles within infected oligodendro-
cytes. Small numbers of viral particles can be found in
occasional morphologically normal astrocytes but not within
atypical astrocytes (4). Myelin breakdown and lipid-laden
macrophages become evident as the disease progresses. In
non-AIDS PML, extensive inflammation is unusual, al-
though small numbers of lymphocytes may be seen around
vessels and in demyelinated areas. Demyelination in AIDS-
PML is often more extensive than in non-AIDS cases (179),
and brains may contain areas of actual necrosis (180, 179).
Lymphocytic perivascular infiltrates are more evident (180,
179), and may at times be accompanied by parenchymal
infiltrates, which may include macrophages and multinu-
cleated giant cells (179). Although atypical astrocytes have
been considered a pathological hallmark for PML, these cells
are often infrequent or absent in AIDS-PML brains and
may also be rare or absent in non-AIDS cases. Lesions in
PML accompanied by immune reconstitution inflammatory
syndrome (PML) may lead to actual cavitation and show

FIGURE 7 Section from edge of a PML lesion, stained for
polyomavirus common structural antigen, and labeled using im-
munoperoxidase techniques. There is extensive loss of myelin.
Oligodendrocytes have enlarged nuclei that exhibit intense im-
munostaining indicating productive infection (arrows). Giant as-
trocytes within the lesion remain unlabeled. Magnification, · 216.
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extreme lymphocytic infiltration consisting of CD8+ and/or
CD4+ lymphocytes and macrophages (181). Cases of PML
in remission, an event that was essentially unknown before
the late 1990s, may show persistence of viral antigen in areas
of prior involvement (182). Although JCPyV infection of
brain has been tightly associated with infection of oligo-
dendrocytes and astrocytes, the virus can also produce pro-
ductive infection of cerebellar granule cells or cortical
neurons (183, 184).

Immune Responses
PML almost always occurs in the setting of immunosup-
pression, involving both T-cell-mediated and, to a lesser
extent, antibody-mediated immune responses (4, 139).
Abnormalities of T-cell response are essentially universal in
patients with PML. Patients with non-AIDS PML have
demonstrated a general impairment of T-cell-mediated im-
munity, with selective impairment of JCPyV T-cell responses
(4, 139). The presence of JCPyV-specific cytotoxic CD8(+)
T cells has been associated with better prognosis in PML,
including those patients who develop immune reconstitu-
tion inflammatory syndrome (185, 186). In one series, 9 of
the 10 patients whose PML entered remission following
cART had positive CDATcell responses, and restoration of
JCPyV-specific CD4 T-cell responses was associated with
clearance of JCPyV DNA from the CSF (187). In another
study comparing prospectively identified PML survivors
with nonsurvivors and CD4 matched controls for either
group in the setting of HIV-AIDS, survival was linked to
higher antibody titers and JCPyV-specific T-cell responses
(174). This and other studies suggest that individual gaps in
JCPyV-specific humoral and cellular immune response
might explain why some patients succumb to PML, whereas
others do not despite similar overall immunologic risk factors
(174, 188).

Although patients with both AIDS-PML and non-AIDS
PML may mount both systemic and intrathecal antibody
responses to JCPyV, this response may not prevent the onset
of disease. A rise in anti-JCPyVantibody response may occur
before the onset of PML (189, 102, 174), and an intrathecal
antibody response occurs in up to 76% of patients with PML
(190). On the other hand, a rise in antibody titers may also

accompany recovery, and a rise in titers of antibody to
JCPyV has been observed during immune reconstitution in
patients receiving cART (191, 174, 104).

Despite the fact that large numbers of individuals are
persistently infected with JCPyV, PML is an unusual event,
even in AIDS or during immunosuppressive treatment. This
discrepancy suggests that compromised immune status alone
does not account for the development of disease. The de-
tection of JCPyV DNA in brains of immunologically normal
patients suggests that PML might arise from reactivation of
infection latent in the CNS (137, 138, 139, 136). It is
possible that individual gaps in the JCPyV-specific immune
response account for progression to PML and closing these
gaps may be critical for disease prevention or survival out-
come (174). Alternatively the frequent detection of JCPyV
DNA in PBMCs from AIDS or other immunocompromised
patients, with the caveats discussed above, could also pro-
vide a mechanism for viral entry into the brain.

Virological Features
An important question concerning the pathogenesis of PML
has to do with the nature of the infectious virus. Archetypal
JCPyV is at best rarely associated with PML, and most PML
isolates have had NCRR duplications, deletions, or rear-
rangements. Although these genomic changes have been
shown to alter the behavior of JCPyV in cell culture, their
role in causing PML has not been determined (192, 139).
JCPyV tropism for cerebellar granule cells, however, appears
to correlate with a unique deletion in the region of the VP1
gene corresponding to the C terminus (193), suggesting that
the deletions or rearrangements seen in the genomes of
PML-associated JCPyV genotypes may have pathogenic
importance.

In AIDS, pathological studies have documented a close
association between AIDS PML lesions and HIV-infected
T-cell/macrophage infiltrates, and large amounts of HIV
antigens have been identified in some AIDS PML lesions
(180). A direct facilitating role for HIV Tat or other proteins
has been suggested by pathological and virological studies
implicating Tar-sequences in the JCPyV archetype NCCR,
which may no longer be necessary following NCCR
rearrangements (194, 195, 192). Although PML has been
reported in patients with a number of congenital immuno-
deficiency syndromes, no clear genetic association leading to
PML per se has been reported (196). The association of PML
with newer monoclonal immunomodulatory and other im-
munosuppressive agents has been discussed above.

Pathogenesis of BKPyV-Associated Urinary
Tract Disease

Pathology
The finding associated with BKPyV excretion (and occa-
sionally JCPyV excretion) under conditions of immuno-
suppression is the excretion of decoy cells (Figure 9), and of
Haufen bodies, which represent clusters of cells expressing
LTag (197). Decoy cell inclusions typically contain BKPyV
virions, although cells infected by JCPyV may contain
similar inclusions. In cases of ureteral stenosis, BKPyV-
infected cells may be numerous enough to cause luminal
narrowing or actual occlusion (198).

The characteristic pathological changes in the kidneys of
individuals developing BKPyV-associated nephropathy are
thought to progress through three stages, beginning with
viral cytopathic effects (Stage A), cytopathic-inflammatory
changes (Stage B), and tubular atrophy with interstitial

FIGURE 8 Section of PML-affected brain probed for JCPyV
nucleic acids using in situ hybridization methods. Large numbers of
exposed emulsion grains, indicative of specific hybridization, overlie
nuclei of infected oligodendrocytes. Smaller numbers of exposed
emulsion grains overlie atypical astrocytes, again indicating pres-
ence of viral nucleic acids. Magnification, · 400.
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fibrosis (Stage C) (Figures 9 and 10) (198). In the few bi-
opsied cases of hemorrhagic cystitis, BKPyV replication has
been demonstrated by LTag staining together with inflam-
matory cell infiltrates. Clinical studies suggest the role of
urotoxic drugs administered as part of the myeloablative
conditioning as contributing factors to the urothelial dam-
age (113).

Hemorrhagic cystitis may occur together with urethritis
with or without ureteral obstruction, or less frequently, with
interstitial nephritis (110, 113). Although most patients
with hemorrhagic cystitis after allogeneic HSCT are sero-
positive, children with low or negative serostatus have been
shown to develop hemorrhagic cystitis implicating nosoco-
mial or even primary infection (112).

Immune Responses
The conditions that predispose to BKPyV nephropathy
following renal transplantation are complex and involve not
only host and viral factors but also presence of BKPyV in the
donor kidney, HLA-mismatches, and types of treatment used
post transplantation (199–201). Recent clinical and viro-
logical studies suggest that immunosuppressive drugs may
have different direct effects on BKPyV replication leading
to higher numbers of viremic patients (202, 203). JCPyV-
associated nephropathy differs in that JCPyV viremia is
usually low or undetectable, despite high urine viral loads
and the presence of “decoy cells” (199).

Virological Features
The major known site of BKPyV persistence is the renal
tubular epithelium. However, latent infection and low-level
replication of BKPyV cannot be reliably distinguished, and it
is not known to what extent the virus exists in a truly latent
state or is maintained as productive infection at low levels
involving cell-to-cell spread. Clinical disease can be caused
by BKPyV replication in the tubular epithelial cells of the

FIGURE 10 Histological patterns of polyomavirus-associated nephropathy (PVAN) in kidney transplant biopsies. (A) BKPyV ne-
phropathy pattern A consisting of focal viral cytopathic changes with little inflammation or tubular atrophy of a patient with a BKPyV
archetype NCCR in plasma. Hematoxylin/eosin stain of a representative histological field and immunohistochemistry of LTag expression
using the cross-reacting monoclonal anti-SV40 T-antigen Ab-2 and peroxidase-conjugated anti-mouse IgG. Enlargement of the indicated
area is shown. (B) BKPyV nephropathy pattern A consisting of extensive viral cytopathic changes and inflammatory infiltrates of patient
carrying BKPyV rearranged (rr-)NCCR variant in plasma. Hematoxylin/eosin stain of a representative histological field and immunohis-
tochemistry of LTag expression using the cross-reacting monoclonal anti-SV40 T-antigen Ab-2 and peroxidase conjugated anti-mouse. Bars:
(A and B) 200 mm; (A and B, insets) 100 mm. Reprinted from Gosert R, Rinaldo CH, Funk GA, Egli A, Ramos E, Drachenberg CB Hirsch
HH. 2008. Polyomavirus BK with rearranged noncoding control region emerge in vivo in renal transplant patients and increase viral
replication and cytopathology. J Exp Med 205(4):841–852 with the permission of the author and publisher.

FIGURE 9 Urine and allograft-biopsy specimens from a patient
with BKPyV-associated nephropathy. (A) Urine cytology showing
“decoy cells” with their characteristic ground-glass, intranuclear
viral inclusion bodies (arrows) (Papanicolaou stain, · 400). (B)
Allograft-biopsy showing renal tubules with epithelial cells con-
taining viral inclusions, nuclear enlargement, and detachment of
infected cells from the tubular basement membrane, leading to its
denudation (arrows) (hematoxylin and eosin, · 160). Adapted
from reference 107 with the permission of the publisher.)
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kidneys, the urothelial lining of the ureters, and the bladder.
In BKPyV-associated nephropathy, however, the entire viral
replication cycle has been documented, with initial detec-
tion of LTag in renal tubular epithelial cells followed by the
expression of late VP1 and agnoprotein, consistent with cell-
to-cell of infection within individual nephrons (172, 204).
BKPyV replication in urothelial cells may play a role for
disease progression via retrograde spread within nephrons in
addition to hematogenous seeding through viremia (205,
198, 201, 206).

Pathogenesis of Merkel Cell Carcinoma
and Trichodystrophy Spinulosa
MCPyV DNA has been detected in approximately 80% of
tumors and found to be clonally integrated in cellular DNA
of both primary tumors and metastases (132). Although
development of Merkel cell carcinoma occurs in patients
with impaired immune response, the malignancy is rare,
even among severely immunocompromised patients. Merkel
cell carcinomas express LTag. Seroreactivity to MCPyV LTag,
as opposed to antibodies to MCPyVV1 antigen, is rarely seen
in normal individuals but is seen at high titer in patients with
Merkel cell carcinoma. MCPyV genomes isolated fromMCC
tissues harbor point and other mutations that result in ex-
pression of prematurely terminated LT (LTtrunc) lacking C-
terminus sequences that are growth-inhibitory. It is thus of

note that MPyV intact LTag and sTag sequences transform
cells in vitro far less readily than do LTtrunc and sTag, which
is consistent with observations that Merkel cell carcinomas
express high levels of both LTtrunc and sTag (132). The
interplay between impaired host antibody-mediated and T-
cell-mediated immune responses, alterations in viral genomic
function, and induction of neoplasia remains poorly under-
stood (132).

As with MCC, trichodystrophy spinulosa is uncommon,
associated predominantly with immunosuppression for organ
transplantation or in patients with acute or chronic lym-
phocytic leukemias. At present the molecular and host
events leading to the onset of trichodystrophy spinulosa are
not understood. In contrast to the nonproductive MCPyV
infection detected in Merkel cell carcinomas, the TSPyV
infection leading to trichodystrophy spinulosa is productive,
with expression of late viral proteins and production of ac-
tual virions (69).

Carcinogenesis
Murine polyomavirus was discovered through its ability to
produce tumors following inoculation into its natural
host, and SV40, BKPyV, and JCPyV had been shown before
1980 to cause central nervous system tumors in experi-
mental animals (4, 207). For this reason there has been
long-standing interest in whether or not polyomaviruses
might also cause tumors in humans. To date, however, no
human polyomavirus other than MCPyV has been defini-
tively linked to a human tumor. Tumor production by any of
these viruses in animals usually requires conditions such as
the use of large quantities of virus, inoculation into species
other than its natural host, and inoculation under conditions
of compromised immune status or into sites such as the CNS,
which are relatively sequestered from host immune response.
In the case of JCPyV, the most suggestive evidence that the
virus might cause tumors in humans lies in 3 reported cases
characterized by multifocal gliomas abutting PML lesions
(208–210). However, none of these cases has been studied
using modern molecular techniques. An important area of
ongoing research has been the possible causative role of
BKPyV in bladder or other urinary tract carcinomas in solid
organ transplant (SOT) patients, a group of patients at high
risk for productive BKPyV infection (118). In 20 patients
reported to date, clonal expression of polyomavirus large
T-antigen or BKPyV DNA, but not cytopathic effects indi-
cating viral replication, has been detected in these tumors
and their metastases (118). Similar clonal expression of large
T-antigen has also been detected in tumors arising in native
and transplant kidneys and ureters (118). Chromosomal
integration of BKPyV has been demonstrated in one
case (117).

JCPyV, BKPyV, and, in particular SV40 antigens or DNA
have been detected by immunohistological or PCR methods
in a number of human tumors; including choroid plexus
papillomas and other brain tumors, mesotheliomas, colonic
and esophageal tumors, non-Hodgkin’s lymphomas, and
prostate tumors. However, detection of viral DNA or anti-
gens within a tumor does not necessarily indicate causation
and could be explained by one of two other scenarios (207).
First, the virus could be a “passenger,” meaning that it finds
favorable conditions for replication in an already trans-
formed cell. Second, the virus could be present not within
the tumor itself but in nonneoplastic adjacent cells or tissue
compartments (207). In addition, absence of viral DNA
from a tumor could also be the result of a “hit-and-run”
process in which malignant transformation was initially

FIGURE 11 Fluid-attenuated inversion recovery (FLAIR)
weighted magnetic resonance image of a patient developing PML in
the setting of AIDS. Multifocal areas of demyelination are seen as
areas of increased signal, appearing white against the darker back-
ground.
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caused by the virus, but the virus is no longer detectable after
transition of the cell to a fully malignant state (207). An
additional complicating factor is that polyomaviruses are
extremely hardy, and viral DNA can be assumed to be a
potential contaminant in any laboratory in which the virus
has been handled. In general, confirmation of polyomavirus
association with individual tumors—other than MCPyV—
has not been confirmed in independent laboratories; and
studies employing improved PCR methods and more strin-
gent controls have also failed to confirm most earlier reports
identifying polyomavirus DNA in human tumors. The as-
sociation of BKPyV and neoplasia is particularly perplexing
in prostate neoplasms: studies employing high-throughput
RNA sequence (RNA-Seq) methods have failed to detect
BKPyV nucleic acids in a total of 213 prostate cancers or in
39 nonmalignant prostate samples (211–213). These ob-
servations could be consistent with a “hit-and-run” hy-
pothesis of viral causation but could also indicate that
BKPyV had no role in these neoplasms. A more recent study
showed that higher antibody titers to the common N-
terminus shared by LTag and sTag were associated with a
better prognosis of prostate cancer and improved the pre-
dictive value of tumor stage, Gleason score, and surgical
margin status (214).

SV40 has been postulated to cause human neoplasia
since its discovery as a contaminant in batches of poliovirus
and adenovirus vaccines, and detection of SV40 sequences
in human tumors is still being reported and discussed (213,
215). Studies of army veterans exposed to SV40 in con-
taminated adenovirus or poliovirus vaccines have not shown
an increased incidence of cancer over time (216). Some
SV40 isolates have been found, upon careful examination,
to contain plasmid DNA sequences indicating laboratory
contamination (217). Other isolates have been shown to be
776-SV40, a widely used laboratory strain that has never
been directly isolated from monkeys and that may also rep-
resent contamination rather than natural infection (14).
Only one group of investigators has attempted to duplicate
PCR amplification of polyomaviruses from the same tumor
material in two geographically separated laboratories (218).
Although JCPyV, BKPyV, or SV40 DNAs were detected in a
small number of cases, neither laboratory could confirm the
other laboratory’s positive cases (218). At present, other
than the possible association of BKPyV with renourinary
tumors in solid organ transplant patients, there is insufficient
evidence to associate JCPyV, BKPyV, or SV40 with human
neoplasia.

CLINICAL MANIFESTATIONS
Acute JCPyVor BKPyV infections are usually asymptomatic.
One 13-year-old, immunocompetent girl was reported to
have undergone seroconversion to JCPyV in association with
chronic meningoencephalitis (219), and JCPyV DNA has
been detected in the CSF from an individual with menin-
gitis in the setting of systemic lupus erythematosus (220).
BKPyV has been isolated from the urine of pediatric patients
with both hemorrhagic and nonhemorrhagic cystitis. JCPyV
and BKPyV DNAs were detected by PCR in 3.8% and 1.5%
of 181 CSF samples from individuals with meningitis or
encephalitis but not in 20 CSF samples from control subjects
(221). In none of these reports, however, was a causative role
for either virus proven, and two of the positive samples (one
positive for JCPyVand one for BKPyV) were also positive for
Mycobacterium tuberculosis, suggesting a much more likely
cause of the neurological illnesses (221).

Progressive Multifocal Leukoencephalopathy
PML usually begins insidiously, with initial symptoms and
signs suggesting focal cerebral involvement: these may in-
clude alterations in personality, changes in intellect, focal
weakness, difficulty with motor skills, or sensory loss (4,
175). Involvement of the dominant cerebral hemisphere
may result in expressive or receptive dysphasia. Visual field
abnormalities, including actual cortical blindness, occur in
50% of patients (4). Occasionally, PML begins with signs of
brainstem or cerebellar involvement, with difficulty in
phonation, swallowing, abnormalities of extraocular move-
ments, or ataxia (4). Spinal cord involvement is rare and is
virtually never symptomatic (176).

Without intervention, the course of PML is remorselessly
progressive. Initial symptoms are followed by the appearance
multifocal neurological signs, increasing dementia, and pro-
gression to a vegetative state. Most patients with non-AIDS
PML die within one year, but death may occur within as little
as 2 months, and cases have been reported with survivals of
8 to 10 years or longer (4). Survival in untreated AIDS pa-
tients with PML averages 4 months. cART has significantly
altered the frequency and course of AIDS-PML, so that the
1-year and 3-year survival rates for AIDS-PML are 55% and
50%, respectively, and 79% at 1 year for patients with CD4+
count above 100 cells/mm3 at diagnosis (95). The Swiss HIV
Cohort Study of 186 cases of PML, 159 of whom were di-
agnosed before death, demonstrated a significant reduction
in mortality in patients starting cARTcompared to mono- or
dual drug therapies (94). Survival in AIDS-PML is highly
dependent upon adherence to cART (222).

Patients developing PML while receiving immunomod-
ulatory or immunosuppressive agents may also stabilize or
improve after withdrawal of the therapeutic agent. In patients
developing PML following treatment with natalizumab and
treated with withdrawal of medication plus plasma exchange
and/or immunoadsorption, mortality is now 23% (223), al-
though survivors may be left with significant neurologic
deficits (223). Development of IRIS is an almost universal
concern in these patients (224); and onset of PML-IRIS de
novo has been reported after discontinuation of natalizumab
(225).

Clinical Diagnosis
PML should be considered in any immunocompromised
patient who develops progressive neurological deficits in-
volving multiple areas of brain (4). Patients with untreated
HIV and patients receiving natalizumab should be consid-
ered at high risk. Hematological studies and blood chemis-
tries are unhelpful in the diagnosis of PML. Cerebrospinal
fluid is usually normal but may occasionally contain in-
creased protein or, rarely, a lymphocytic pleocytosis (4).

The most useful screening study for PML is magnetic
resonance imaging (MRI) (4), which will show altered signal
in subcortical and deep white matter on T2 and FLAIR
images (Figure 11). Some, but not all, PML lesions enhance
with intravenous gadolinium. MRI should be followed by
analysis of CSF for JCPyV DNA (226). A particular chal-
lenge in dealing with patients with multiple sclerosis is the
differentiation of demyelination due to PML from that due
to the underlying disease. MRI changes considered sugges-
tive of PML include lesion size over 3 cm; subcortical lo-
calization; presence of lesions in the basal ganglia;
hyperintensity on T2, FLAIR, and DWI images with hypo-
intensity on T1 images; lesions that are sharp toward gray
matter and ill-defined toward white matter, and a tendency
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for lesions to increase in size and for new lesions to appear
(227). Hyperintensity of lesions on T1-weighted images
suggests PML-IRIS (227).

Several other infectious agents may mimic PML clinically
in immunosuppressed patients. In patients with AIDS, these
include central nervous system invasion by Toxoplasma
gondii, Cryptococcus neoformans, or Mycobacterium tubercu-
losis. These infections may occur together with or in the
absence of PML. Central nervous system lymphoma may also
mimic PML, in particular in AIDS patients. Brain biopsy to
rule out treatable conditions may thus be crucial in these
patients where the diagnosis of PML is at all in question or
where there is concern about other, coexisting conditions.

Other CNS Infections Associated with JCPyV
Although JCPyV has traditionally been thought to produce
an infection limited to cells of glial origin—oligodendrocytes
and astrocytes—it has also been associated with infection of
cerebellar granule cell neurons and of pyramidal neurons,
causing a cortical encephalitis. Granule cell neuronopathy
has been described in AIDS patients and patients treated
with monoclonal antibodies and may occur in the presence
or absence of PML (228, 229, 183). In such cases, cerebellar
atrophy and white matter changes may be detectable onMRI
(229). Analysis of JCPyV DNA from the granule cells of one
patient with coexisting PML revealed a unique deletion in
the C terminus of the VP1 gene not found in JCPyV DNA
present in the patient’s white matter lesions, suggesting that
the deletion, with its accompanying frame shift, may have
enabled the virus to infect granule cell neurons (193). Un-
like PML per se, granule cell neuronopathy may run a non-
fatal course (183). Cortical encephalitis has been associated
with a JCPyV genotype with a unique 143 bp deletion in the
gene encoding the agno protein (230, 231).

BKPyV Renourinary Tract Infection
Urinary tract involvement by BKPyV may cause cystitis,
ureteral obstruction, or nephropathy with stage B nephrop-
athy previously being called interstitial nephritis. Ne-
phropathy is most frequently seen following organ or stem
cell transplantation and is seen in 4% to 8% of renal trans-
plant patients (232, 65, 233). Rare cases of nephropathy
have also occurred in children with severe immunodefi-
ciency syndromes and in occasional patients with AIDS
(234). In some cases, nephropathy may be accompanied by
symptomatic cystitis or ureteral obstruction. More com-
monly, however, BKPyV-associated nephropathy is clinically
silent and is manifested in 40% to 60% of cases by progressive
renal failure (232, 65). In renal transplant patients, the
condition may be confused with graft rejection (232, 65).
The risk for BKPyV nephropathy following renal trans-
plantation is known to be associated with a number of factors
including high BKPyV antibody titers in the donor, low or
absent BKPyVantibodies in the recipient, HLA-mismatches,
and potent immunosuppressive therapy often involving
tacrolimus-mycophenolate combinations (235, 236, 202). A
minority of cases of posttransplantation nephropathy are
associated with JCPyV (237–239). Ureteric stenosis due to
BKPyV has become much less common today in kidney
transplantation despite extensive urothelial replication,
presumably due to improved surgical techniques and ureteric
stent implantation.

Cystitis due to BKPyV may be hemorrhagic or non-
hemorrhagic, occur during primary or reactivated infection,
and be occult or symptomatic (240). In transplant patients,
hemorrhagic cystitis associated with BKPyV usually occurs

well after organ transplantation and should be differentiated
from that seen soon after transplantation, which is more
commonly due to cyclophosphamide or other immunosup-
pressive agents (65, 240). Hemorrhagic cystitis is, by defi-
nition, clinically symptomatic with urgency, dysuria, and
macrohematuria (110, 113). The condition may occur to-
gether with urethritis with or without ureteral obstruction,
or less frequently, with interstitial nephritis. Although most
patients with hemorrhagic cystitis after allogeneic HSCTare
seropositive, children with low or negative serostatus have
been shown to develop hemorrhagic cystitis implicating
nosocomial or even primary infection (112). The disease has
to be differentiated from other etiologies including direct
toxic effects, herpes simplex, cytomegalo-, and adenovirus
infection (113).

Other Conditions Associated with BKPyV
Infection
In a handful of cases, all of them in profoundly immuno-
compromised patients, BKPyV has been reported to cause
interstitial pneumonia (241). In one renal transplant pa-
tient, BKPyV was associated with a widespread infection of
vascular endothelial cells resulting in muscle weakness,
anasarca, and myocardial infarction (242). BKPyV has been
occasionally detected in the CSF of children with enceph-
alitis (221) and was identified in CSF from one patient with
frontal and temporal encephalomalacia in the setting of
renal transplantation (243). BKPyV has also been associated
with cases of retinitis and of meningitis or encephalitis but in
most of these cases there has not been clear proof that
BKPyV was the causative agent (241).

Merkel Cell Carcinoma and Trichodystrophy
Spinulosa
Merkel cell carcinoma and TS are both conditions involving
the skin, but with radically different clinical course, mor-
bidity, and mortality. The tumor most commonly occurs on
sun-exposed areas of skin as a small, cystic lesion that en-
larges over weeks to months. MCC metastasizes to draining
lymph nodes and also to brain, bone, and systemic organs.
Mean survival in patients is under 6 months (120).

Trichodystrophy spinulosa is a rare skin condition,
characterized by development of spiny follicular papules
located predominantly on the face and, in a smaller number
of cases, on extremities, trunk, or scalp. The disease has been
observed under conditions of immunosuppression and oc-
casionally in patients with chronic lymphocytic leukemia.
The condition can be disfiguring but, in contrast to MCC, is
not yet known to have appreciable mortality (69).

Manifestations of Other Polyomaviruses
Nine other human polyomaviruses have been identified
(Table 1). Most if not all of these agents are widespread
agents of human infection. To date, however, the majority of
these agents have not been associated with clinical illness.
HPyV6 and HPyV7 are shed from the skin of healthy sub-
jects as well as patients with a variety of skin tumors. KI and
WU viruses have been recovered from nasopharyngeal as-
pirates of children with respiratory tract infections and
STLPyV has been recovered from tonsils of children with
chronic tonsillitis. However, the actual role of these agents
in disease causation has not been established. To date, of the
newer polyomaviruses, the only one linked to clinical illness
is NJPyV, which has been associated with microvasculitis of
muscle and retina and with a necrotizing dermopathy in one
pancreatic transplant patient (244). Pathological evaluation
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of muscle in this patient revealed a vasculitis affecting small
vessels. NJPyV DNA was recovered from both skin and
muscle, and polyomavirus inclusions were found in vascular
endothelial cells, similar to the vascular involvement seen
with the mouse agent, MPtV (244, 127).

LABORATORY DIAGNOSIS
JCPyV Infection and PML
PML was initially a pathological diagnosis, with diagnostic
accuracy enhanced by immunohistochemistry for JCPyV
antigens or in situ DNA hybridization methods. At present,
the diagnostic study of choice for PML is PCR analysis of
CSF for JCPyV DNA (226). In earlier studies, use of PCR
analysis of CSF enabled specific diagnosis in 80% to 90% of
cases (4), and this level of sensitivity is still thought to apply
in cases of non-AIDS PML, including cases associated with
natalizumab and other agents affecting host immune re-
sponse. In patients with AIDS-PML, however, cART has
been shown to reduce viral load of JCPyV in CSF, so that
diagnostic yield in patients treated with cART has been
reduced to 57.5% (245). Cell culture isolation is extremely
cumbersome and not used for diagnostic purposes.

BKPyV Infection
Renourinary infection by BKPyV may be suspected by the
detection of decoy cells (urothelial cells containing nuclear
inclusions) in urine (Figure 9). Urinary decoy cells, although
highly specific, are seen in 40% to 60% of transplant patients
but associated with nephropathy in only 20% of cases (232).
Viremia with over 7,000 copies of BKPyV DNA per ml has a
predictive value of approximately 60%, and urinary excre-
tion of over 100 times the number of copies per ml in plasma
has a predictive value of 40% (232). Although transplant
biopsy remains the gold standard to diagnose BKPyV,
quantitative analysis of urinary decoy cells and identification
of urinary Haufen bodies provide good surrogate markers for
surveillance (246, 247).

Serologic Assays for JCPyV and BKPyV
Antibodies to JCPyV and BKPyV can be measured by hem-
agglutination inhibition (248) or ELISA methods. Detection
of antibodies to JCPyV or BKPyV is not itself diagnostic of
disease, since most individuals have antibody. The presence
of antibody does, however, indicate prior infection, and el-
evation of JCPyV antibody index in patients on natalizumab
or other agents may suggest increased risk of PML. Severe
immunosuppression may prevent a rise in antibody titer.

PREVENTION
Vaccines or other specific measures to prevent JCPyV or
BKPyV infection have not been developed. In recent years,
however, major attention has focused on the identification
of individuals at increased risk of developing PML while
under treatment with natalizumab or other immunomodu-
latory agents, or of developing BKPyV nephropathy and
then adding risk stratification to alter their immunosup-
pressive regimens. The presence of antibodies to JCPyV has
been intensively studied as a tool for risk stratification in
individuals receiving natalizumab, based on findings that
individuals who are seropositive for JCPyV appear to be at a
higher risk for developing PML (102). Use of a commercially
available JCPyV antibody index has demonstrated that
natalizumab-treated patients developing PML maintain

higher anti-JCPyV antibody index values over time than did
patients not developing PML, suggesting that antibody in-
dex may provide a means of assessing PML risk in antibody-
positive natalizumab-treated patients (102).

BKPyV-associated nephropathy is asymptomatic in
almost all cases, and the disease is not recognized until renal
function is significantly impaired. Therefore, current guide-
lines emphasize the role of screening for BKPyV in urine and
blood (246, 247, 201). The paradigm of BKPyV reactiva-
tion after kidney transplantation proceeds from low-level
viruria detected by quantitative PCR to high-level viruria
with BKPyV loads above 7 log10 copies/ml and the appear-
ance of “decoy cells” in 20% to 40% of patients (108, 249,
206). BKPyV-associated nephropathy is more likely if
plasma viral loads are above 7,000 copies/ml (108, 198).
Although transplant biopsy remains the gold standard for a
proven disease, plasma viral loads above 10,000 copies/ml
are widely accepted for the diagnosis of presumptive ne-
phropathy and preemptive treatment, e.g., by reducing im-
munosuppression (201). Patients with high urine viral loads
above 10 million copies/ml are considered to be at risk for
viremia and nephropathy, but a preemptive treatment
approach by immunosuppression may not be justified (249)
as it unnecessarily increases the risk of precipitating rejec-
tion (250).

Treatment of PML
Attempts to treat PML with antiviral agents have employed
cytosine arabinoside, camptothecin, topotecan, cidofovir,
mefloquine, and serotonin receptor blockers such as mirta-
zapine, but no agent of proven value has been identified to
date. Brincidovovir, a lipid conjugate of cidofovir (formerly
called CMX001), has been found to inhibit JCPyV repli-
cation in human brain progenitor-derived astrocytes and
human fetal brain SVG cultures but has not as yet been
reported in clinical trial (251, 252). The use of cytosine
arabinoside, cidofovir, camptothecin, and topotecan may be
accompanied by significant toxicity. An uncontrolled study
reported neurological stabilization or improvement in 7 of
19 non-AIDS PML treated with intravenous cytosine arabi-
noside at 2 mg/kg for 5 days (253), but controlled studies
have shown no benefit in HIV-infected individuals (254).
Clinical improvement has been described in individual
AIDS and non-AIDS patients treated with cidofovir, in-
cluding cases in which cidofovir was added to cARTor other
antiviral agents (255–258). However, efficacy has not been
demonstrated in case series of AIDS-PML, and controlled
trials have not been reported (259). Camptothecin and
topotecan have been used in individual cases of PML, but
therapeutic efficacy has not been confirmed (260). Me-
floquine, which has been shown to have antiviral activity
against JCPyV in vitro, has been used in individual patients,
as has the serotonin reuptake inhibitor, mirtazapine, with or
without concomitant treatment with cidofovir or meflo-
quine. Although individual case reports have suggested
clinical improvement with these agents, mefloquine was not
demonstrated to be effective in a controlled trial (261), and
controlled studies of mirtazapine have not been reported.
The use of monoclonal agents directed against JCPyV capsid
proteins has been suggested but not yet used in clinical
practice (262).

In contrast to the poor results seen with antiviral agents
in treatment of PML, virological and clinical improvement
have been definitively shown to occur in cases in which it is
possible to restore host immunocompetence by treatment of
AIDS patients with cART, removal of monoclonal agents,
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such as natalizumab, by plasma exchange with or without
immunoadsorption, or discontinuation of other immuno-
suppressive agents (95, 263). In such cases, restoration of
immunocompetence may result in life-threatening IRIS,
whose treatment may require corticosteroids or other mea-
sures (262); IRIS will occur in over 70% of cases of PML
associated with natalizumab following discontinuation of
medication (262).

Treatment of BKPyV Nephropathy
There is currently no specific antiviral therapy to treat
BKPyV nephropathy. A placebo-controlled prospective
randomized trial of levofloxacin prophylaxis for the first 3
months after kidney transplantation did not demonstrate
lower rates of BKPyV viruria or viremia, but an increased risk
of bacterial resistance (264). Monitoring of viral load and
preemptive withdrawal of immunosuppression were associ-
ated with resolution of BKPyV viremia and decreased rates
of nephropathy (249, 171, 265, 250, 236, 266). Multiple case
series have suggested therapeutic benefit from cidofovir, but
controlled trials demonstrating efficacy have not been pub-
lished. Commercially available immunoglobulin G, which
contains neutralizing antibodies to all BKPyV genotypes, has
shown potent antiviral activity against BKPyV in vitro. In
one study of 30 patients with BKPyV nephropathy unre-
sponsive to cidofovir and use of leflunomide, treatment with
IgG intravenously at 1g/kg produced clearing of viremia in
90% of patients and 12-month graft survival rates of 96.7%
(267). Brincidofovir has shown a good inhibitory effect of
BKPyV replication in tubular epithelial and urothelial cells
in vitro, and it is currently in clinical trials (268–270).

Treatment of MCC and TS
Treatment of MCC may involve surgery, radiation treat-
ment, and chemotherapy. Antiviral treatment has as yet no
place in treatment of the neoplasm. Improvement in TS
has been reported with withdrawal of immunosuppressive
agents, and individual cases have been reported to improve
with topical cidofovir or oral valganciclovir (271).
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Papillomavirus
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Human papillomaviruses (HPV) are a large group of viruses
(more than 200 types identified) that infect the epithelium
of the skin and mucous membranes. The infections can be
latent, subclinical, or clinically manifest, causing lesions that
range from the benign (warts, papillomas, condylomas) to
the malignant. Some of these viruses are responsible for
cutaneous warts; a different group of HPVs (types 6 and 11)
is responsible for most genital warts. The major importance
of HPVs is because 20 types (especially HPV-16 and -18) are
regarded as the necessary, if not sufficient, cause of cervical
cancer as well as other cancers of the vagina, vulva, penis,
anus, and oropharynx. Although most sexually active indi-
viduals get infected with genital HPVs, most of these in-
fections are transient and innocuous. It is the persistence
of the high-risk oncogenic HPVs that leads to malignant
transformation. Cancer caused by these viruses is preceded
by a precancerous stage whose detection is the basis of cy-
tologic screening (Pap smear) for cervical cancer. Ten years
ago HPV vaccines were introduced for the prevention of
diseases associated with HPV-16 and -18 and for the pre-
vention of anogenital warts caused by HPV-6 and -11. The
introduction of HPV vaccination has been a major advance
because it is the first time a vaccine has been able to directly
prevent virally induced cancers. When used broadly before
the onset of sexual activity, HPV vaccination has caused a
dramatic reduction in the incidence of genital warts and
HPV-related cervical lesions. This should be the harbinger of
a decline in the rates of cervical and other cancers.

HISTORICAL BACKGROUND
Hand and plantar warts and external anogenital warts, also
called condylomata acuminata, have been known since
antiquity. However, it was in 1871 that Mackenzie recog-
nized the existence of laryngeal papillomas and in 1922 that
Lewandowsky and Lutz described epidermodysplasia verru-
ciformis (1, 2). Variot in France was the first to demonstrate
the transmissibility of warts in 1891, while Ciuffo in Italy
established their viral nature in 1907 (3, 4). Human papil-
lomaviruses (HPVs), first identified by electron microscopy
in 1949 by Strauss et al. (5), primarily infect stratified
squamous epithelia of humans. The Crawfords showed that
the virus had a double-stranded DNA genome (6). HPV was
originally thought to cause only warts, but during the past 40

years the great biological importance of these ubiquitous
viruses has become recognized. HPVs are, in fact, responsible
for a wide array of diseases, both benign and malignant.
Rarer diseases such as recurrent respiratory papillomatosis
(laryngeal warts) and epidermodysplasia verruciformis were
found in the late 1960s and early 1970s to be related to HPV
infection. In 1974 the role of HPV in cancer of the uterine
cervix was first suspected. This oncogenic potential had al-
ready been established for the cottontail rabbit (Shope)
papillomavirus in 1932 and for bovine papillomaviruses
(BPV) in 1951. In the 1970s, analysis of HPV isolates led to
the recognition of multiple HPV genotypes by the groups of
Gérad Orth at the Pasteur Institute in Paris and Harald
zur Hausen in Freibourg and then Heidelberg (7–12). zur
Hausen and his colleagues established an association be-
tweenHPVs and squamous benign and preinvasivemalignant
lesions of the uterine cervix. These preinvasive malignant
lesions, also called dysplasias, intraepithelial neoplasias, or
squamous intraepithelial neoplasias (SIL), are the precursors
to invasive cervical carcinoma. As studies on the biology of
HPVs progressed, it became clear that some of these viruses
possessed genes capable of transforming and immortaliz-
ing cells in vitro. Subsequent epidemiological observations
showed that some genital HPV types, the “low-risk” HPVs
(e.g., types 6 and 11), were never or rarely associated with
malignancies, whereas others, the “high-risk” HPVs (e.g.,
types 16 and 18), were linked to cancers. Harald zur Hausen
was awarded the Nobel Prize in Medicine or Physiology in
2008 for his original contributions to the association be-
tween HPVand cervical cancer. The use of polymerase chain
reaction (PCR) assays to diagnose HPV infection in pro-
spective epidemiological studies demonstrated that HPVs
play a central role in the vast majority of cervical cancers.
HPVs are also associated with many other cancers, with a
causal link becoming increasingly established for squamous
cell carcinomas (SCC) of the anus, vulva, vagina, penis, and
oropharynx. In 2006 the first highly effective HPV vaccine
directed at HPV type 6 (HPV-6), -11, -16, and -18 became
available, followed in 2009 by a second, bivalent (HPV-16
and -18) vaccine. Already, substantial reductions in the
burden of anogenital HPV infections and associated diseases
have been observed in many countries. Anogenital warts are
almost eradicated wherever the quadrivalent vaccine is being
used. In 2015, a third, nonavalent vaccine (HPV-6, -11, -16,
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-18, -31, -33, -45, -52, and -58) was introduced to the mar-
ket, which promises greater vaccination rate and an accel-
erated disappearance of the Papanicolaou (Pap) smear for the
primary screening of cervical cancer.

VIROLOGY
Classification
All the members of the Papillomaviridae family, including
HPVs, have a supercoiled, single double-stranded circular
DNA genome enclosed in an unenveloped, icosahedral
capsid (http://www.hpvcenter.se/html/refclones.html, http://
pave.niaid.nih.gov/). Papillomaviruses are widespread among
higher vertebrates but are species specific (13). Because HPVs
could not be grown for many years, and because sufficient
quantities of most of them cannot be purified for direct
biochemical and antigenic characterization, HPVs are clas-
sified by genotypes and not serotypes.

Genotypes
Papillomaviruses are classified as distinct genotypes if they
have less than 90% DNA sequence homology of the L1 open

reading frame (ORF), which encodes the major capsid pro-
tein. Subtypes have between 90% and 95% DNA homology,
and variants have between 95% and 98% DNA homology.
The Papillomaviridae family has 49 genera at present (http://
www.ictvonline.org). HPVs belong to the Alpha-, Beta-,
Gamma-, Mu-, and Nupapillomavirus genera. Although
papillomaviruses share the same general genomic organiza-
tion, some particularities characterize each genus. For ex-
ample, the Beta- and Gammapapillomaviruses lack an E5
ORF. A genus may be further divided into species defined by
a particular representative. For example, HPV-16, an alpha-
papillomavirus, is the representative type of species 9, which
also includes types 31, 33, 35, 52, 58, and 67 (Fig. 1) (14–
17). At the end of 2015, 205 HPV genotypes had been
formally identified, a number that is continuously expand-
ing. Most recent types do not appear to be associated with
any disease (Table 1). There is an imperfect concordance
between the phylogeny of the HPV types and their biology.
All the Betapapillomaviruses are associated with cutaneous
lesions, with species 1 and 2 encompassing the epi-
dermodysplasia verruciformis HPV types. The Gamma-,
Mu-, and Nupapillomaviruses are all associated with cuta-
neous lesions. Among the Alphapapillomaviruses the situ-

FIGURE 1 Phylogenetic tree of 99 human papillomaviruses, their genuses and species. The tree was established on the concatenated
amino acids and nucleotide sequences of six open reading frames (E6, E7, E1, E2, L2, and L1) (reprinted from reference 2 with permission).
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ation is more complex. Species 1, 6, 7, 9, 10, 11, 13, 14, and
15 include only genital (mucosal) HPV types, while species
2 includes only cutaneous types, and species 3, 4, 5, and 8
include both types.

Serotypes
HPV virions induce humoral and cellular immune responses
in animals and humans (18, 19). Antibodies react with
major (L1) and minor (L2) proteins that constitute the viral
capsid. Denatured papillomavirus virions exhibit a common
antigen, not displayed during natural infection, which has
been used to generate a diagnostic antibody for immunocy-
tochemistry (20). The DNA sequence encoding this com-
mon papillomavirus antigen has been mapped to a small
region of the gene coding for the major capsid protein.
Undenatured virions from different HPV types do not ap-
pear to share a common dominant antigen, even though the
amino terminus of L2 contains epitopes shared broadly

among papillomaviruses (21). Virus-like particles (VLPs)
that have the same conformation and size as the native
capsid can be made by expressing the capsid genes, either L1
alone or L1 and L2 together. VLPs are the constituents of the
current vaccines. The study of papillomavirus L1 VLPs has
shown that serotypes generally correspond to genotypes (22).

Composition
Papillomaviruses share the same structure, a naked, T = 7
icosahedral capsid containing a double-stranded, super-hel-
ical, circular DNA molecule associated with cellular histone
proteins H2a, H2b, H3, and H4. The capsid consists of 72
pentamers that are either pentavalent or hexavalent (Fig. 2)
(23). Each pentamer is composed of five major capsid pro-
teins. The minor capsid protein is located in the center of
the pentamer, possibly only in the pentavalent pentamers.
Purified papillomavirus virions measure 55 to 60 nm in dia-
meter (Fig. 2).

TABLE 1 HPV types and their disease associationsa

HPV type(s)

Disease
Frequent

associationb Less frequent association

Cutaneous
Deep plantar warts 1, 2, 27 4, 41, 57, 63
Common warts 2, 1, 4, 27 3, 7, 26,c 28, 29, 41,d 57, 65, 77,d 117,c 125, 128, 129 130,

131, 132, 133, 148, 149, 179, 184
Common warts of meat,
poultry, and fish handlers

7, 2 1, 3, 4, 10, 28

Flat warts 3, 10 27,c 38, 41,d 49,c 75, 76
Epidermodysplasia verruciformis 5,d 8,d 9, 12,

14,d 15, 17d
19, 20d,e 21, 22, 23, 24, 25, 36, 37, 38, 47,d 49, 50, 75, 93

Anogenital or mucosal
Condylomata acuminata 6, 11 42, 43, 44,e 45,d 51,d 54, 70, 153, 175, 178, 180
Intraepithelial neoplasia
Unspecified 26,d 30,d 39,d 40, 53,d 57, 59,d 61, 62, 67,d 68,d 69, 71, 81, 83
Low grade 6, 11 16,d 18,d 31,d 33,d 35,d 42, 43, 44,e 45,d 51,d 52,d 54, 61, 70, 72, 74c

High grade 16,d 18d 6, 11, 31,d 33,d 34,c,e 35,d 39,d 42, 44,e 45,d 51,d 52,d 56,d 58,d 66,d 67d

Cervical carcinoma 16,d 18d 26, d 31,d 33,d 35,d 39,d 45,d 51,d 52,d 53,d 56,d 58,d 59,d 66,d 67,d

68,d 70,d 73,c,d 82d

Recurrent respiratory
papillomatosis

6, 11 16,d 18,d 31,d 33,d 35,d 39d

Miscellaneous
Focal epithelial hyperplasia 13, 32 18,d 33,d 45d

Conjunctival papillomas
and carcinomas

6, 11, 16d 18,d 33,d 45d

Others, cutaneousf 36, 37, 38,d 41,d 48,c,d 60, 72,c 80,g 88, 92, 93, 94, 95, 96, 107, 114, g,
115,g 116,g 118,g 119,g 120,g 121,g 122,g 123,g 124,g 127,g 134,g 135,g

136,g 137,g 138,g139,g 140,g 141,g 142,g 143,g 144,g 145,g 146,g 147,g 150,g

151,g 156,g 161,g 162,g 163,g 164,g 165,g 166,g 167,g 168,g 169,g 170,g 197 d

Others, genital (mucosal) 30,d 72,c 73,c 84,h 85, 86,d 87, 89, 90, 91, 97, 101, 102, 103, 106, 171, 172, 173
aDNA sequence information is available at http://pave.niaid.nih.gov/#explore/reference_genomes/human_genomes
bThe distinction between frequent and less frequent is arbitrary in many instances. Large descriptive statistics of HPV type distribution by disease are not available for

all HPV types. Moreover, many HPV types have been looked for or identified only once or a few times.
cFirst recovered from immunosuppressed or HIV-infected patients.
dThe malignant potential of this type is definite, probable (e.g., types 26, 53, 66, 68, 73, 82), or uncertain but possible because it has been isolated in one or a few lesions

that were malignant (e.g., types 14, 17, 20, 38, and 47).
eHPV-46 was found to be a subtype of HPV-20, HPV-64 was found to be a subtype of HPV-34, and HPV-55 was found to be a subtype of HPV-44.
fIncludes types isolated from a cystic plantar wart, oral cavity, kerathoanacanthoma, hand SCC, or malignant melanoma.
gIdentified in normal skin.
hIdentified in normal cervicovaginal cells.
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Genome
The viral genome is approximately 8,000 bp long (40% to
50% G+C content). The apparent molecular weight of 3 to
5 · 106 represents 10% to 13% of the virion’s weight.
Papillomavirus genomes share the same general organization
(Fig. 3), which usually consists of eight ORFs, all located
on the same strand (24). These have been designated as
either early or late. The early ORFs (E1, E2, E4, E5, E6,
and E7), originally numbered by diminishing size, code for
nonstructural, regulatory proteins. The E3 ORF does not
code for a protein, and different E8 ORFs have been iden-
tified only in Kappa- and Xipapillomaviruses—in the latter,
E8 has the properties of E5. E5 is absent from the Beta-
and Gammapapillomaviruses, along with E4 from the
Etapapillomaviruses. E6 is absent from the Xi- and Theta-
papillomaviruses, and E7 is absent from the Omicronpa-
pillomaviruses. The late ORFs (L1 and L2) code for the
capsid proteins.

An important, typically 1-kb-long, noncoding region,
referred to as the upstream regulatory region (URR) or long
control region (LCR), lies between the early and late ORFs.
The URR includes the origin of replication (ori), the E6/E7
gene promoter (promoter P97 of HPV-16), and the en-
hancer and silencers. The URR is thought to determine
HPV tissue specificity. The function of the URR is governed
by at least several of the internal transcriptional regulatory
motifs (Fig. 4) (25–28). These cis-acting elements bind to
the various cellular and viral proteins that trans-regulate
genomic function. At least four components are shared by
the URRs of the papillomavirus types examined so far: (i) a
polyadenylation signal for late mRNAs at the 5¢ end, (ii) E2
protein binding sites, (iii) an E1 binding site associated with
the origin of replication, and (iv) a TATA box in the E6
gene promoter. The molecular mechanisms of URR function
and regulation are complex (27). Viral gene transcription
results in an abundance of mRNA species due to compli-
cated and multiple splicing patterns that reflect a post-
transcriptional regulation that is tightly linked to the state of
differentiation of the infected cell (29). These splicing pat-

terns also differ among HPV types (Fig. 4). In addition, full
or truncated ORFs may appear on different messages (e.g.,
E2 and E6). Some mRNAs are translated as fusion proteins
(E1 and E4), whereas others are polycistronic (E6 and E7).

Proteins
Because of the multiple splicing patterns of viral gene ex-
pression, there are more protein products than ORFs. Table
2 summarizes the information on characterized proteins. L1
is called the major capsid protein because it represents 83%
of the viral coat and has hemagglutinating activity (30).
Experimentally, HPV L1 induces a strong and type-specific
neutralizing antibody response (22, 31). L2 is larger and
dispensable in the formation of the capsid, but it appears to
be important for both entry and egress of the viral ge-
nome and for encapsidation of the viral DNA (21). Ex-
perimentally, it also generates a weak but cross-specific
neutralizing antibody response.

E1 and E2 proteins are involved in viral DNA replication
(see “Biology” below) (28, 32–35). E1, the only viral protein
with enzymatic activity, has an ATPase that is part of the
helicase function of E1 (32). E1 also contributes to the
maintenance of the viral episome and is often absent when
the viral DNA is integrated. The E2 of HPV-16 possesses
transcription regulatory properties and represses the activity
of the E6/E7 promoter by binding to the E2 binding sites
proximal to the E6 promoter (Fig. 4) (20). In contrast, viral
integration disrupts the E2 ORF and allows the free trans-
activation of the E6/E7 promoter by several cellular tran-
scription factors (29). The differential methylation of the E2
binding sites appears to be important in carcinogenesis (36).

Differential RNA splicing and proteolytic cleavage pro-
duce various forms of the most abundant cytoplasmic HPV
protein, E4 (actually E1-E4 proteins, because they retain the
first five amino acids of E1) (28, 37). With the exception of a
conserved leucine-rich motif that appears to be important in
the interaction with the cytokeratin networks, the E4 family
of proteins shows substantial heterogeneity at the amino acid
level among HPV types. Although the role of E4 remains to
be fully defined, these proteins form a filamentous cytoplas-
mic network that co-localizes with the cytokeratin network
of intermediate filaments in the lower epithelial layers. E4
proteins form solitary perinuclear structures in the more
differentiated layers of the epidermis. E4 may function in
coordination of genome amplification, suppression of cell
proliferation through a G2-M arrest, and post-transcriptional
gene regulation. It is also speculated to play a role in virus
release and transmission.

E5 is a small, membrane-bound protein that has weak
transforming abilities in high-risk HPVs (28, 35, 38).
However, it is unclear how this is accomplished because
the protein is undetectable in tissues and the gene is often
found to be deleted in cervical carcinomas. E5 interacts with
cellular growth factor receptors, including the epidermal
growth factor (EGF) receptor and, in the case of HPV-6, also
with the erbB2 and platelet growth factor receptors (Fig. 5).
Because it associates with an adaptin-like protein, E5 may
interfere with the endocytosis and inactivation of these cell
receptors. E5 also binds to the endosomal pore-forming
protein, a 16-kDa protein with ATPase activity that par-
ticipates in the endosomal proton pump. The resulting in-
hibition of endosome acidification increases the half-life of
the EGF receptor. EGF activates the phosphokinase C
(PKC) pathway of signal transduction, which leads through
the mitogen-activated protein (MAP) kinase activation
pathway to the activation of the c-jun and c-fos oncogenes.

FIGURE 2 Structure of the papillomavirus virion. A cryoelec-
tron micrograph of the HPV-1 capsid is shown (diameter, 60 nm).
(Reprinted from reference 11 with permission.)
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c-Jun and c-Fos assemble in a heterodimer to form activation
protein 1 (AP-1), which has potent transcriptional activity.
c-fos is required for the malignant progression of skin tumors.
Rather than acidifying the endosome, E5 may act by dis-
turbing the protein trafficking from early to late endosomal
structures. E5 may also activate the MAP kinases, ERK1/2,

and phospholipase Cg-1 directly and can enhance endo-
thelin-1-induced keratinocyte growth. E5 may also cause a
decreased expression of HLA-A and HLA-B molecules, thus
contributing to immune evasion. In addition, E5 suppresses
cellular apoptosis and gap-junction communication between
keratinocytes.

FIGURE 3 HPV genetic maps. (C) linearized HPV-16 DNA map; (B) linearized HPV-11 DNA map; (A) HPV-11 transcription map. By
convention, the map origin of papillomaviruses is defined as the position homologous to the HpaI single restriction site of HPV-1. The open
boxes correspond to the ORFs in the respective translation frames. The numbers above each ORF indicate the nucleotide position of the
preceding stop codon (left solid vertical line)/start codon (dashed vertical line)/stop codon (right vertical line). Each HPV-11 mRNA is
depicted with its cap site (solid circle), exons (thick line), introns (thin angled line), and poly(A) site (arrow). The putative corresponding
proteins are indicated on the right of the mRNAs.

FIGURE 4 Organization of the HPV-16 URR. The URR begins after the stop codon of the L1 ORF and finishes at the cap site of the E6
mRNAs. The positions of some of the potential binding sites of various viral and cellular factors are indicated by the symbols placed on and
below the line. E1BS, E1 binding site; E2BS, E2 binding site; ori, origin of replication; TATA, TATA box; GRE, glucocorticoid responsive
element. AP-1, Oct-1, NF-1, NF-kB, Sp1, TEF-1, TFIID, and YY1 are cellular transcription factors.
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TABLE 2 HPV proteins and their possible functions

Viral
protein

Size
(kDa) Functions and propertiesa

E1 68–76 Participation in viral DNA replication
Has a binding site in the URR and forms a hexameric ring around the DNA (with Hsp 40/70)
Forms a heterodimer with E2
Interacts with several of the cellular replicative proteins (DNA polymerase, primase complex, RP-A,
p80/Uaf1, etc.)

Associates with histone H1
Binds to Ini1/hsSNF5, a chromatin remodeling complex that facilitates the access of transcription factors
to DNA regulatory sequences

Interacts with several cyclin/cyclin-dependent kinase complexes, especially cyclin A/E-Cdk2, leading to
E1 phosphorylation, which is necessary for E1 nuclear localization

DNA-dependent ATPase and helicase activities (with Topo1, E1-BP/TRIP13, p56, Ubc9)
Nuclear import (with ERK1 and JNK2, importins a3/ a4/ a5, Crm-1 exportin)
Maintenance of viral episomes (p80/Uaf1)
Amplification of viral genomes in differentiated cells (with caspases-3/-7)
Transcriptional repression (alone)/activation (with E2)

E2 40–58 Participation in DNA viral replication
Has several binding sites in the URR. High-risk HPVs have four binding sites.
Forms a heterodimer with E1 and dramatically increases the DNA-binding specificity of E1

Partitioning of viral episomes during cell replication by interacting with Brd4, a double bromodomain-
containing chromatin adaptor protein

Recruits histone acetyltransferases and may alter chromatin remodeling
Viral transcription repression of E6/E7 at high level
Viral transcription activation (E2 N-terminus) at low level
Cellular differentiation transcription regulation, including through interaction with the C/EBP
transcription factors (control of MMP-9, IL-10, hTERT, b4-integrin, SF2/ASF)

Interacts with L2 and may contribute to encapsidation of viral DNA
Induces apoptosis (estrogen- and progesterone-dependent effect)

E4 (several)
and E1-E4

10–17 Most abundant cytoplasmic viral protein, but function poorly defined
Bind to the cytokeratin filament network
Are associated with the cornified cell envelope and may contribute to virion assembly, release, and
transmission

? Coordination of genome amplification
? Mitosis blockade (by binding of Cyclin B/Cdk1 and Cyclin A/Cdk2)
? Post-transcriptional gene regulation by binding to E4-DBP helicase

E5 10 ? Malignant transformation
Binds and enhances epithelial growth factor receptor signal transduction (HPV-6 but not HPV-16)
(which controls Erk1/2, AKT, cyclooxygenase, VEGF, c-Cbl)

Binds to Golgi’s vacuolar ATPase 16-kDa protein (proton pump) and inhibits the acidification of
endosomes and Golgi complex, which stabilize the epithelial growth factor receptor and platelet-
derived growth factor, respectively

Activates cellular oncogenes c-jun and c-fos, whose protein products form the AP-1 transcription factor
(may be able to activate AP-1 directly)

Can enhance endothelin-1-induced keratinocyte growth and target p38 MAP kinase, calpain 3,
phospholipase C-g1, ErbB4, EVER1 and EVER2, ZnT-1, Bap31, calnexin, calpactin 1, karyopherin
b3, cyclin A

Might stimulate arachidonic acid metabolism independent of binding to platelet-derived growth factor
Inhibits cell-to-cell communication through gap junctions (connexins 26 and 43)
Inhibits cell motility

Immune evasion by inhibition of HLA-A and HLA-B cell surface antigens
Apoptosis inhibition (Fas, Bcl-2, Bax)

(Continued)
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TABLE 2 HPV proteins and their possible functions (Continued)

Viral
protein

Size
(kDa) Functions and propertiesa

E6 16–19 Inhibition of keratinocyte differentiation
Binds to E6-AP, a calcium-binding protein and ubiquitin E3 ligase. Together they bind to and cause
the degradation by ubiquitination of the tumor suppressor protein p53 and acceleration of its
degradation by the ubiquitination pathway. This leads to the deactivation of the tumor suppressor
gene Notch1 and the activation of the oncogene erb2 (HPV-16 and HPV-18).

Leads in the same manner to the degradation of cell proliferation regulatory proteins Bak, multicopy
maintenance protein 7, c-Myc, DLG

Stimulation of malignant transformation
By binding of E6 and E6-AP to PDZ domain proteins (DLG, MUPP1, MAGGI, and hScribble), leading
to transformation by loss of cell polarization, cell signaling, and of cell-to-cell communication

Cellular immortalization
By binding and degradation with E6-AP of the NFX cellular repressor of the hTERT (telomerase)
promoter, thereby causing elongation and repair of chromosome telomeres

Stimulation of cell proliferation
Interacts with p300/CBP (transcription coactivator acetyltransferase), paxillin (focal adhesion protein),
IRF-3 (transcription factor), E6TP1 (putative GAP protein), MUPP1 (putative DLG analog), Tyk2,
and protein kinase N (high-risk HPVs)

Interacts with Gps2, a protein that binds to p300/CBP (low- and high-risk HPVs)
Inhibition of apoptosis

By binding and degrading Bak, FADD, procaspase 8
By reducing p53 levels

Inhibition of the immune response (HPV-16 or -18)
By binding to IRF-3, but also activates NFkB
By interacting with Tyk2 and interference with JAK-STAT activation of the IFN-a cascade
By altering the expression and function of TLR-9
By inhibiting the IL-8 and IP-10 induction of the IFN-g response
By down-regulating E-cadherin, which depletes the epidermis from Langerhans cells

Cooperation with E7 to counteract the E7-induced increased level of p53
Contributes to chromosome destabilization (high-risk HPVs)
Enhances DNA integration and mutagenicity (high-risk HPVs)
Autophagy and metabolism (mTORC-1)
Regulation of miRNAs
Maintenance of viral genomes
Enhances epithelial invasion
Binding to Bak, Gps2, E6-AP, and zylin (focal adhesion protein) (low-risk HPVs)

E6* 5–8 Has antiproliferative and antiviral replicative effects
Inhibits E6-directed degradation of p53

10–14 Stimulation of malignant transformation (high-risk HPVs) and cell proliferation (all HPVs)
Interferes with pRB, a tumor suppressor gene product, and abrogates pRB’s inhibitory effect on cell
proliferation by releasing E2F, a family of transcription factors involved with the S phase of the cell
cycle (high-risk HPVs)

Interferes with the p107 and 130 proteins, pRB-like proteins that inhibit cell proliferation
Inactivates the HDAC protein by binding first to the HDAC complex protein Mi-2b and causes

increased levels of E2F. HDAC normally represses gene expression by facilitating chromatin
condensation.

Enhances DNA integration and mutagenicity
Binds c-Jun and FOXM1c and activates the proliferation-associated transcription factors AP-1 and
FOXM1c, respectively

Inhibits cyclin-dependent kinase inhibitors p21WAF1/CIP1 and p27KIP1

Activates cyclins E and A directly, by binding to cyclin E and histone 1 kinase, and indirectly, by
activating the Cdc25A phosphatase

(Continued)
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E6 and E7 are nuclear proteins that play a central role in
malignant transformation (28, 35, 39–41). Both proteins
bind to a variety of cellular factors (Table 2), with the
highest affinity belonging to the E6 and E7 proteins of high-
risk oncogenic HPVs, like HPV-16 and -18. Thus, what
follows mostly applies to E6 and E7 of the high-risk HPVs.

E6 is a zinc-binding protein that binds tightly to specific
motifs on double-stranded DNA (40). It also binds to the
E6-associated protein (E6-AP), also known as the E3 ubiq-
uitin ligase. In combination, these two proteins associate
with the p53 protein, prompting the accelerated degradation

of p53 through the ubiquitin pathway. p53 is an important
cell cycle regulator, a tumor suppressor protein, that is ac-
tivated by DNA damage. Among its different functions, p53
contributes to cell cycle arrest in the G1 phase (Fig. 6). It
transactivates the gene families WAF1/CIP1 and INK,
whose respective p21 and p16INK4A proteins directly in-
teract with a cyclin/cyclin-dependent kinase/proliferating
cell nuclear antigen (PCNA) complex that is responsible for
phosphorylating and inactivating the retinoblastoma (pRB)
protein. The Notch1 gene is induced; its protein is a de-
terminant of keratinocyte differentiation and acts as a tumor

TABLE 2 HPV proteins and their possible functions (Continued)

Viral
protein

Size
(kDa) Functions and propertiesa

Causes increased levels of p16INK4A, an inhibitor of cyclin D1-CDK4 and cyclin D1-CDK6. But because
the cell cycle is made resistant by E7 to the growth arrest that would otherwise ensue, p16INK4A has
been used as a biomarker of potential malignancy

Causes resistance to TGF-b, an inhibitor of keratinocyte growth
Causes an increased level of p53 that is counteracted by E6
Causes centriole amplification that results in aneuploidy

Apoptosis modulation (estrogen- and progesterone-dependent effect)
By interacting with p53 and binding to p600 (involved with anchorage-independent growth and cellular

transformation)
By interacting with the IkB kinase complex, leading to an increase in the precursor NF-kB proteins
By inhibition of caspase 8

Inhibition of the immune response (all HPVs)
By binding and inhibiting IFN-a
By binding and preventing the translocation to the nucleus of P48/IRF-9, which normally binds to the

interferon-specific response element
By binding and inactivating the IFN-g-induced transcription factor IRF-1, thereby decreasing the

expression of IFN-b, the transporter associated with antigen processing 1 (TAP1), and monocyte
chemotactic protein 1

By altering the expression and function of TLR-9
Causes resistance to TNF produced by cytotoxic T cells

Some other known and unknown functions
Angiogenic properties
Regulates the expression of the calcium-binding S100P protein and of the mitochondrial ADP/ATP
carrier protein

Interacts with the M2 pyruvate kinase, an enzyme of the carbohydrate metabolism, and activates the acid
a-glucosidase

L1 54–58 Major capsid protein
Assembles into pentamers and although it interacts with L2, it is sufficient to form VLPs
Contains the dominant, type-specific, neutralizing epitope(s)

L2 63–78 Minor capsid protein
Cleaved by furin prior to virion cell entry and causes a conformational change to the capsid permitting
uptake by secondary receptor (? annexin A2)

Facilitates vesicular trafficking and the egress of the viral DNA from the endosome after entry
Interacts with E2
Facilitates transport of L1 protein to the nucleus and localization to the POD nuclear domains
Binds to HPV DNA
Facilitates viral gene transcription
Stabilizes capsid (stoichiometry unclear)
N terminus contains minor, cross-reactive, neutralizing epitope(s)

aTRIP-13, thyroid hormone receptor interactor 13; VEGF, vascular endothelial growth factor; DLG, disk large; MUPP1, multiple PDZ protein1; IRF-3, interferon
regulatory factor 3; TLR-9, Toll-like receptor 9; HDAC, histone deacetylase; mTORC-1, mammalian target of rapamycin complex 1. Note that most of these data are
derived from the study of HPV-16.
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suppressor protein. The net result is the arrest of the cell
cycle in the G1 phase. Another function of p53 is the in-
duction of apoptosis through the downregulation of the bcl2
gene and the activation of the bax gene. E6 interacts with
various other cellular proteins, including tumor suppressors
(e.g., disk large [DLG], hScrib, and MAGI), transcription
factors (e.g., c-Myc, p300/CBP, interferon regulatory factor 3
[IRF3], TBP, hADA3, p-CAF, and AMF-1), and proteins
implicated in cell signaling, cell-to-cell communication, cell
polarity, cell proliferation (toll-like receptor 9 [TLR9] and
PDZ domain-containing proteins such as DLG, MAGI
family, MUPP1, TIP-1/2) (Table 1). The virus escapes im-
mune recognition by downregulating the expression IRF3
and TLR9 (42). E6 can cause cell immortalization by in-
teracting with the promoter complex of the human telo-
merase (hTERT), a ribonucleoprotein enzyme that
maintains the length of chromosomal telomeres, thus pre-
venting cellular senescence. E6* proteins are truncated po-
lypeptides resulting from splicing patterns present only in
high-risk HPVs. They inhibit the E6-mediated degradation
of p53 and have a negative regulatory effect on cellular and
viral replication.

E7 is a zinc-binding protein whose amino terminus has
homologies to adenovirus E1A and the large T antigen of
polyomaviruses (39). E7 binds to and inactivates the hypo-
phosphorylated pRB, a product of the tumor suppressor gene
Rb-1. pRB associates with the transcription factor E2F and
its associated protein, DP1 (differentiation-regulated tran-
scription factor 1 protein). This results in the arrest of the

cell cycle in the G1 phase. E7 protein can also bind to pRB-
related proteins p107 and p130 (these three proteins are
called the pRB pocket proteins) and through slightly dif-
ferent mechanisms (Fig. 6) cause the same overall effect,
namely the triggering of cell cycle progression. E7 sequesters
the histone deacetylases (HDAC), thus triggering the acti-
vation of pro-angiogenic genes. In addition, E7 inhibits in-
hibitors of the cyclin-dependent kinases (p21WAF1/CIP1
and p27KIP1), thus stimulating cell proliferation, interfering
with IRF1 and IRF9 thus facilitating the virus immune es-
cape, and the downregulating an apoptosis. E7 also possesses
some transcription regulatory activity (it stimulates the AP-
1 transcription factor), and it is able to cooperate with v-ras
in transforming primary rodent cells.

The transforming and immortalizing properties of the E6
and E7 genes have been demonstrated in various cell lines
but also in transgenic animals, in which they induce carci-
nomas at the site of expression. Considerably less is known
about the role of E6 and E7 in the low-risk HPVs (39, 40).

BIOLOGY
Replication Strategy
Papillomavirus DNA replication is governed by the state
of differentiation of the keratinocytes in the squamous
epithelium (Table 3). First, the HPV virion has to enter
the basal keratinocyte (43–47). This process begins with
the binding of the viral capsid to the heparin sulfate

FIGURE 5 Epithelial growth factor (EGF) receptor, phorbol ester, and HPV E5 protein interactions. (A) Upon exposure to a phorbol
ester, phosphokinase C (PKC) is activated and phosphorylates the EGF receptor. This allows the binding of a complex of proteins, Grb2 and
Sos, that are brought in contact with the cytoplasmic membrane. The Ras protein becomes activated by Sos after exchange of GDP for GTP.
This is the trigger for the actuation of a cascade of protein kinases, Raf-1, MEK, MAPK, that ultimately induces the expression of the
transcription factor AP-1, which is made up of two proto-oncoproteins, Fos and Jun. The net result is a stimulation of cell proliferation and
differentiation. (B) Under physiological conditions, the EGF receptor is activated by the binding of its ligand, EGF. Autophosphorylation
ensues, which precipitates the sequence of events detailed in panel A. Eventually, the process stops when the EGF receptor becomes
internalized by endocytosis. As the endosome becomes acidic, the EGF receptor is degraded. The acidification of the endosome is dependent
on a proton pump that includes a p16 protein subunit. Papillomavirus E5 inactivates the proton pump by binding to the p16 subunit. It is
believed that the undegraded EGF receptor is then recycled to the cytoplasmic membrane. The overall effect is an increase of cellular
differentiation and proliferation.
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proteoglycans (various protein backbones covalently “dec-
orated” by heparin sulfate molecules) present in the basal
membrane. Syndecan 1 is the most abundant of these pro-
teoglycans. Once bound, the capsid undergoes a conforma-
tional change in the vicinity of the basal keratinocyte cell
membrane that is mediated by cyclophilin B, a cellular
chaperone protein that binds to the L2 viral protein and
exposes a furin cleavage site. Once L2 is cleaved by furin, the
capsid likely binds a second receptor on the cell membrane.
The second receptor has not been firmly identified but could
include one or more transmembrane proteins such as in-
tegrins and growth factor receptors, which with the assis-
tance of tetraspanin CD151 then allow cellular entry of the
viral capsid by endocytosis. Several signaling molecules,
including the EGF receptor, PKC, and p21-activated kinase
1 (PAK-1), control this intracytoplasmic process. The viral
capsid is fully disassembled in the endosome after acidifica-
tion. The L2 protein and viral DNA complexes are then
transported through the trans-Golgi network with the as-
sistance of retromers, large, multi-subunit protein complexes
(45). Eventually, at the time of cell division, when the nu-

clear envelope is broken, the L2-viral DNA complex can
enter the nucleus (47). The viral DNA can then initiate its
replication as an episome, generating a low number (less
than 20 to 50 copies per cell). Viral replication is dependent
on the replicative machinery of the cell and is in part con-
trolled by the transport of E1 into the nucleus, which is
dependent on phosphorylation by cellular cyclin-dependent
kinases. Viral DNA replication begins with displacement of
the histones associated with the viral DNA and the un-
winding of the supercoiled viral DNA (34, 48). E1 binds to a
receptor in the URR that incorporates the origin of repli-
cation. E2 contributes to the specificity of this binding and is
then released. E1 has helicase and ATPase activities. In
cooperation with E2, topoisomerase I, and replication pro-
tein A, E1 displaces the histones associated with the viral
DNA and unwinds the DNA supercoiled conformation (Fig.
7). E1 subsequently forms a bidirectional replication fork
complex with cellular proteins (polymerase a/primase, DNA
polymerase d/PCNA, replication factor C, topoisomerase II,
and DNA ligase). HPV DNA replication progresses bidi-
rectionally from the origin of replication. Viral DNA is then

FIGURE 6 Model of the biological interactions of high-risk proteins with the cell cycle and apoptosis (see text for details). Symbols: r,
activation; s inhibition. Thick lines with open arrowheads (=J) indicate upregulation; the same lines with a broken end denote down-
regulation. Thick gray lines represent the regulations in normal cells, whereas the thick black lines show the regulations in HPV-infected
cells; thin arrows (=R) show direct interactions. Note that the symbols are not drawn proportional to the protein molecular weights and that
the protein complex aggregations are not necessarily concomitant or involve the direct protein-to-protein contacts shown. DP, differenti-
ation-regulated transcription factor polypeptide; HDAC, histone deacetylase; mdm2, murine double minute 2 protein; DLG, disk large.
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encapsidated in a process that involves its association with
cellular histone proteins (H2a, H2b, H3, and H4), but the
whole in vivo process is poorly understood (49, 50). A
transient binding of L2 with E2 protein presumably guides
the DNA into the aggregation of viral L1 and L2 proteins
that eventually form the capsid. The release of viral particles
is probably passive, resulting from the disintegration of the
upper squamous epithelium, possibly facilitated by the E1-E4
protein. Desquamating cells are infectious (51).

Host Range
Papillomaviruses are widespread among higher vertebrates,
but each type usually has narrow species specificity, and
HPVs infect only humans. BPV cause papillomas or fi-
bropapillomas in cattle, but those BPV types producing fi-
bropapillomas (BPV type 1 [BPV-1] and BPV-2) can induce,
naturally or experimentally, fibromas and fibrosarcomas in a
variety of mammals, such as horses (sarcoid tumor), rabbits,
and hamsters (13). The cottontail rabbit (Shope) papillo-
mavirus causes skin papillomas in its natural hosts, the cot-
tontail rabbit (Sylvilagus floridanus) and the jackrabbit (Lepus
californicus), but papillomas and carcinomas in its experi-
mental host, the domestic rabbit (Oryctolagus cuniculus)
(52). The rabbit oral papillomavirus is a distinct virus that
infects the oral cavity of the domestic rabbit and has been
used as a model of mucosal infection (53). More recently, a
genital murine papillomavirus model of transient infection
was identified in Mus musculus (54, 55). No animal papil-
lomaviruses have been shown to infect humans.

Growth in Cell Culture and Animal Models
Infection with HPV virions or transfection with HPV DNA
of keratinocyte monolayers results in transient replication of
the viral DNA without visible cytopathic effect or produc-
tion of virus. Tissue cultures derived from cutaneous warts or
laryngeal papillomas have a normal morphological appear-
ance and no viral gene expression. In contrast, cell lines
from cervical carcinomas can exhibit a transformed pheno-
type and retain HPV DNA, such as HPV-16 (CaSki and
SiHa) or HPV-18 (HeLa and C4-1). These cell lines carry
HPV DNA in integrated form with a disruption of the early
region of the viral genome and therefore do not yield viral
particles (permissive infection). Permissive infections have
been established using immortalized, nonmalignant cell lines

derived from a cervical intraepithelial neoplasia (CIN)
containing episomal HPV-16 (W12 cells) or HPV-31b (CIN
612 cells). This has been accomplished by induction of full
epithelial differentiation by planting the cells either on the
musculofascial layer of the flank of a nude (athymic) mouse
(W12 cells) or on an organotypic “raft” culture system (CIN
612 cells) followed by stimulation with phorbol ester, an
inducer of phosphokinase C and cell differentiation (Fig. 5).
The raft system has undergone further refinements that now
enable the propagation of infectious virions in vitro (56, 57).

Immunodeficient mice (e.g., athymic or with severe
combined immunodeficiency [SCID]) grafted orthotopically
or heterotopically with HPV-infected human xenografts are
otherwise the only means to reproduce the natural infectious
cycle. They provide sustained propagation of HPV virions
and duplicate the macroscopic, microscopic, and molecular
features of natural lesions (58). These models demonstrated
that HPV-6 and -11 induce condylomata acuminata and
that HPV-16 induces intraepithelial neoplasias (59).

Inactivation by Physical and Chemical Agents
Little is known about their resistance to physical and
chemical agents, but papillomaviruses are hardy. Viral cap-
sids resist treatment with ether, acid, and heat for 1 h at
50ºC. Exposure to 100ºC for 1 h is necessary to abolish
HPV-11 gene expression in the SCID mouse xenograft
model (60). However, HPV is inactivated by autoclaving
and 70% ethanol (61). Consequently, standard autoclaving
procedures should be used to sterilize surgical instruments
that are potentially contaminated with HPV, and the smoke
released from vaporized HPV lesions should be evacuated.

EPIDEMIOLOGY
Distribution and Geography
HPV infections and diseases are distributed worldwide, al-
though some geographic variations occur. For example, focal
epithelial hyperplasia (Heck’s disease), an oral disease re-
lated to HPV-13 and -32, mostly affects American Indians,
Inuits, and South Africans (62). Geographic disparities in
the prevalence of common warts can be seen within coun-
tries. The most comprehensive surveys of the worldwide
distribution are those of cervical HPV infections and diseases
(63–66). HPV DNA is identified in the cervical cells of
11.7% of women with normal cervical cytology worldwide
(66). However, this percentage varies from 1.7% of women
in Western Asia to 35.4% in the Caribbean. HPV-16 is the
dominant genotype worldwide, but there are exceptions
such as sub-Saharan Africa where HPV-42 is more common
than HPV-16. HPV-18, which is usually second in world-
wide prevalence, is replaced at that rank by HPV-58 in
South America and by HPV-31, -35, -45, -56, and -58 in
sub-Saharan Africa (63).

Overall, in invasive cervical carcinomas (both squamous
cell carcinomas and adenocarcinomas), HPV-16 is the most
common HPV type (56.6%), followed by HPV-18 (16.0%),
HPV-58 (4.7%), HPV-33 (4.6%), HPV-45 (4.5%), HPV-31
(3.8%), HPV-52 (3.4%), HPV-35 (1.7%), HPV-59 (1.3%),
and others (65). Although the ranking rarely changes for
HPV-16 and -18 according to location, in North America
HPV-45, -31, and -33 are, respectively, the third, fourth, and
fifth most common HPVs, but in Eastern Asia, HPV-58, -52,
and -33 occupy these ranks. The geographic variation is
more striking when looking at the variants of HPV-16 with
their North American, European, African, Asian, and Asian

TABLE 3 Tissue differentiation and HPV markers
of productive infectiona

RNAb

Tissue layer DNA E1, E2 E6, E7 E4, E5 L1, L2 Virions

Stratum
corneum

+++ ++

Stratum
granulosum

+++ ++ + ++ + ++

Stratum
spinosum
High +++ ++ ++ ++ + +
Low ++ ++ ++ +

Stratum
basale

+ +

aRelative abundance, from low (+) to high (+++).
bIn high-grade intraepithelial neoplasias, E6 and E7 mRNAs are usually more

abundant than E4, E5, L1, and L2 mRNAs; the converse is true in low-grade
lesions. The table applies mostly to anogenital HPVs.
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FIGURE 7 Model of HPVentry and DNA replication and encapsidation. (A) shows the cell surface events. Virions bind to heparin sulfate
proteoglycans (HSPG) as well as to laminin-332 and growth factors. This induces the activation of growth factor receptors and integrins as
well as a change in conformation of the viral capsid, which exposes the amino terminus of L2 for clipping by furin. The HPV particle is then
transferred to a second receptor complex that includes tetraspanin before its cellular entry by endocytosis. (B) depicts the intracytoplasmic
events with inside the endosome an acidification that leads to viral uncoating. The L2-viral DNA complex is moved through the trans-Golgi
network with the help of retromer complexes. It is finally moved inside the nucleus where it accumulates at the PML nuclear bodies. (C) is a
schematic rendition of the viral DNA replication and encapsidation, the latter being assisted by E2. Histones proteins (H2a, H2b, H3, and
H4) are also incorporated. The virions are released with the death of the keratinocyte, terminally differentiated in a cornified shell. (Figures
7A and 7B are slightly modified from reference 33, with permission.)

636 - THE AGENTS—PART A: DNA VIRUSES



American lineages (67). Squamous cell carcinomas repre-
sent about 90% of all cervical cancers associated with HPV,
and genotypes 16 and 18 are present in 59% and 13%, re-
spectively, of these tumors worldwide. In contrast, cervical
adenocarcinomas, which represent the other 10%, contain
HPV-16 and -18 in about equal proportions, 36% (65).

Incidence and Prevalence of Infection
HPV infections are endemic. No epidemic patterns of HPV
infection have been recognized. The moderate transmissi-
bility, variable incubation period, latency, and spontaneous
resolution of HPV infections impede the recognition of HPV
disease outbreaks.

Cutaneous Warts
Cutaneous HPV infections are extremely prevalent, with
rates of 80% in immunocompetent hosts and 95% in im-
munocompromised patients (68). In a study of 744 cutane-
ous warts from 246 patients, the HPV genotypes were HPV-
27 (23.7%), HPV-57 (21.8%), HPV-2 (21.7%), HPV-1
(18%), HPV-4 (5%), and others (69). HPV-1 was the pre-
dominant genotype in plantar warts of children younger
than 12 years old. HPV DNA can be found on healthy
skin, especially from types usually associated with epi-
dermodysplasia verruciformis and can still be present in half
of the subjects when new samples are obtained from them 6
years later (70, 71)

Cutaneous warts (common, plantar, and flat warts) are
very common among the general population. Mostly a dis-
ease of school-age children, common (hand) warts represent
about 70% of all cutaneous warts (72). The prevalence of
common warts ranges from 0.8 to 22% (72). Plantar warts
make up to a third of cutaneous warts and are found in a
wider age group, primarily adolescents and young adults. Flat
or juvenile warts constitute 4% to 8% of the cutaneous
warts, with peak prevalence among 10- to 12-year-olds (72).
An increased incidence of plantar warts has been noted in
the winter months.

Genital HPV Infections and Diseases
No seasonality is recognized in the acquisition of HPV in-
fection or the expression of HPV diseases. In the U.S. female
population, one study of urine samples collected from 3,262
sexually active women aged 18 to 25 found that 26.9% of
subjects were positive for a genital HPV, with 20% of the
total sample being positive for a high-risk HPV (73). Re-
markably, 62% of the infections were by multiple types;
14.3% of women reporting only one lifetime sexual partner
were positive. A second survey with a sample of 4,150 fe-
males aged 14 to 59 years found that between 2003–2006,
before the introduction of HPV vaccination, the overall
prevalence of HPV DNA in vaginal swabs was 42.5%, with
the majority represented by high-risk HPV infections (74).
The peak rate was in the 20- to 24-year-old group (53.8%),
followed by the 14- to 19-year-old group (32.9%). Here
again, having only one lifetime sexual partner offered limited
protection, as 18.2% of these women were positive. When
repeated over the 2007–2010 period after the introduction of
HPV vaccination, overall HPV prevalence declined mod-
estly to 39.8% (75). A significant reduction was noted in the
14- to 19-year-old group (26.1%) but not in the 20- to 24-
year-old group (59.8%); the former group was more likely to
have been immunized. A meta-analysis of 78 studies of
women with normal cytology indicated an overall worldwide
HPV prevalence of 10.4%, with prevalence as low as 8% for
Asia to as high as 22% for Africa (76). Rates of HPV DNA

prevalence on the male genitalia vary from 1.3% to 79%,
with a majority of studies reporting rates of 20% and higher
(77). In the United States, about 20 million people are es-
timated to be infected with genital HPVs, half of them aged
between 15 and 24 years (78). It is estimated that of the U.S.
sexually active population 85% of women and 91% of men
will get a genital HPV infection during their lifetime (79).

Most infections are rapidly cleared, or at least become
undetectable (80). In a prospective study of 331 18- to 35-
year-old women who had HPV DNA-positive cervical
samples, half had cleared the virus by 9 months (81). The
median time to clearance was longer for high-risk types (9.8
months) than for low-risk types (4.3 months). By 14
months, only a tenth of the subjects were still positive.
Typically, with repeated testing over time, only a minority of
patients will be positive every time, while another subgroup
will be consistently negative (82).

Until recently, the incidence of anogenital warts was
increasing in the United States. The number of initial visits
for genital warts to physicians’ offices in the United States
increased from 222,000 in 2000 to its zenith of 453,000 in
2011 but declined to 404,000 in 2013 (83). Wherever the
quadrivalent HPV vaccine has been introduced in the
world, a major impact commensurate to the rate of vaccine
coverage has been noted on the prevalence or incidence of
genital warts (84, 85) (see “Active Immunization”). The
NHANES survey indicates that in the United States, 5.6%
of persons aged 18 to 59 years reported ever having genital
warts, and there were more in women (7.2%) than in men
(3.4%) (86). A random survey of 69,147 women 18 to 45
years of age from the general populations in Denmark, Ice-
land, Norway, and Sweden showed that 10.6% reported ever
having had clinically diagnosed genital warts (73). The peak
incidence is around ages 25-29 years in males and 20–24
years in females (74).

The prevalence of HPV infections in neonates and infants
appears to be low (87). No more than 1% of babies have oral
or genital HPV infections. Genital warts are highly unusual
in children (88). Fifty percent to 75% of children with
genital warts acquire them from sexual abuse, and 1 to 2% of
sexually abused children have genital warts (87). Never-
theless, the presence of genital warts alone is not sufficient to
establish a case of sexual abuse. Nonsexual transmission of
anogenital warts appears to be possible (87, 89, 90). Family
members of children with anogenital warts have been shown
to have cutaneous warts that harbor HPV-6. Conversely, the
presence of HPV-1 or HPV-2, nongenital genotypes, in about
20% of genital warts recovered from prepubertal children
suggests the existence of nongenital sources, such as auto-
inoculation or nonsexual contact but does not necessarily
exclude fondling (87). In young children, anogenital warts
are more likely the result of vertical transmission, whereas
horizontal nongenital or genital transmission is more likely in
older children, but there is no firm age cut-off (90, 91).
Recommendations for the evaluation of children with genital
warts suspected of sexual abuse are available (92).

The prevalence of cervical HPV disease is best measured
by cervical cytology. Rates vary between 0.9 and 4.8% de-
pending on the criteria and age and decrease after age 24
(93). In one study, 2.5% of cervical cytology samples had
evidence of HPV-related cervical disease with low-grade
SIL (LSIL) (1.97%), high-grade SIL (HSIL) (0.51%),
SCC (0.026%), and adenocarcinomas (0.0046%) (94). In
addition to these well-recognized entities, ambiguous cyto-
logical abnormalities are as common. They are called atyp-
ical squamous cells (ASC), either of unknown significance
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(ASC-US) or which cannot exclude HSIL (ASC-H) (both
subcategories used to be grouped as ASCUS) (95).

An HPV infection is present in virtually all cervical
cancers (SCC and adenocarcinomas) (96, 97). It is a nec-
essary, if not sufficient, condition for the development of
cervical cancer (86). In 2008, cervical cancer was the third
most common cancer in women worldwide, with 529,800
new cases and 275,100 deaths (98). The burden is mostly in
developing countries, where 86% of the cases occur. In the
United States, according to 2014 estimates, cervical cancer
is in decline; it ranks 14th in incidence (12,360 new cases)
and 16th in mortality (4,020 deaths) among all female
cancers (99).

Cervical cancer is not the only cancer attributable to
HPV. In 2008 global estimates indicated that 100% cases
of 530,000 cervical cancers could be attributed to HPV
worldwide, but so could 43% of 27,000 vulvar cancers, 88%
of 27,000 anal cancers, 50% of 22,000 penile cancers, 70%
of 13,00 vaginal cancers, and 27% of 85,000 oropharyngeal
cancers (100). Globally, 16.1% of new cancers are attributed
to an infection, with about 30% of that fraction caused by
HPV worldwide (101). These figures do not account for the
premalignant conditions attributable to HPV.

Recurrent Respiratory Papillomatosis
The age of onset of recurrent respiratory papillomatosis

has a bimodal distribution that includes young children and
young adults but not the elderly (102, 103). In the United
States, the estimated annual incidence rates are 1.7-4.3/
100,000 in children less than 14 years of age and 1.8/100,000
in young adolescents (older than 15 years) and adults. The
estimated prevalence rates for these two populations are
10.9/100,000 and 4.5/100,000, respectively.

Other HPV Infections and Diseases
HPV can be present in the oral cavity (104). Among the
U.S. population, 7.3% of individuals were estimated to have
one or more oral HPV found in an oral rinse (105). How-
ever, only 1.9% of young female enrolled in an HPV vac-
cination study were found to have the presence of oral HPV
DNA (106). Focal epithelial hyperplasia (Heck’s disease) is
also a relatively uncommon disease that is mostly found
in children and adolescents (62). Epidemiological data are
lacking for other HPV diseases, such as the very rare epi-
dermodysplasia verruciformis.

RISK FACTORS
Cutaneous Warts
Use of heated swimming pools or communal baths is an
activity that appears to promote the acquisition of plantar
warts, and in one controlled experiment, students who wore
protective footwear during swimming were much less prone
to developing plantar warts than those who did not (107–
109). However, a large study has failed to show an increased
transmission rate in public areas (110). Transmission within
the family home may be the most common mode of acqui-
sition (111). Nail biting is associated with the presence of
periungual warts.

Some primary (see “Immune Responses” below) and
secondary immunodeficiencies are risk factors for acquiring
cutaneous warts. An approximate 10-fold increase in prev-
alence of cutaneous warts has been noted in lymphoma
patients, whereas a 4- to 12-fold increase has been reported
for human immunodeficiency virus (HIV)-infected indi-

viduals (112). Organ transplant recipients are particularly
susceptible to developing cutaneouswarts orHPV-containing
SCC in the sunlight-exposed areas of their body (112). Three
years post-transplantation, between 25 and 42% of patients
have cutaneous warts; this number rises to 92% after 5 years
or more (112). In transplant patients the lifetime risk of
developing SCC or basal cell carcinoma increases 100- and
10-fold, respectively (112, 113).

People working with meat, poultry, or fish are uniquely
susceptible to hand warts and up to one-half of them are
affected (103). Particularly intriguing is the predominance of
HPV-7 in these lesions, since HPV-7 has rarely been found
elsewhere, with the exception of oral lesions in immuno-
suppressed or immunodeficient patients. Associations be-
tween UV tanning beds and body warts and between
cocaine snorting and nasal warts have also been reported.

Genital HPV Infections and Diseases
Sexual intercourse with a partner who has genital warts is a
risk factor for the development of genital warts. About two-
thirds of the sexual partners of persons with anogenital warts
will develop the disease within 2 years (93, 114). The risk of
developing genital warts is most strongly and directly linked
to lifetime number of sexual partners (93, 115). Other
markers of sexual behavior, such as sexually active years and
number of regular partners, are additional risk factors.
Markers of sexual behavior yet to be identified could be the
confounding variables explaining inconsistent risk factors
such as cigarette smoking, contraceptive use, prior sexually
transmitted diseases, pregnancy, and alcohol consumption
(93, 115).

Consistent with sexual transmission, age is a major risk
factor for the acquisition of cervical infection, with a peak in
the 14- to 19-year-old group (116). Genital HPV infection is
very uncommon in virgins, but when present it is likely
the reflection of nonintromissive sexual play (117). Such
activity, practiced by about a third of self-declared virgin
adolescents, is not regarded by the subject as sexual inter-
course, yet it is conducive to the transmission of infectious
agents, including HPV. The risk of infection rapidly de-
creases after age 30, but an unexplained second peak at older
ages may occur (80). Sexual behaviors begun at an early age,
higher number of lifetime sexual partners, and higher
number of recent sexual partners are risk factors (80). Les-
bians are not free from these risk factors (118). Sexual
partners share, at least in part, the same HPV infections or
diseases (76,119–124). Similarly, the association between
anal warts and anal intercourse also indicates a direct route
of transmission through sexual contact (76, 114). The past
and present sexual activity of the male partner is also im-
portant (125). Less consistent risk factors include the use of
oral contraceptives, smoking, not using condoms, and some
HLA polymorphisms (80, 126, 127). For example, HLA
class I allele A*0301 increases the risk of cervical cancer,
while B*1501 decreases it (128) (see the “Pathogenesis in
Humans” section).

There may also be a protective effect from the con-
sumption of fruits and vegetables or from absorbing or
having circulating levels of vitamins C and E, carotenoids,
and xanthophylls (80). Other potential risk factors include
multiparity, other sexually transmitted infections (herpes
simplex virus and Chlamydia trachomatis), and cervical
chronic inflammation. The risk factors may have different
effects on low-risk and high-risk HPV infections and how
they contribute to the progression from infection to pre-
malignancy and to cancer (80, 129). In that regard, the most
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decisive factor is the HPV genotype, and HPV types 16, 18,
31, 33, 35, 39, 45, 51, 52, 56, 58, and 59 are recognized
carcinogens (130–132). Different HPV types have different
oncogenic risks, and HPV-16 is very clearly the most onco-
genic of all (133). Different variants of HPV-16 carry their
own oncogenic profiles, with the African and Asian variants
being more oncogenic than the European ones (67). Other
HPV types are probable, HPV-68, or possible carcinogens,
HPV-26, -53, -66, -67, -68, -70, -73, and -82 (132). Multiple
HPV infections are common, especially in CIN lesions, and
there is a clustering of some HPV types with one another,
although the significance remains unknown (134).Very
similar risk factors for anogenital HPV infections have been
implicated in males, including number of sexual partners,
lack of condom use, smoking, and lack of circumcision (135).

Although less well studied, the risk factors related to
sexual behavior, sexual partner history, and presence of high-
risk oncogenic HPV DNA have been identified in the de-
velopment of anal, penile, and vulvar or vaginal SCC (100,
115). Anal receptive intercourse, in both men and women,
is a risk factor for the acquisition of anal warts and pre-
invasive and invasive SCC (136). Because all genital HPVs
share the same mode of transmission, it is not surprising that
a history of anogenital warts carries an increased risk for the
presence of all of these anogenital cancers (115).

Renal allograft recipients have a 10- to 100-fold in-
creased risk of developing anogenital warts, intraepithelial
neoplasias, and cancer, a risk that is proportional to the
duration of immunosuppression (113). The risk probably
extends to other allograft transplant recipients and has been
observed in women treated with immunosuppressive agents
for glomerulonephritis. Cervical and oral malignancies as-
sociated with HPV have also been observed in these popu-
lations (137–139). Patients with diabetes mellitus may be at
risk for the development of condyloma acuminatum. How-
ever, diabetic women do not appear to have an increased risk
of cervicovaginal infection during pregnancy. Furthermore,
general immune responsiveness appears to be blunted in
older women with HPV infection compared to age-matched
controls (140).

The association between infections with HIV and ano-
genital HPV has been well documented. Conversely, the
presence of genital HPV infection appears to about double
the risk of HIV infection acquisition (141). In HIV-sero-
positive women, depending on populations and methods of
diagnosis, there is a 2- to 40-fold increase in the incidence
and prevalence of condylomata acuminata and CIN com-
pared to that in HIV-seronegative controls (142–146). This
added risk is present even in HIV patients with a normal
CD4 cell count, although it rises with lower CD4 counts or
higher HIV viral load. HIV infection probably promotes the
reactivation of HPV infection rather than new acquisition,
since HIV-seropositive women shed HPV more persistently
and in larger quantities than controls do (125). The quantity
and persistence of HPV DNA, as well as the presence of
high-risk HPV types within lesions, are risk factors for the
development of CIN (147, 148). HIV infection also in-
creases the incidence of vulvar (VIN) and vaginal (VAIN)
intraepithelial neoplasias, a risk also augmented with a low
CD4 cell count ( < 200 cells/ml) (145, 149). Anal intra-
epithelial neoplasias (AIN) are more common in HIV-
positive men and women (150–152). This risk and that of
high-risk anal infection is greater in men who have sex with
men (MSM) than in heterosexual men, 32% versus 7%,
respectively (151, 153). Curiously, MSM do not have a
higher risk of penile HPV infection than heterosexual men,

both having an approximate 8.5% prevalence and similar
incidences (153). In addition to HIV infection and receptive
anal intercourse, the factors that increase the risk of AIN
include a low current or nadir CD4+ cell count, high-risk
HPV type infection, persistent anal HPV infection, multiple
HPV type infections and high anal viral load (154). Con-
comitant anal and cervical infections or lesions are more
common in HIV-seropositive than in seronegative women
(155). Furthermore, the HPV genotypes are more likely to be
concordant in the two anatomic sites if the subject is HIV-
seropositive than seronegative, 18% versus 3%, respectively
(155). Surprisingly, HPV has been found to be more preva-
lent in the anus (79%) than in the cervix (53%) in HIV-
seropositive women (156). The same imbalance is found in
the anus (43%) and cervix (24%) in HIV-seronegative
women (156). The risk for oral warts and HPV-associated
cancers is likely elevated in HIV-infected persons (157).

Cervical cancer was incorporated in the case definition of
AIDS in 1993 (158), but it was later noted that the risk of
invasive cervical cancer did not increase with increasing
time after AIDS or correlate with the CD4+ cell count at the
time of cancer diagnosis (159). In other words, although
HIV infection was associated with an increased risk of cer-
vical cancer (as well as of cancers of the anus, vagina, vulva,
penis, and oropharynx), this risk and that of anal cancer did
not appear to be related to HIV-induced immunosuppression
(160, 161). Nevertheless, more recent studies indicate HIV-
related immunosuppression contributes to the risk of cervi-
cal cancer (162–164). This has not been established with
anal cancer, although the increased risk for this cancer in
solid organ transplant recipients argues in favor of an im-
munosuppressive effect (165, 166). Undoubtedly, different
confounding factors are at play, because the HIV infection is
a risk factor for anal cancer in males but not in females
(151). One of these factors is the recent availability in some
areas of anal cancer screening, which likely contributes
significantly by early detection to the very rapid rise in the
incidence of anal cancer in situ, something that has not
otherwise altered the steady but much slower rise in invasive
anal squamous cell carcinoma incidence (167).

Recurrent Respiratory Papillomatosis
The juvenile- and adult-onset variants of recurrent respira-
tory papillomatosis are usually linked to different risk factors
(102, 103). With the juvenile-onset form, the children are
often firstborn and delivered vaginally by teenage mothers
who have condyloma acuminatum. For the adult-onset form
of the disease, patients report a higher number of life-
time sexual partners and a higher frequency of oral sex
than controls. The disease is very rare among siblings. Un-
expectedly, recurrent respiratory papillomatosis has not been
reported to occur in transplant recipients or HIV-infected
individuals.

Association between HPV and Cancer
HPV infection is a necessary condition for the development
of preinvasive and invasive cervical cancer (66, 168, 169).
The epidemiological evidence can be summarized as follows:
(i) HPV DNA is consistently present in virtually all CIN,
SCC, or adenocarcinoma specimens, and specific genotypes
(mostly 16 and 18), so-called high risk, are responsible
for this association; (ii) the presence of HPV-16 antibodies
is associated with cervical cancer (18, 170); (iii) the prev-
alence of the high-risk HPV types increases relative to the
low-risk types as the grade of the preinvasive cancer worsens
(64); (iv) the strength of the association between HPV and
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preinvasive or invasive cervical cancers, as measured by the
relative risk, ranges in most studies from 20 to 70, which is
larger than the magnitude of the association between lung
cancer and smoking (64); (v) no other risk factors for pre-
invasive and invasive cancers approach the strength and
consistency of HPV infection (64); (vi) persistent but not
transient exposure to high-risk HPV leads to cervical disease
progression, which suggests that the cancer risk disappears
with exposure cessation (80); and finally, (vii) HPV infec-
tion precedes the development of preinvasive cancer.

High-risk HPVs are also implicated in the development
of SCC at sites other than the cervix (66, 168, 169). It is
estimated that 88% of anal cancers, 70% of vaginal cancers,
50% of penile cancers, 43% of vulvar cancers, and 27% of
oropharyngeal cancers are attributable to HPV (100). In the
case of the penile, vulvar, and vaginal cancers, the per-
centage attributed to HPV is not higher because among
those cancers, only the basaloid and Bowenoid histologic
variants are related to HPV.

In the nasal and sinus cavities, four of five exophytic
papillomas and only a third of the inverted (Schneiderian)
papillomas contain HPV, usually HPV-6 or HPV-11 (171).
HPV likely plays a role in some of the SCC of the mouth,
sinonasal tract, and larynx (168, 172-175). However, strong
evidence has now emerged to attribute up to 70% of oro-
pharyngeal cancers to oncogenic HPVs, mostly HPV-16
(175). The incidence of these HPV-related oropharyngeal
cancers is rising (176). They tend to occur in younger sub-
jects and are associated with sexual behavior markers of
young age at intercourse, number of lifetime sexual partners,
history of genital warts, performance of oral sex, and number
of oral sex partners (174, 175). Limited or conflicting evi-
dence exists for an association between HPV infection and
SCC of the esophagus, lung, breast, colon, urothelium,
prostate, ovary, and endometrium (168, 173,177–181).
Squamous cell carcinomas associated with HPV-16 of the
conjunctiva (possibly also prompted by ultraviolet light
exposure or HIV infection) and around the nail bed have
been described (182–184).

Nonmelanoma skin cancers (NMSCs) include mostly
SCC and basal cell carcinomas. Actinic keratoses represent
the precursor lesion for SCC. HPV infection is present in 33
to 99% of NMSCs and precursors in immunosuppressed pa-
tients and in 21 to 100% of immunocompetent patients
(185–187). A wide assortment of cutaneous and anogenital
HPV types are detected in these NMSCs (188). However,
the great majority of the genotypes are related to epi-
dermodysplasia verruciformis-associated HPVs, for which
better understanding of their oncogenicity is needed (189,
190). The clear oncogenic potential of a subset of these HPVs
may, along with UV light, contribute to the development of
NMSCs and precursor lesions. However, a causal link with
HPV is difficult to prove for several reasons: (i) the high
number of HPV types, including most of the novel ones, that
are isolated from these lesions is perplexing; (ii) the HPV
types found vary from patient to patient but also from lesion
to lesion, and multiple infections are common; (iii) these
HPVs are found in the normal skin (and in a small number of
melanomas) of 33% to 73% of tested subjects; (iv) they are
typically present at low copy numbers; and (v) they are often
at the surface of the epithelium rather than within (185).

Reinfections
HPV-associated diseases can recur, and relapses are well
documented. How often these events represent reinfection
versus relapse of a previous subclinical or clinical infection is

often impossible to determine. Laryngeal and genital HPV
infections can remain latent and subsequently relapse either
at the site of the former lesion or in the normal-appearing
skin surrounding the ablated lesion (191, 192). Five types of
observations suggest that relapses are more common than
reinfections. First, attempts to treat the male sexual partners
of women with genital HPV lesions have had no effect on
the treatment failure rate in the females (193). Second,
studies of HPV types present in the lesions of both sexual
partners show only partial concordance either at the geno-
type or subtype level (76, 119–124). In males but not in
females, a history of genital warts in the previous 5 years in
the sexual partner does not predict anogenital wart recur-
rence. Third, the frequent presence of HPV-6 or HPV-11
DNA in the plucked pubic or perianal hairs of patients with
condyloma acuminatum indicates a potential viral reservoir
for relapse (194). Fourth, with the use of ever more sensitive
and specific HPV PCR assays, it is possible to demonstrate
that infections that appear to be transient are in fact per-
sistent (195, 196). Fifth, therapeutically induced immuno-
suppression in solid-organ transplantation leads to an
increase of HPV infections and diseases (see “Risk Factors”
above). Although this could be the result of increased sus-
ceptibility to HPV, relapse of infection is a more likely ex-
planation.

Several studies on the male condom detailed in the
Prevention section indicate that reinfection may also con-
tribute to recurrences. Moreover, recurrence of genital warts
affects subjects who do not use condoms or involves ana-
tomical areas not protected by the male condom (197).

Transmission

Routes
The epidemiology of plantar warts suggests an indirect mode
of transmission, for example, through fomites present in
communal baths or swimming pools (109, 110). The virus
probably enters the epidermis directly, because special foot-
wear is protective. Direct natural or experimental transmis-
sion is possible (198), as is autoinoculation from genital
lesions. Because epidermodysplasia verruciformis is so rare,
until recently it was unclear where the natural viral reservoir
was. It is now evident that these HPV types are widely dis-
tributed at low levels in the population, in normal skin, or in
actinic keratoses and NMSCs (185, 188).

As discussed above, young children can acquire ano-
genital HPV infections by nonsexual routes, like in utero and
perinatal exposure, nonsexual direct contact, and auto-
inoculation. However, the importance of alternate routes of
transmission is probably negligible. Even the very low rate of
HPV infection in virgin women does not exclude all forms
of sexual activity (117). Although HPV DNA can be re-
covered from the underwear of women with anogenital warts
or on surgical instruments used for gynecologic examination,
a role for fomites in the transmission of anogenital HPV has
not been demonstrated, but it is reasonable to assume that
sex toys could be such a vehicle.

There is evidence that oral HPV infections are trans-
mitted sexually and that there a concordance between the
types found in the genital area and the oral cavity (105, 106).

The mode of transmission of respiratory papillomatosis
has not been directly established. In its juvenile-onset form,
the disease could be acquired by vaginal delivery through an
HPV-infected birth canal, whereas the adult form of the
disease might result from oral sex (103). Nevertheless, re-
spiratory papillomatosis can be present at birth or after ce-
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sarean delivery, indicating possible in utero transmission
(103). Transmission among family members is very rare.

Risk Factors
The risk of transmission after direct or indirect contact with
cutaneous warts is probably low and may be mitigated by the
presence of cofactors such as the immunity of the recipient
and the nature and duration of the contact (196). Plantar
warts tend to appear on weight-bearing areas. This suggests
that microscopic injury to the skin fosters viral entry.
Shaving (even using depilatory creams), finger sucking, or
nail biting may favor the transmission or extension of lesions
and cause a Koebner phenomenon (lesions appearing on a
line of trauma) (198–202). In vitro observations suggest that
the wound repair epithelium is more susceptible to an active
infection. However, manual workers other than meat
packers, abattoir workers, or fish handlers do not appear to
be prone to the development of warts, and trauma was not
found to be a risk factor in meat handlers. Perhaps moisture
and warmth are additional risk factors (109).

The risk of developing condyloma acuminatum or
acquiring an anogenital HPV infection after one sexual
contact with an affected individual is unknown but is pre-
sumably low, but as expected, repetitive contact increases the
risk. In a study of 603 female college students negative for
HPV DNA at baseline, resampling every 4 months with a
cervicovaginal lavage found a cumulative prevalence of 29%
at 1 year, 32% at 2 years, 48% at 3 years, and 54% at 4 years
(117). In a study of 18- to 20-year-old male students sampled
at 4-month intervals, the cumulative incidence of any gen-
ital HPV infection was 62% after 2 years (203). About two-
thirds of sexual partners of individuals with anogenital warts
will develop warts within 2 years (114). Genital warts appear
in areas, such as the vulvar fourchette, that are more likely to
be traumatized during intercourse; microabrasions or lacera-
tions are also thought to play a role in HPV transmission.

Macroscopic lesions are possibly more contagious than
microscopic ones. In one study of women with HPV infec-
tion, 67% of 42 male consorts of women with visible con-
dylomata acuminata developed clinical or subclinical
lesions, compared to 46% of 39 partners of women with
subclinical lesions (204). Transmission of condyloma acu-
minatum by household contact is probably very rare in the
absence of sexual contact or abuse.

The risk of acquiring recurrent respiratory papillomatosis
following vaginal delivery from a woman with anogenital
warts has been estimated to range between 1:80 and 1:500
(102, 103). Firstborn babies carry more risk than babies of
subsequent births, presumably because of longer delivery
(103). Furthermore, viral load has been shown to condition
the risk of HPV-16 transmission from mother to child. Oral
sex appears to be a risk factor for the adult-onset form of the
disease.

Nosocomial transmission is addressed in the “Prevention”
section.

Duration of Infectivity
The duration of infectivity is unknown. Patients with ano-
genital warts of long duration may be less infectious than
those with a shorter disease history (114).

PATHOGENESIS IN HUMANS
The incubation period for HPV diseases is poorly under-
stood. For cutaneous warts, experimental inoculation leads

to lesion development within 3 to 4 months on average, but
as early as 6 weeks or as late as 2 years (198). Similar incu-
bation periods have been observed in sexual partners of
patients with condyloma acuminatum for whom the date of
exposure could be estimated (114, 205). In a study of 51
female university students with an incident cervical HPV-6
or -11 infection, 51% developed genital warts within a
median of 2.9 months (112). Among 603 subjects monitored
over a 36-month period after an incident HPV infection,
47% and 29% of the students developed LSIL of the cervix
and vagina, respectively (117). The median times for le-
sion clearance were 5.5 and 4.7 months, respectively.
When limited to HPV-16 and -18 infections, the cumulative
incidences for CIN 2 and CIN 3 were 20% and 7%, re-
spectively. Half of cutaneous warts disappear within 1 year
(206, 207).

Virus Replication
HPVs infect squamous keratinized (skin) and nonkerati-
nized (mucosal) stratified epithelia. The mucosae of the
mouth, upper airways, vagina, cervix, and anal canal are
major targets, but HPV has been found in other locations
such as the conjunctiva, lacrimal sac, nasal passages, bron-
chi, esophagus, cervical glandular tissue, and bladder (171,
208–211). Epithelia next to a squamocolumnar junction
(sinuses, larynx, anus, and cervix) are particularly vulnera-
ble. In the uterine cervix, a process called squamous meta-
plasia triggered by hormonal and pH changes causes this
squamocolumnar junction to recede toward the os, with the
glandular epithelium being replaced by squamous epitheli-
um. The area traveled by this slowly moving junction is
called the transformation zone and is the site where cervical
cancer occurs. The squamous metaplasia is guided by unique
cells expressing p63 and keratin 6 that lie between the
squamous cells and glandular cells. These cells trigger the
emergence beneath themselves of squamous reserve cells,
which then proliferate and differentiate (212). HPV DNA
has been found in prostatic tissue and semen, although
conflicting reports exist on the prevalence and biological
significance of this association. Metastases of HPV-induced
lesions also contain HPV DNA. However, whereas some
BPVs can infect lymphocytes and establish metastatic tu-
mors, similar evidence for HPV remains inconclusive (213).

The duration of HPV infections and diseases is highly
variable, ranging from weeks to years. Lesion regression is
not random. The regression of treated lesions may be ac-
companied by the regression of the untreated lesions, a
phenomenon consistent with a host response (214, 215).

HPV can be recovered not only from skin and mucosal
lesions but also from the normal surrounding tissues, where
lesions usually relapse (191, 192). Remarkably, HPV-6 or -11
DNA is found in a third to a half of the hair follicles plucked
from the pubic and perianal area of patients with condylo-
mata acuminata (194). The vast majority of HPV infections
are latent (185, 194, 216, 217). Many of the cervical HPV
infections are transient, especially in younger women, and
usually contain a low copy number of HPV DNA (82, 129,
218). Transient expression is more common during the lu-
teal phase than during the follicular phase of the menstrual
cycle. In the cervix, HPV persistence was estimated to be 9.8
months, with high-risk HPV persisting longer than low-risk
HPVs, HPV-16 persisting the longest (12.4 months) (218).

Latency and Cancer
Infection with a high-risk HPV is associated with a risk of
developing CIN that appears to be specific for each
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genotype, but the effect of viral load on persistence and
disease progression is more complex than previously appre-
ciated, and the relevance of multiple concomitant HPV
infections is largely unknown (195, 219). The issue of per-
sistence itself is fraught with methodological difficulties,
including the frequency of sampling and the detection sen-
sitivity of the HPV DNA assay used (195). Therefore, it is
unclear if immune responses are capable of fully clearing an
HPV infection, or if the virus persists in a latent state, un-
detected and producing no viral particles (66, 195). The
viral and cellular factors that induce, maintain, or abrogate
latency are unclear, other than immunosuppression, which
facilitates the reactivation of latent infection (129, 195,
217). Anecdotally, the initiation of an oral contraceptive
treatment has been associated with a flare-up of genital
warts.

The oncogenic properties of several animal papilloma-
viruses, such as BPV and cottontail rabbit papillomavirus,
were experimentally demonstrated long ago (52). A cancer
precursor can be produced by infecting human foreskin with
HPV-16 prior to grafting in SCID mice (59).The anogenital
HPV types most capable of immortalizing and transforming
cells in vitro are those associated with cervical cancer. Dif-
ferent viral genes, notably E6 and E7 from high-risk types,
have transforming, immortalization, and oncogenic poten-
tial, especially in combination, when introduced into cell
lines or transgenic animals. These genes interfere with
cell cycle regulation and apoptosis (see “Virology” above)
(Table 2).

HPV-induced malignant transformation seems to result
from a complex series of events that are independent of viral
particle production. Integration of HPV DNA into the host
genome appears to be associated with the progression from
high-grade CIN to cancer. Integration occurs in the majority
of invasive cervical carcinomas but is rare in benign and
premalignant lesions; however, this may be an underesti-
mation (28, 195, 220). Integrated and episomal forms may
coexist in the same cells. The sites of viral integration in the
host genome are not random and exist on a variety of
chromosomes. They contribute to oncogenicity by being in
proximity to cellular oncogenes or by creating areas of host
genomic instability in the manner they integrate (220). The
site of integration in the viral genome is typically restricted
between the 3¢ end of E1 and the 5¢ end of E2, resulting in
disruption, deletion, or inactivation of the E2 ORF. These
changes appear to disrupt the viral and cellular regulatory
controls of viral gene expression mediated by the E2 pro-
teins. This allows the free transactivation of the E6/E7
promoter by several cellular transcription factors (28, 29, 35,
195, 219, 221). Integration may also disrupt the E1, E4, E5,
L1, and L2 ORFs, but the E6 and E7 ORFs are typically
spared. Viral integration does not appear to be necessary for
progression to malignancy, given that up to a quarter of
invasive cervical cancers contain only viral episomes (195).
In addition, on the rare occasions when low-risk oncogenic
HPVs such as HPV-6 and -11 have been associated with
squamous cell cancers, the viral genome undergoes dele-
tions, mutations, and amplifications in the URR but remains
episomal. DNA sequence heterogeneity exists within each
genotype, and molecular variants have different oncogenic
potentials (67).

Although the E6 and E7 genes are necessary for immor-
talization and malignant transformation, they are not suffi-
cient. Hybrid clones from the fusion of cell lines containing
HPV-16 do not necessarily retain their malignant pheno-
type, as would be expected if this phenotype was solely de-

pendent on the presence of the viral genes (222). Therefore,
intracellular molecular mechanisms, so far mostly unidenti-
fied, are often capable of keeping the oncogenic process in
check. However, one internal signal that has been identified
is the CDKN2A gene, which codes for the p16INK4A
protein. Its role is to inhibit the cell cycle by inactivating
cyclin D1-CDK4 or cyclin D1-CDK6 complexes, thus
down-regulating cyclin E. Methylation, mutation, or dele-
tion of CDKN2A is necessary for E6 to exert its immortal-
izing effects. E7 by itself increases p16INK4A levels, which
makes this protein a potentially useful biomarker of malig-
nancy, but it also circumvents the inhibiting effect
p16INK4A would have by stimulating the downstream cy-
clins A and E (Fig. 6). Additional genes participating to S-
phase progression are upregulated by high-risk HPV infec-
tion; they include MCM, PCNA, Ki67, and they have been
used as potential biomarkers of malignancy progression.
Another of these activated genes is paradoxically p14ARF,
which by inactivating MDM increases the levels of p53, but
E6 is available to accelerate through ubiquitination the
degradation of p53, the net effect being a decrease in p53
(28). External signals also contribute to the downregulation
of the transcription and oncogenesis of the high-risk HPVs.
These cytokines include tumor necrosis factor alpha (TNF-
a), alpha interferon (IFN-a), IFN-b, IFN-g, retinoic acid,
and tumor growth factor b (TGF-b) (28, 29, 219, 221, 222).
Some potential mechanisms have been identified. The
transcription complex AP-1 is a heterodimer made of c-Jun
and c-Fos (Fig. 5) or c-Jun and Fra I. Only c-Jun and c-Fos
can bind and participate in the activation of the HPV E6/E7
promoter. Tumor necrosis factor alpha and retinoic acid
induce the Fra I gene, thus favoring the formation of the c-
Jun–Fra I complex, the net effect being downregulation of
the HPV promoter.

Other endogenous factors associated with malignant
transformation have been identified. Cellular oncogenes
(e.g., c-myc and c-ras) may be activated by the nearby in-
tegration of viral DNA into the host chromosome. This is
significant because the E7 gene can cooperate with activated
ras to induce transformation in primary rodent cells.

Methylation has emerged as an important epigenetic
mechanism of carcinogenesis control by causing the inacti-
vation of viral and cellular genes and their regulatory se-
quences (36, 195, 223). The promoter region of several
tumor suppressor genes can be inactivated by aberrant
methylation of the GpC islands. E7 is thought to be able to
stimulate the transcription of some DNA methylases, caus-
ing methylation of the pRB pocket proteins and inhibition
of E2F-regulated transcription.

Various cytogenetic abnormalities have been observed in
cervical carcinomas, such as alterations of chromosome 1
and allelic losses on the short arm of chromosome 3 or 17 or
the long arm of chromosome 11 (219, 222). This loss of
heterozygosity may eventually lead to the disappearance of
suppressor genes; for example, p53 is located on 17p. E6 and
E7 genes can induce chromosomal abnormalities in vitro.
Chromosome markers have been used to study the cellular
clonality of cervical lesions. Low-grade lesions are typically
polyclonal, while high-grade lesions seem to be oligoclonal,
or monoclonal if concomitant with an invasive cancer. In-
vasive cancers are monoclonal.

Genetic host factors appear important in the develop-
ment of cervical cancer. For example, the family-attributable
risk of cervical cancer is higher in full sisters than in adopted
or half-sisters of women with cervical cancer (224). One
case control study found that HLA allele combinations af-
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fect cervical SCC risk, with effects all less than 2-fold in
magnitude (128). The HLA class I alleles A*0301, B*4402,
and Cw*0501 conferred an increased risk, and B*1501
conferred a decreased risk. The combination of HLA class II
alleles DRB1*1101 and DQB1*0301 decreased the risk,
while the combination of DRB1*1302 and DQB1*02 in-
creased the risk. In high-order interaction effects, most of the
combinations containing B*4402 or DQB1*0301 were as-
sociated with an increased risk. Of interest, the combination
B*4402-DRB1*1101-DQB1*0301 increased the risk of
cancer 10-fold. All these associations were also observed in
cervical adenocarcinoma and vulvar squamous cell cancer.

Numerous exogenous factors play a putative role in HPV-
related malignant transformation, including UV and X-ray
irradiations, smoking tobacco, steroid hormones, chlamydia,
and viruses like HIV, herpes simplex virus, and Epstein-Barr
virus. However, much remains to be learned about their
contributions and mechanisms of action.

Histopathology
Epidermal basal cells are arranged around a central, putative
basal stem cell in groups of approximately 10. These groups
define the base of the epidermal proliferative unit. One may
speculate that HPV needs to infect the basal stem cell to
become established. As the putative basal cell divides, the

viral genome replicates. Some viral copies are transmitted to
the daughter cell that is eventually thrust upward to form a
parabasal cell. As they ascend toward the surface of the
epithelium, the keratinocytes stop dividing but continue to
differentiate (Fig. 8). Differentiation is a process associated
with the expression of different keratins. Viral replication is
independent of cellular replication and may continue as the
keratinocytes reach the upper layers of the stratum spinosum.
However, to replicate, the virus has to activate and appro-
priate the cell molecular replicative machinery. The viral
particles are shed with the desquamating cells of the stratum
corneum.

The typical histologic features of benign cutaneous HPV
disease include thickening of the stratum spinosum (acan-
thosis), stratum granulosum (parakeratosis), and stratum
corneum (hyperkeratosis) (Fig. 8). The persistence of nuclei
in the stratum corneum is also a feature of parakeratosis. The
presence of koilocytes (koilocytosis) (from the Greek koilos,
cave) is strongly indicative of HPV infection. The koilocyte
is an enlarged keratinocyte that develops in the upper layers
of the stratum spinosum and in the stratum granulosum. It is
recognized by a clear halo that surrounds a central nucleus,
shriveled and shrunken on tissue sections and enlarged on
cytologic smears (Fig. 9). The cell may be binucleated or the
nucleus may be bilobar. The cytoarchitecture of the lesion is
papillomatous, with fronds of epidermis extending toward
both the dermis and the surface. A combination of the same
histologic characteristics can be found in the mucosal epi-
thelia infected by HPV. Because such epithelia are not ke-
ratinized, hyperkeratosis is not a frequent or prominent
feature. In an inverted papilloma, the papillomatosis is frank
but strictly limited to the dermis, thus giving a flat lesion.
HPV type also contributes to variations in the histology of
lesions. Figures 10 and 11 illustrate the histology of different
types of warts.

HPV infection of the cervical squamous epithelium can
result in a range of histopathological entities for which dif-
ferent classification schemes have been designed (Fig. 12).
This evolution reflects the many fine points of the surgical
pathology diagnosis and the debates that surround them.
What follows is only a crude description of the squamous
epithelial changes.

Cervical flat condylomas are benign lesions characterized
by the presence of koilocytes. The abnormal proliferation of
the basal layer is one of the features that define

FIGURE 8 Drawing of the histologic features of normal skin and of a wart.

FIGURE 9 Pap smear demonstrating koilocytic atypia. In con-
trast to the histologic specimen, by cytology koilocytes have one or
two relatively large, smooth, oval nuclei, surrounded by a very large
halo of amorphous substance. (Courtesy of Clara E. Mesonero, Cape
Cod Hospital, Cape Cod, MA.)
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intraepithelial neoplasia. These lesions, which are pre-
invasive cancers, are graded according to the extent of basal-
type cell proliferation. Proliferation up to the lower third of
the epithelium is mild dysplasia or CIN 1, up to the upper
two-thirds is moderate dysplasia or CIN 2, and up to the full
epithelium is severe dysplasia/carcinoma in situ (CIS), or
CIN 3. In CIS, the full epithelium is abnormal. The local
breach of the basal membrane by the epithelial cells char-
acterizes an invasive SCC. The other features of this ab-
normal cellular proliferation are more prominent as the
severity of the lesion increases. They include an enlarged cell
nucleus/cytoplasm ratio, coarse granularity of the nucleus,
numerous and abnormal mitotic figures, and some abnormal

and necrosed cells (atypia defines these abnormal or atypical
cellular changes). Koilocytosis may be absent, particularly in
the higher grades, which otherwise display anisocytosis. The
cytological equivalents of cervical condyloma and CIN are
LSIL for cervical condyloma and CIN 1 and HSIL for CIN 2
or 3 (Fig. 12). As a parallel, some pathologists now use the
terminology of low-grade CIN (L-CIN) and high-grade CIN
(H-CIN) for histology. In 2012, the LAST project of the
College of American Pathologists and the American Society
for Colposcopy and Cervical Pathology proposed to apply
the terminology LSIL and HSIL to both cytology and his-
tology of the cervix, as well as to use p16INK4A im-
munostaining to better classify formerly CIN2 lesions (225).

From a normal-appearing cervix to CIS there is a graded
risk of progression toward invasive cancer (226). This gra-
dient can be superimposed on a gradient of increased prev-
alence of high-risk HPV types (Fig. 12) (64, 227, 228).
Although it would seem that lesions slowly progress through
each stage of CIN before becoming invasive, a rapid pro-
gression can occur without recognition of the intermediate
stage, and progression from a normal cervix to H-CIN can
occur in as little as 2 years (129).

Several histologic events accompany the spontaneous
regression of warts (214, 215, 229). Spongiosis of the basal
cells occurs and a lymphomonocytic infiltrate develops in
the dermis and lower epidermis. Necrosis and apoptosis are
present in the epidermis; the dermis exhibits focal throm-
bosis and hemorrhages. The lymphocytic infiltrate is
primarily T cells, with CD4 cells predominating. The lym-
phocytes display the isomorphs CD45RA+ and CD45RO+,
indicating the presence of naïve and memory cells, respec-
tively. Lymphocytes, Langerhans cells, and keratinocytes
are immunologically activated, displaying HLA-DR and
ICAM-1 molecules. In addition, the lymphocytes exhibit
high-affinity interleukin 2 (IL-2) receptors (CD25). These
histologic changes are consistent with a delayed-type hy-
persensitivity reaction. An increase in natural killer (NK)
cell activity has also been associated with resolution of CIN
1. Thus, the cellular immune system appears to be important
in HPV disease regression.

Immune Responses
The immunology of HPV infections is imperfectly under-
stood in its details (215, 230-234). The frequency, severity,
and persistence of HPV infections and diseases in immu-
nocompromised patients have long indicated that immunity,
cell-mediated immunity in particular, contributes to the
development and resolution of HPV infections (113, 139,
229, 230, 235). For example, primary immunodeficiencies
such as ataxia-telangiectasia, Wiskott-Aldrich syndrome
(due to the WAS protein deficiency), and common variable
immunodeficiency are risk factors for the development of
extensive verrucosis (113). The original model for an asso-
ciation between a genetic alteration and verrucosis has been
epidermodysplasia verruciformis, a genodermatosis associat-
ed with inactivating mutations in two genes, EVER1/TMC6
and EVER2/TMC8, that code for endosomal zinc trans-
porter proteins that are part of the NF-kB cell signaling
cascade essential to the immune response (189, 190, 236,
237). However, in the past decade a great number of other
conditions have been added to the list. They include the
WHIM syndrome (warts, hypogammaglobulinemia, infec-
tions, myelokathexis) related to a CXCR4 deficiency, the
WILD syndrome (warts, immunodeficiency, lymphedema,
anogenital dysplasias), XHIGM1 (X-linked hyper-IgM syn-
drome type 1), hyper-IgE syndrome, atopic dermatitis,

FIGURE 10 Histology of a cutaneous wart (hemalum-eosin
stain; low-power view). The darkly stained layer is the stratum
granulosum. Koilocytes are profuse and disrupt the stratum gran-
ulosum. The persistence of nuclei in the stratum corneum is a fea-
ture of parakeratosis. Note the thick stratum corneum. (Courtesy of
Clara E. Mesonero, Cape Cod Hospital, Cape Cod, MA.)

FIGURE 11 Histology of condyloma acuminatum (hemalum-
eosin stain; high-power view). The figure demonstrates many koi-
locytes in the stratum spinosum. Koilocytes are relatively large cells
with a shrunken, irregular nucleus surrounded by a halo. (Courtesy
of Clara E. Mesonero, Cape Cod Hospital, Cape Cod, MA.)
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Netherton syndrome, severe combined immunodeficiency
(SCID) due to defective gc chain of the IL-2 receptor,
adenosine deaminase (ADA), or the Janus kinase 3 (JAK-3),
deficiencies in the dedicator of cytokinesis 8 (DOCK8)
protein (the cause of autosomal recessive hyper-IgE syn-
drome) or of GATA2 (a transcription factor), and others
(113, 230).

The keratinocyte is the first barrier to an HPV infection
because it expresses various Toll-like receptors (TLR) able to
recognize pathogen-associated molecular patterns (PAMPs)
(232). One of them, TLR-9, recognizes double-stranded
CpG-rich DNA and in turn stimulates the production of
several cytokines, TNF-a, IL-8, CCL2, CCL20, CXCL9,
monocyte chemotactic protein 1 (MCP-1), vascular endo-
thelial cell growth factor, IL-5 and -8, retinoic acid, TGF-b,
and type 1 interferons (IFN) (IFN-a, -b), as well as IFN-g-
inducible protein 10 (IP-10 [CXCL10]) and IFN -g. Some of
these responses are consistent with the notable mononuclear
cell infiltrate present in the dermis and epidermis during
regression of a wart or condyloma. These cells allow the
development of a local and systemic specific immune re-
sponse, a predominantly Th1 cytotoxic response. However,
HPV has ways to blunt this part of the immune response.
HPV-16 E6 and E7 may abrogate the production of TLR-9.
HPV also dysregulates the interferon response in different
ways (215, 232, 233). E6 likely interferes with the TYK2
kinase, preventing its binding to the interferon receptor and
blocking the phosphorylation of TYK2, STAT1, and STAT2
an essential step for the activation of the JAK-STAT cas-
cade. HPV E7 can bind to the p48/IRF9 complex, pre-
venting its translocation to the nucleus where it would bind

the IFN-stimulated gene factor 3 (ISGF3) to form the
transcription complex for the IFN-specific response ele-
ment (ISRE). HPV E7 also interacts with IRF1 and not
only blocks the expression of IFN-b but also downregulates
the transporter associated with antigen processing 1
(TAP1), IFN- b, and monocyte chemoattractant protein 1
(MCP1).

The respective roles in antigen presentation of the
Langerhans cells, which are the epidermal professional an-
tigen-presenting dendritic cells, and the keratinocytes,
which upon immunologic activation can also behave as
antigen-presenting cells, are unclear. However, the density
of Langerhans cells is generally decreased in nonregressing
warts, which may be related to the downregulation of E-
cadherin by HPV E6 and E7. HPV capsids do not activate
Langerhans cells, and dermal dendritic cells and macro-
phages may have a greater role in presenting the HPV an-
tigens to the lymphocytes. Nevertheless, HPV can reduce
antigen presentation by downregulating this process, in-
hibiting the expression of proteasome subunits of the major
histocompatibility complex (MHC) class 1, TAP, and also by
reducing the cytoplasmic trafficking of MHC-1 molecules
and stopping them in the Golgi apparatus (215, 232, 233).

Cervical cancer progression can be associated with a shift
induced by E7 in the cytokine profile from a Th1 to a Th2
response. This is mediated through the production of IL-10,
which represses the production of HLA-1, stimulates the
production of HLA-G, and inhibits natural killer cells (233).
The presence of infiltrating FOXP3+ Treg, likely with
specificity to E6 and E7, is associated with a poor survival
because they blunt the antitumor response (234).

FIGURE 12 Diagrammatic representation of the nomenclature, histologic features, and distribution of associated HPV types in HPV-
related cervical lesions. The dysplasia and the CIN classifications are primarily histologic classifications that are also used for cytology,
whereas the Bethesda classification is designed mainly for cytology (see text for details).
*This category in the Pap classification also included atypical squamous cells of the Bethesda classification.
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Apoptosis, or programmed cell death, allows a cell to
abort a viral infection and end tumor cell proliferation, but
HPV can evade this antiviral and antitumor response. HPV
E5 affects both apoptosis-activated caspase pathways by in-
hibiting TNF-related apoptosis inducing ligand (TRAIL)
and CD95L (233). It also downregulates the CD95 receptor
and the formation of the death-inducing signaling complex
(DISC). HPV E6 participates in this inhibition by stimu-
lating the degradation by ubiquitination of pro-apoptotic
proteins FADD, procaspase-8, or c-Myc.

The humoral response to the early viral proteins is typi-
cally modest or absent in most patients. Patients with in-
vasive cervical cancer are the most significant exception;
approximately half of whom develop antibodies to HPV-16
E6 and E7 peptides or fusion proteins. Otherwise, the most
consistent and strongest immune response in HPV-infected
patients is to the native conformation of the L1 protein
present in virions or recombinant VLPs (18, 238). These L1
antibodies can be neutralizing, but this requires them to be of
high titer, which is rarely the case, as the HPV VLP vaccine
studies have shown (239–242). The immune response to
native L1 is typically type specific (10).

Lymphoproliferative responses to different HPV proteins
can be detected in some patients with HPV infections, es-
pecially those with cervical preinvasive cancers. The most
consistent and strongest of these responses are against E6
and E7 (18, 19). The same proteins are also the targets of
a cytotoxic T-cell response (18, 19). NK cell cytotoxicity
against HPV-infected keratinocytes is present in epi-
dermodysplasia verruciformis and CIN (105, 106). The
precise nature and role of these responses in disease persis-
tence and resolution largely remain to be established and
explained in the context of the immunogenetic factors that
govern HPV disease (189, 237).

CLINICAL MANIFESTATIONS
Cutaneous Warts
Three major types of cutaneous warts are recognized: deep
plantar warts, common warts, and flat or plane warts (196).
Deep plantar warts (verrucae plantaris), also termed myr-
mecias (from Greek, ant hill), are usually solitary lesions
preferentially located on the weight-bearing surfaces of the
foot. These deeply set painful lesions can be 2 mm to 1 cm in
diameter. They interrupt the ordered pattern of surrounding
rete ridges and look like a circular, disorganized bundle of
keratotic fibers, sometimes containing dark speckles, sur-
rounded by a slightly raised keratotic ring. The black dots
represent thrombosed capillaries (Color Plate 34). Occa-
sionally, the lesion is completely covered by the keratotic
ring and can take on the appearance of a corn or callus.
Tenderness and the appearance of punctate, thrombosed
capillaries after paring the horny layer with a scalpel are
features distinguishing a deep plantar wart from a callus or a
fibrokeratoma. Occasionally, myrmecias can develop on the
palms of the hands.

Common warts (verrucae vulgaris) are usually multiple,
well-circumscribed, exophytic, hyperkeratotic, round pap-
ules with a coarse surface ranging in size from 1 mm to 1 cm
(Color Plate 35). They are normally found on the dorsum of
the hand, between the fingers, and around the nail bed.
They can also grow under the nail bed, causing nail loss
(onycholysis). Mosaic warts, a variant of common warts, may
be found on several areas of the foot, including the sole, the
knuckles, and around the toenails (Color Plate 36). They

appear as multiple, confluent, shallow, slightly raised, kera-
totic lesions. These painless lesions coalesce and may cover
several square centimeters. Filiform warts are common warts
usually located on the face, particularly the lips, nares, or
eyelids. They are thin, fleshy projections, usually 1 to 3 mm
in diameter and a few millimeters long. Cutaneous horns are
an uncommon presentation of common warts and may be
confused with keratoacanthoma, basal carcinomas, SCC,
actinic keratoses, or seborrheic keratoses. The warts of meat
handlers usually resemble typical common warts (243).
Common warts may be confused with nevi, seborrheic ker-
atoses, acrochordons (skin tags), molluscum contagiosum,
keratoacanthomas, lichen planus, lichen nitidus, syringo-
mas, dermofibromas, or SCC. In the healthy host, malignant
transformation of common warts into Bowen’s disease, ver-
rucous carcinoma, or SCC is a rare event and may be related
to the presence of high-risk oncogenic HPV types in the
lesions (244).

Most cutaneous warts are asymptomatic. Bleeding and
pain, particularly with deep plantar warts, may occur in
pressure areas. The natural history of cutaneous warts is
poorly defined. In children, the rates of spontaneous reso-
lution after 1 and 5 years of follow-up are 50% and 90%,
respectively (206, 207). Individual deep plantar and com-
mon warts take about 1 month to disappear spontaneously.
They blacken, become inflamed, or involute. In any given
patient, two-thirds of the warts that resolve spontaneously
will do so within the first 2 months.

Plane or flat warts (verrucae planae) present as multiple,
flat, small, asymmetric, smooth papules with a pink to tan
color. They are found mostly on the face (especially the chin
and eyelids), neck, and hands of children. Taller lesions are
sometimes called intermediate warts. Lichen planus and
freckles may be confused with flat warts. Reddening, swell-
ing, and itching of lesions announce simultaneous flat wart
regression, a process that lasts 2 to 7 weeks.

In immunocompromised patients, HPV-associated le-
sions may take on appearances other than that of common
warts, such as warty keratoses (Color Plate 37), or epi-
dermodysplasia verruciformis-like plaques distributed in the
sun-exposed areas (dorsum of the hands, face, scalp, and
neck). In these patients, malignant or benign lesions such as
SCC, basal cell carcinomas, Bowen’s disease, keratoacan-
thoma, or actinic keratoses can contain HPV (185).

Epidermodysplasia Verruciformis
Epidermodysplasia verruciformis is an autosomal recessive
genodermatosis causing an abnormal susceptibility to Beta-
papillomaviruses (189, 236, 237). It results from the muta-
tion of two adjacent genes, EVER1/TMC6 and EVER2/
TMC8 on chromosome 17 that code for two endosomal zinc
transport proteins, which participate in NF-kB cell signaling
(190). Of note, lesions that resemble epidermodysplasia
verruciformis are have been observed in HIV-infected pa-
tients, solid organ allograft recipients, and patients with
tuberculoid leprosy (189, 245). The disease is characterized
by the appearance of flat wart-like lesions, red to brown
plaques (Color Plate 38), or pityriasis versicolor-like lesions
over the face, the torso, and the extensor surfaces of the
extremities, usually during the first decade (189, 236, 237,
246). Over 20 different HPV types have been isolated from
epidermodysplasia verruciformis lesions (Table 1), often
coexisting in the same patient. HPV-3 is uniquely associated
with lesions resembling large flat warts. The prevalence of
plantar and common warts appears to be increased in these
patients. In about half the patients, beginning before the age
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of 30 years and extending over the following decades, lesions
in sun-exposed areas, primarily those associated with HPV-5,
-8, or -47, undergo premalignant and malignant changes.
They form papillomas, seborrheic keratoses, and SCC. The
malignancies remain locally invasive and slow growing,
unless they have been exposed to local irradiation. Biopsy is
useful in the diagnosis and management of epi-
dermodysplasia verruciformis.

Anogenital HPV Diseases
The full evaluation of a patient with potential anogenital
HPV disease should include a history that reviews symptoms,
particularly those pertaining to emotional well-being, sexual
intercourse, urination, and defecation. Duration of symptoms
and treatment received should be asked along with age at first
intercourse, number of past and current sexual partners, sex-
ual practices, and use of barrier methods of contraception.
The patient’s history of other sexually transmitted diseases
(STD) (including HIV infection) and treatments should be
recorded, as should the histories of anogenital warts, intra-
epithelial neoplasias, and cancers in the sexual partners. The
physical examination should be done aided, if necessary, by
the application for 3 to 5 minutes of 3% to 5% acetic acid
(white vinegar) and the use of a colposcope (a biomicroscope
offering several magnifications, ranging typically from · 6 to
· 40, and a long focal length) or a powerful magnifying glass.
The female internal genitalia should be examined with a
speculum. A Pap smear may be obtained at that time prior to
further interventions (247). A diagram displaying the ana-
tomic location of the lesions will facilitate evaluation and
monitoring. A digital rectal examination completes the ex-
amination in immunocompromised patients (HIV patients
and transplant recipients) as men who have sex with men, or
if anal symptoms are present. Immunocompromised women
should have a pelvic examination.

External Genitalia and Anus
Condylomata acuminata (singular, condyloma acuminatum;
from the Greek kondyloma, knuckle, knob, and Latin acu-
men, sharp point), also known as anogenital warts or vene-
real warts, are slightly hyperkeratotic, firm, exophytic
papules that are flesh colored to dark gray and are either
sessile or attached by a broad, short peduncle (Color Plate
39). On the skin, small lesions tend to be smooth, round
papules with an accentuation of the skin ridges. Larger skin
lesions or mucosal lesions are more cornified and may have
an irregular, jagged, mulberry-like, or pointed surface con-
tour. Sizes usually vary from a millimeter to 2 cm but can
reach several square centimeters, particularly when several
lesions coalesce like cobblestones to form a plaque. In-
dividual lesions are devoid of hair.

In men, the predominant location of lesions is the penile
shaft in circumcised individuals and the preputial cavity
otherwise (114, 248). One percent to 25% of patients will
have urethral warts that are usually located between the
meatus and the fossa navicularis (114). Warts rarely extend
beyond the distal first 3 cm, and involvement of the proxi-
mal urethra and bladder is exceptional. Meatal eversion or
the use of an otoscope or pediatric nasal speculum facilitates
the inspection of meatal warts. Although perianal warts can
occur in heterosexual men, they are much more common in
homosexual men (249–251). The scrotum, perineum, groin,
and pubic area are rarely affected.

In women, the great majority of lesions are found over the
posterior introitus, including the fourchette, spreading to-
ward the labia minora and majora and clitoris. In decreasing

order of frequency, the perineum, vagina, anus, cervix, and
urethra represent less than 25% of the usually affected sites
(114, 248). Young girls with anogenital warts should have a
careful examination of the anus and genitals, and according
to the findings or age of the patient, proper referrals need to
be made (87, 90, 92).

For both sexes, anoscopic examination is recommended if
there is a history of receptive anal intercourse, if perianal
warts are present, or if the patient has anal symptoms.
Because lesions rarely extend beyond the pectinate line,
sigmoidoscopy is not ordinarily performed. An oral exami-
nation is indicated for the presence of associated oral warts.

Itching, burning, and even pain and tenderness are the
most common symptoms of condylomata acuminata (248).
Yet approximately three-quarters of patients are asymptom-
atic (248). Nonetheless, the disease has a significant psy-
chosexual impact on about half of the patients before or after
treatment. During pregnancy or immunosuppression, warts
may increase in number or size and may obstruct the birth
canal. The natural history of condyloma acuminatum is
poorly defined, but 10% to 20% of patients will experience a
spontaneous remission within 3 to 4 months of presentation.
Genital warts disappear spontaneously by involution.

Diagnosis and Differential Diagnosis
The poxvirus infection, molluscum contagiosum is the dis-
ease most frequently mistaken for condyloma acuminatum.
Lesions of molluscum contagiosum are usually small, circu-
lar, well-defined, dome-shaped, sessile papules (see Chapter
19). They are flesh to wax colored, not pigmented, with a
smooth or dotted surface containing a central depression
from which a cheesy material can be extruded. Their ana-
tomic distribution helps the differential diagnosis because
they predominate over the pubis and can extend to the
trunk. Condyloma lata of syphilis are relatively large, smooth,
sessile, moist, flat-topped lesions that are few in number. The
medical history and serology help with the diagnosis. Nodular
scabies appears as red, scaly or crusted, deeply set nodules
accompanied by an intense pruritus, particularly at night. The
differential diagnosis includes other dermatologic conditions.
Hidradenoma papilliferum, encountered on the keratinized
vulva, resembles a large wart. Acrochordons (skin tags) are
soft, skin-colored tumors. Epidermoid cysts and angioker-
atomas can be found on the scrotum. Lichen planus, lichen
sclerosus et atrophicus, lichen nitidus, or syringomas manifest
as small, planar lesions that may be difficult to recognize.
Small penile warts in the corona glandis may be very difficult
to distinguish from anormal anatomic variant called hirsutoid
papillomatosis (pearly coronal papules, papillae corona
glandis).Whether the sometimes painful papillae that may be
present on the vulvar introitus represent the female equiva-
lent of hirsutoid papillomatosis or are lesions caused by HPV
(i.e., vulvar papillomatosis) has been controversial. In both
sexes, onemay encounter sessile papules or macules that have
a brown to slate blue pigmentation (Color Plate 40). These
lesions are particularly important to recognize because they
may represent benign condylomas infectedwithHPV-6 or -11
(252), nevi, seborrheic keratoses, or intraepithelial neopla-
sias infected with HPV-16 or -18 (252). The poor correlation
between appearance and histology or HPV type argues for
the biopsy of these lesions. Biopsy should also be considered
if lesions are large, bleed, appear in plaques, or are in unusual
locations. There should be a lower threshold to biopsy im-
munosuppressed or immunodeficient patients.

Subclinical HPV lesions, either revealed by the colpo-
scope or the application of acetic acid, are more often than
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macroscopic lesions associated with high-risk HPV in-
fections (253). Subclinical lesions appear mostly as small
acetowhite papules. In male partners of patients with con-
dyloma acuminatum, one-third to more than two-thirds
have detectable lesions that are seen only with the aid of the
colposcope, and a smaller percentage is seen by acetowhit-
ening alone (253). On the vulva, HPV infection may pro-
duce white patches that are enhanced or exposed after
application of acetic acid. In some surveys, over 80% of
women with or exposed to condyloma acuminatum were
found to have subclinical infections. The clinical signifi-
cance of acetowhite lesions is unknown, in part because
acetowhitening lacks specificity and possibly sensitivity for
diagnosis of HPV infection on the external genitalia (254).
Acetowhite lesions may also be caused by menstruation or
recent coitus. Subclinical lesions are usually transient, and
diagnosis and treatment of asymptomatic subclinical diseases
are not recommended (247, 253). Furthermore, dermatitis,
folliculitis, candidiasis, psoriasis, lichen sclerosus et atro-
phicus, lichen simplex chronicus, and trauma can produce
the same symptoms of pain, discomfort, and itching in the
absence of visible lesions. The distinct entity of vulvar
vestibulitis, also called focal vulvitis, does not appear to be
related to HPV infection.

Vagina and Cervix
Vaginal warts manifest as either spiked condylomas, white,
keratinized nodosities centered on a capillary loop, or flat
condylomas (114). The latter may be confused with the
occasional normal anatomic variant of micropapillary pro-
jections that are located over the distal third of the vagina
and extend over the introitus (vulvar papillomatosis).

Cervical warts are found in less than 10% of women with
genital warts (114). Three variants are recognized: the flat
condyloma (Color Plate 41) and the rarer exophytic and
inverted (endophytic) condylomas. These lesions are also
acetowhite, and colposcopic examination facilitates their
identification (Color Plate 42). Because colposcopy is not
entirely reliable, several biopsies of suspicious-looking ar-
eas are usually required for evaluation. Nevertheless, in the
developing world, simple naked-eye visual inspection aided
by acetic acid is able to contribute effectively to the pre-
vention of cervical cancer. This screening can be further
improved when followed by HPV DNA testing.

Preinvasive and Invasive Malignant Lesions
The clinical appearance of HPV-related preinvasive and
invasive malignant cervical lesions is defined by colposcopic
criteria that attempt to match histopathology (Color Plates
41 and 42) (255). Most of the lesions of CIN and SCC
develop in the transitional zone. Usually not accessible to
visual inspection, the glandular epithelium is vulnerable to
HPV infections, especially by HPV-18, which may cause
adenocarcinoma (65).

Depending on histologic grade, CIN lesions may regress,
persist, or progress at various rates. According to a meta-
analysis, the risks of progression over 2 years to HSIL from
ASCUS and LSIL are 7% and 21%, respectively (226).
Over 2 years, the risks of progression to invasive cancer are
low, 0.25% for ASCUS, 0.15% for LSIL, and 1.4% for HSIL.
In contrast, the rates of regression to normal cytology or
histology are high, 68% for ASCUS, 47% for LSIL, and 35%
for HSIL, and independent of duration of follow-up.

Intraepithelial neoplasias at the anogenital sites are often
referred to by the acronyms of PIN (penile intraepithelial
neoplasia), VIN (vulvar intraepithelial neoplasia), VAIN

(vaginal intraepithelial neoplasia), and AIN (anal intra-
epithelial neoplasia). Intraepithelial neoplasias can coexist
in different anatomic locations, thus reflecting the multi-
centric nature of the disease. Clinically, these lesions may
present on the skin as pigmented papules, leukoplakia, or red
macules (252). Bowenoid papulosis is a distinct clinico-
pathological entity made of the multicentric aggregation of
pigmented papules, ranging from dark red to dark blue, with
the histologic features of an intraepithelial neoplasia and the
cytoarchitecture of a condyloma (Color Plate 40). It may
evolve into Bowen’s disease, which is a carcinoma in situ that
presents as a red to brown, flat, scaly plaque with an irregular
surface but well-demarcated borders. On the glans penis,
Bowen’s disease is known as erythroplasia of Queyrat. High-
risk HPVs are typically associated with these premalignant
conditions. Natural history data on intraepithelial neoplasias
of the external genitalia are inadequate. Like CIN, VAIN
and early vaginal cancer are best recognized with the col-
poscope, after the application of acetic acid; biopsy is nec-
essary to establish a diagnosis.

On the external genitalia, warts may exceptionally evolve
into verrucous carcinoma, a slow-growing, large, locally
invasive SCC (244). Some authors distinguish Buschke-
Loewenstein tumor (also called condylomatous carcinoma
or giant condyloma) from what others consider to be a less
aggressive form of verrucous carcinoma (Color Plate 43)
(244). Buschke-Loewenstein tumors look like large condy-
lomas with a locally invasive behavior.

Recurrent Respiratory Papillomatosis
An altered cry in infants or hoarseness of voice in older
individuals is the presenting clinical manifestation of re-
current respiratory papillomatosis (102, 103). Stridor or re-
spiratory distress may also be present. On laryngoscopic
examination the lesions are fungating and smooth (Color
Plate 44), and are encountered specifically where the cili-
ated and squamous epithelia are juxtaposed. The lesions are
also found along the tract of tracheostomies. The severity of
the disease is inversely related to the age of onset; trache-
ostomy is required more often in children (14%) than adults
(6%) and extralaryngeal spread is also more common in
children (31%) than adults (16%). Lesion growth and ex-
tension toward the lung compromise the respiratory tract,
and frequent surgical treatment may be needed to prevent
asphyxiation. About one in five patients requires more than
40 lifetime operations. Most lesions contain HPV-6 or -11.
Lesions containing HPV-11 might be more aggressive. Ma-
lignant transformation resulting in verrucous carcinomas or
SCC occurs in less than 10% of individuals, but the risk is
the greatest if the lesions were previously treated with irra-
diation. Disease extension to the lung or the aerodigestive
tract carries a risk of malignant transformation as high as
85%. Recurrent respiratory papillomatosis appears to be
surprisingly rare in the HIV-infected population.

Miscellaneous
The different HPV-related lesions of the oral cavity are
clinically similar but can be differentiated by histology (62,
256-258). The most common are oral squamous cell papil-
lomas (or squamous papillomas) and the closely related en-
tity oral condylomata acuminata, both caused by the same
HPV types, mostly HPV-6, -11, and -16. Verrucae vulgaris
lesions are less common and are caused by cutaneous HPVs,
such as HPV-2, -4, and -57. HPV DNA, particularly HPV-16
DNA, can be found in various oral intraepithelial neopla-
sias, verrucous carcinomas, and SCC, as well as in prolifer-
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ative verrucous leukoplakia (62, 258). Focal epithelial
hyperplasia (Heck’s disease) manifests as multiple, asymp-
tomatic, 1- to 5-mm, soft, sessile papules distributed prefer-
entially on the lower lip but also on the buccal mucosa,
lower lip, tongue, and gums (62, 257, 258). The lesions
usually disappear over time. In HIV-infected patients oral
hairy leukoplakia is caused by Epstein-Barr virus infection,
although coinfection with HPV does occur (62). HPV in-
fection may cause papillomas and malignant tumors of the
conjunctiva, a risk increased by a concomitant HIV infec-
tion (183, 184).

LABORATORY DIAGNOSIS
The role of the laboratory includes both confirming the
clinical diagnosis by histology or screening precursor and
malignant lesions in the cervix by cytology and detecting
HPV DNA in cervical samples to aid in the screening and
prevention of cervical cancer (Table 4). A practical method
for HPV isolation by in vitro culture is not yet available.

Cytology and Colposcopy
Cytology has been applied to the diagnosis of HPV infec-
tions of the penis, vulva, and anus, but cervical cytology, in
the form of the Papanicolaou (Pap) smear, remains the most
extensively used. Cells can be collected by washings, but
swabbing or scraping is standard. The optimal method of

collection combines the use of the Ayre spatula to scrape the
exocervix and the Cytobrush� to sample the endocervix
(259). The Cervex-Brush� (“broom”), which is designed to
sample both areas simultaneously, does not perform as well in
traditional cytology (259). The sample can be placed di-
rectly on a glass slide and fixed (traditional cytology). An
alternative and now widely used approach is to place the
sample (ThinPrep with the PreservCyt� Solution; Hologic)
or the head of the broom (SurePath�; Becton, Dickinson
and Company) in a liquid fixative (260, 261). The cells are
dispersed and are either gathered on a filter and transferred
to the glass slide (ThinPrep) or centrifuged on a gradient,
with the suspended cells allowed to sediment on the glass
slide (SurePath). Both liquid-based preparation technologies
appear to offer approximately equivalent performance
characteristics that are at least equal to those of traditional
cytology (260-265). Their higher cost and longer processing
time are offset by the ability to test the cervical sample for
HPV DNA, as well as the possibility to combine the tests
with a computer-automated imaging system that analyzes the
slide and selects the areas of interest for the cytologist to
review.

Koilocytes and dyskeratocytes (small, very keratinized
squamous cells with orange cytoplasm and nucleus atypia)
are hallmarks of cervical HPV infection (Fig. 9). However,
atypical squamous metaplasia and, to a lesser degree, dys-
keratosis correlate independently with the presence of HPV

TABLE 4 Diagnostic methods for anogenital HPV infectiona

HPV diagnostic method (name of
FDA-approved diagnostic kit)

Tested
material
or subject

HPV type
determination

Availability
to the

clinician

Relevance
for patient
management Sensitivity Specificity

Clinical examination (cervix not included)
With naked eye
And with acetic acid application
And examination with colposcope

Patient
Patient
Patient

No
No
No

+++++
+++++
+++

+++++
++
+++

+
++
++

++
+
++

Colposcopy Patient No +++ +++++ +++ ++
Cytology
Cervical
Noncervical

Swabbing,
washing

Swabbing

No
No

+++++
++b

+++++
?+++c

++
++

++
++

Histology
Light microscopy
Electron microscopy
Immunocytochemistry

Tissue
Tissue
Swabbing,
washing,
tissue

No
No
No

+++++
+
++

+++
+
++

++
+
++

+++
++++
++++

Nucleic acid detection
In situ hybridization
FDA-approved assays (Hybrid Capture II
HR DNA; Cervista HPV HR; Cervista
HPV 16/18; COBAS 4800 HPV;
APTIMA HPV)

Tissue
Swabbing,
washing,
tissue

Possible
Possibled

+
+++++

++
+++

++
++++

++++
++++

Non-FDA-approved PCR and RT-PCR, RFLP,
microarrays, LAMP, NASBA, TMA assays

Swabbing,
washing,
tissue

Possible + ? ++++/
+++++

+++/
+++++

Serology Serum Yes + + ++ +++
a+ to +++++, from the lowest to the highest magnitude.
bThis rating takes into account the fact that the technique needs to be associated with high-resolution anoscopy.
cIn HIV patients and in men who have sex with men.
dPossible for HPV-16 and -18 with some of the FDA-approved tests. Non-FDA approved kits do exist for the genotyping of genital HPVs.

29. Papillomavirus - 649



infection by PCR better than koilocytosis (266). Cytology is
at least 10 times less sensitive than PCR for the diagnosis of
HPV infection and should not be used for such a purpose
(see “Epidemiology” above).

Over the years different classification schemes have been
applied to the Pap smear (Fig. 12) and multiple ones remain
in use globally. Their shortcomings led to a consensus effort
in the United States that resulted in the Bethesda system in
1988, which was revised in 2006 (www.asccp.org/Con-
sensusGuidelines/tabid/7436/Default.aspx) (267). The Be-
thesda system has three main components: a judgment on
the adequacy of the specimen, a categorization of the smear
with a codified descriptive diagnosis, and a set of guidelines
for management and follow-up. Squamous cell abnormalities
fall into four categories: (i) atypical squamous cells (a) of
undetermined significance (ASC-US) or (b) for which
HSIL cannot be excluded (ASC-H), (ii) LSIL, (iii) HSIL,
and (iv) SCC. The performance characteristics of the Pap
smear are difficult to determine accurately. The estimated
sensitivity ranges from 30% to 87% and the specificity
ranges from 86% to 100% (268). It is clearly an imperfect
tool for the diagnosis of preinvasive and invasive cervical
cancer, but it is still a preferred screening test because it is
easy to obtain, has low cost, and with periodic repetitions
diminishes the chance of missing invasive cancer. The liq-
uid-based system has allowed the use of computer-aided di-
agnosis systems to attempt to increase speed, accuracy, and
reproducibility while keeping the cost down (269, 270).
Automated screening can be implemented for initial
screening (triage), thus diminishing technologist workload
considerably (269, 270). The BD FocalPoint� Slide Profiler
(Becton, Dickinson and Company) imaging system is FDA-
approved for primary screening of conventional slides (ap-
proved in 1998) and liquid-based SurePath prepared slides
(2003), while the ThinPrep Imager (Hologic) is FDA-
approved (2003) for the primary screening of liquid-based
ThinPrep prepared slides (274–276). The BD FocalPoint
Guided Screening Imaging system the FDA approved in
2008 is a further development of the BD FocalPoint Slide
Profiler that eliminates the need for a cytopathologist to
review a sampling the slides identified as negative by the
machine (270–272).

Abnormal cervical cytology is usually supplemented by
colposcopy to visually inspect the lesion and select a biopsy
site for histologic analysis (255). After applying 5% acetic
acid, the cervix is examined with a colposcope. The appli-
cation of an iodine solution (Lugol solution) may be in-
cluded in the examination (Schiller test). Various scoring
schemes have been developed to try to differentiate between
typical condylomas, low-grade and high-grade intra-
epithelial neoplasia, and cancer. They rely to various degrees
on color, shape of lesion margins or surface contours, ap-
pearance of the vessels (punctation and mosaicism), and
iodine staining (Color Plates 41 and 42) (255). Like all
visually based diagnostic methods, colposcopy suffers from
limited accuracy compared to histology, as well as poor intra-
and interobserver agreement, particularly when contiguous
diagnostic categories are concerned (273, 274). However, it
is an indispensable tool for identifying the biopsy sites.
Taking additional biopsies when multiple lesions are present
clearly improves the confirmation rate by histology of a cy-
tologic diagnosis of HSIL (275).

The colposcopic technique has been applied to the
screening of patients at risk of anal cancer. The scoring system
developed for the cervix is as effective for the anus in allowing
discrimination between L-CIN and H-CIN (150, 276–279).

Cervicography generates a picture of the cervix for review
by an expert (255), but like colposcopy, it suffers from poor
intra- and interobserver agreement and has not performed
well (274, 280, 281). It may retain a place in cancer
screening in areas with low resources, to augment the per-
formance of visual inspection with acetic acid (VIA) (282).
Given its feasibility and affordability, VIA has been widely
implemented in low- and middle-income countries in
Asia and Africa, in which WHO currently recommends a
screening strategy of HPV testing, followed if necessary by
VIA and immediate treatment with cryotherapy or loop
electrosurgical excision procedure (LEEP) if cryotherapy is
inappropriate (283, 284).

Histology
Histology is the “gold standard’’ for confirming diagnosis of
HPV disease and is the most important among the laboratory
resources available to the clinician. However, sampling error,
sample size, and fixation artifacts can all contribute to in-
conclusive results. Histology is not an appropriate tool for
the diagnosis of HPV infection because it selects only small
areas for biopsy, and most HPV infections are asymptomatic
associated with a normal histology (73–76, 192).

Histologic criteria enabling the diagnosis of the different
HPV diseases (Figs. 10 and 11) are neither absolute nor easy
to define. Interobserver variability is a substantial limitation
that affects histology and cytology equally. Even among well-
trained pathologists, interobserver agreement on cervical
biopsies is only moderate, and it is worst for CIN 2 (129,
285). These difficulties have motivated the use of the LSIL
and HSIL nomenclature for the histologic diagnosis and the
addition of the p16INK4A immunostaining to better classify
CIN2 lesions (225).The clinical identity of a lesion cannot
always be established from the histology. For example,
whereas anogenital warts, flat warts, and myrmecias are
easily differentiated, other cutaneous warts are more difficult
to identify (286-288). Histologic criteria have been elabo-
rated for HPV-diseases of the head and neck, vulva, and anus
(289, 290).

Transmission electron microscopy is of little use in the
diagnosis of HPV lesions, but it may reveal the presence of
intranuclear viral particles that are typically organized in
crystalline arrays or pseudoarrays (5, 291–295). HPV intra-
nuclear particles have been noted in histologically or col-
poscopically normal cervical samples (295).

Immunocytochemistry
Denaturation of papillomavirus virions by boiling and mer-
captoethanol treatment exposes an antigen that is shared
among papillomaviruses. Antibodies to the common papil-
lomavirus or genus-specific antigen are commercially avail-
able and have been used for the immunocytochemical
diagnosis of HPV infection (Fig. 13). The sensitivity of this
test is limited and varies with lesion type (20, 296).

Immunocytochemistry plays an important role in cervical
cancer screening to complement histopathology by identi-
fying the presence of cellular and viral proteins that indicate
a greater oncogenic risk. The detection of the E6, E7, E4,
and L1 viral proteins, for example, has been used to indicate
the onset of cancer progression (297, 298). Among the
cellular proteins, p16INK4A, the minichromosome main-
tenance protein 2 (MCM2), topoisomerase II alpha (TOP-
O2A), Ki-67 (a marker of cell proliferation), MYBL2 (a
member of the MYB proto-oncogene family that encodes
DNA-binding proteins) have been targeted to improve
the identification of the risk of progression (298–300). The
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biomarkers Ki-67, the pair MCM2 and TOPO2A (Pro-
ExC� assay; Becton-Dickinson), and p16INK4A have
slightly different performance profiles for the diagnosis of
ASC-US, LSIL, and HSIL (298, 301). The identification by
immunocytochemistry of biomarkers that improve the his-
tologic diagnosis has led to the LAST project recommen-
dations, which include not only the use of the LSIL/
HSIL nomenclature for histology but also the use of the
p16INK4A stain in instances when a CIN2 diagnosis is
considered (225). A p16INK4A positive lesion would be
classified as HSIL, while a p16INK4A negative lesion would
be degraded as LSIL. The immunocytochemistry of bio-
markers also applies to HPV-associated lesions at other an-
atomic sites (302–304).

Nucleic Acid Detection Assays
In situ hybridization (ISH) enables the visualization of HPV
nucleic acids in cells or tissues under the microscope, typi-
cally a paraffin-embedded tissue section. Probes can be sense
or antisense. Antisense probes offer the advantage of binding
to both viral DNA and mRNAs, and either of these targets
can be selected by denaturing and pretreating with RNase or
not (305, 306). The advantages of in situ hybridization in-
clude the ability to type the infecting HPV, to detect double
infections, to distinguish integrated (speckled nuclear sig-
nal) from episomal (diffuse nuclear signal) infections, and to
relate infection to associated histopathological features.
Different commercial tests have been developed, but none
are approved by the FDA (306).

PCR diagnosis offers the highest analytical sensitivity and
specificity for the detection of HPV DNA (307, 308) and
also permits typing. A variety of methods have been de-
scribed for mucosal and cutaneous HPV types that are based
on the use of either general (also called consensus or generic)
primers or a mixture of primers (degenerate primer system)
(298, 307–313). Typing can be done by retesting the sample
with type-specific primers or by applying type-specific probes
to the amplicon. Other technologies developed for viral
nucleic acid detection and genotyping (298) include real-
time PCR, reverse line blot hybridization assays, restriction

fragment length polymorphisms (RFLP), microarrays, loop-
mediated isothermal amplification method (LAMP), nu-
cleic acid sequence based amplification (NASBA), and
transcription mediated amplification (TMA).

MicroRNAs are noncoding cellular RNAs that contrib-
ute to cell regulation, and at least two of them, miR-34a and
miR-125b, can be altered in an HPV infection and used as
biomarkers (314). The expression of miR-34a is directly
controlled by p53 and behaves as a tumor suppressor while
miR-125b intervenes in the immune response and apoptosis.
Similarly, the upregulation the TERC gene that codes for a
component of the telomerase, an enzyme activated in rapidly
dividing cells, could be useful as a cellular biomarker of le-
sion progression (304).

The FDA-approved assays are all designed to detect high-
risk mucosal HPV (Alphapapillomavirus genus) nucleic
acids (DNA or RNA) from cervical cells to achieve at least
one of three goals: a) primary screening of cervical cancer; b)
reflex testing of specimens diagnosed as ASC-US to identify
the women who need to be referred to colposcopy; and c)
cotesting with cytology for women 30 years and older to
guide their management. Five tests are currently available
and are part of automated platforms (see Table 5) (298, 315).

Direct comparative studies of the performance of these
assays for the detection of CIN2+ show equivalent sensi-
tivities in the 91% to 96% range but specificities lower than
29% and in decreasing order for the APTIMA, COBAS,
HC2, and Cervista assays (316, 317).

All these assays are approved for two basic indications:
the reflex-testing of ASC-US samples and adjunct HPV
DNA testing in cervical cytology samples of women 30 years
and older. In addition, the COBAS HPV assay has been
FDA-approved (2014) for the primary screening of women
25 years and older.

Serologic Assays
There are no serologic assays satisfactory for the clinical
diagnosis of HPV infection. The most consistently sensitive
assays are VLP-based enzyme-linked immunosorbent assays
used chiefly for the diagnosis of HPV-6, -11, -16, and -18
infections (18, 318, 319). They cannot identify much more
than half to two-thirds of infected subjects if they are to
retain a high specificity and detect an immunoglobulin G
(immunoglobulin A to a lesser extent) immune response
that decreases only a little over time (242, 320–322). Hence,
they measure HPV exposure. This makes them useful, if
imperfect, seroepidemiological tools to measure past and
present infection (18, 319). These assays and their deriva-
tives, such as the Luminex� bead technology, are investi-
gational, but they have been also useful for the assessment of
the immune response following immunization (319, 322–
324). Assays vary in their ability to detect various neutral-
izing antibodies or binding antibodies (319, 324, 325).

PREVENTION
General
No specific environmental precautions have been developed
for the control of HPV infections, and there is limited
knowledge about the resistance of HPV virions to physical
and chemical agents (60, 61). However, surgical instruments
in contact with areas potentially infected by HPV should be
properly sterilized according to standard procedures devel-
oped for viruses. Disposable materials should not be reused.
Contaminated surfaces can be disinfected with household

FIGURE 13 Immunocytochemistry of condyloma acuminatum
with an antibody directed against the common papillomavirus an-
tigen (high-power view). Several intense nuclear signals are visible.
(Courtesy of Clara E. Mesonero, Cape Cod Hospital, Cape Cod,
MA.)
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Table 5 Diagnostic tests for the detection anogenital HPV nucleic acids

Test name
(Manufacturer) Sample Target, Assay principle

Nature of probes, HPV
types detected Signal detection, Result interpretation Comments

Hybrid Capture II
High Risk DNA
assay (Qiagen)

Cellsa,b or
extracted DNA

HPV DNA
DNA:RNA hybridization

RNA
16, 18, 31, 33, 35, 39, 45, 51,
52, 58, 59, 68

Antibody to DNA:RNA complexes,
conjugated to alkaline phosphatase

Positive/negative/indeterminate

� Does not differentiate HPV types
� Retesting is necessary for the
indeterminate results

� Cross-react with some of the
non-oncogenic HPV types
(false-positives)

� Does not assess for the presence
of human cells in the sample

� Scalable to automation with
Rapid Capture System (Qiagen)

Cervista® HPV HR
(Hologic)

Extracted DNA
using GenFind®
(Hologic) b

HPV DNA E6/E7
Invader chemistry and
hybridization

Three oligonucleotides: 2
invader HPV E6/E7 specific
for each genotype and 1
universal hairpin FRETc

signal
16, 18, 31, 33, 35, 39, 45, 51,

52, 58, 59, 66, 68

Upon binding, a flapping 5’ end of the
type specific probe is released by a
Cleavase enzyme. This flapping end
will act as an invader probe to the
universal hairpin FRET signal
oligonucleotide. This again triggers
the Cleavase enzyme to separate on
the probe the fluorophore from its
quencher. The process repeats itself,
generating a large signal.

Positive/negative

� Does not differentiate HPV types
� May cross-react with HPV types
67 and 70 (false-positives)

� Contains control probes against
histones to ascertain the presence
of cells

� Scalable to automation with the
Cervista® High Throughput
Automation (HTA) system

Cervista� HPV
16/18 (Hologic)

Same as above Same as above Same as above but limited to
types 16 and 18

Same as above � Differentiates between HPV
type 16 or 18

� May cross-react with high copy
number of HPV type 31 (false-positive)

� Same as above otherwise
COBAS 4800 HPV

(Roche)
Cells b HPV DNA L1

Real-time PCR
8 DNA primer pairs HPV
16, 18, 31, 33, 35, 39, 45, 51,
52, 58, 59, 66, 68

Three HPV DNA probes are cleaved
during the extension phase of the
PCR, releasing a distinct fluorophore
from its quencher

Quantitative results with cut-offs: HPV-
16 positive/negative; HPV-18
positive/negative; other HRd HPV
positive/negative

� Contains primers/probe against
�-globin to ascertain the presence
of cells

� The amplicon incorporates dUTP
instead of dTTP allowing the
degradation of any contaminant
amplicons with uracyl-N-glycosidase
(which will not destroy the thymidine-
containing target DNA)

� Automated platform
APTIMA HPV

(Hologic)
Cells b E6/E7 mRNA HPV transcripts

Transcription-mediated
amplification whereby MMLV
reverse transcriptase generates
cDNA and T7 RNA polymerase
generates copies

Type specific single-stranded
RNA chemiluminescent
probes + internal control

16, 18, 31, 33, 35, 39, 45, 51,
52, 58, 59, 66, 68

Hybridization protection assay in which
the hybrid RNA:cDNA are protected
and the chemiluminescent label can
be detected.

Positive, negative, invalid

� Automated platforms Tigris DTS
and Panther
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bleach (5.25% sodium hypochlorite) diluted 1:10 in water.
Cryoprobes have been responsible for transmission of warts
from patient to patient, thus making sprays preferable for
cryotherapy.

Electrosurgery and laser surgery are accompanied by the
release of smoke that contains HPV DNA that may lead to
the contamination of the surgeon’s mucosal membranes or of
the operating room surfaces (326, 327). Whether this leads
to higher prevalence of hand and nasopharyngeal warts is
unclear (328, 329). Smoke evacuation systems and the
wearing of gloves, gown, mask, and goggles are recommended
when performing these procedures (326, 327, 329–331).

Covering the warts with dressings while at the swimming
pool has been useful for the prevention of plantar warts
(108). However, there is conflicting data regarding the use of
protective footwear in communal areas of swimming pools,
public showers, or gyms (107, 109, 110).

Strong evidence indicates that male condoms are effec-
tive in reducing the transmission of genital HPV (127) (see
“Epidemiology” section). For example, in a prospective study
of 82 college-age, initially virgin women, 100% consistent
male condom use in partners was associated with a 3-fold
decreased risk of cervical, vulvar, and vaginal HPV infection,
compared to 5% or less use (332). Among condom users,
genital warts are more likely to occur in the anatomical area
not covered by the condom (197). Furthermore, in a ran-
domized study of 125 couples of women with CIN, there was
a greater rate of CIN (1.5-fold) and HPV DNA clearance
(5.7-fold) in the women from the couples assigned to con-
dom use (333) as well as higher (1.9-fold) rate of clearance of
HPV-associated flat lesions in the males, and the clearance
effect of condoms in males was seen only in the couples with
concordant HPV types (334, 335). In a prospective study of
82 college-age, initially virgin women, 100% consistent
condom use, as opposed to 5% or less use, was associated
with a statistically significant (3-fold) decreased risk of cer-
vical, vulvar, and vaginal HPV infection (332). Condom use
can be recommended after treatment of one sexual partner
for HPV disease.

Patients with epidermodysplasia verruciformis and im-
munodeficient or immunosuppressed patients with cutane-
ous lesions should avoid UV light exposure to minimize the
risk of malignant conversion.

There are no validated isolation procedures of HPV-
infected individuals. There is no evidence that school ac-
tivities should be restricted for children with recurrent
respiratory papillomatosis.

Passive Immunoprophylaxis
Although the potential efficacy of passive immuno-
prophylaxis using hyperimmune globulins raised against
VLPs has been demonstrated with experimental animal
papillomavirus infections, no data are available for HPV
infections (336).

Chemoprophylaxis
It is possible to prevent the relapse of anogenital warts with
either podofilox or 5-fluorouracil (5-FU) (see “Treatment”
below), but effective chemoprophylaxis against new HPV
infection is not available. Carrageenan, a readily available
polysaccharide already included in some vaginal lubricants,
has shown excellent microbicidal activity in vitro and in an
animal model (337, 338). Clinical studies are ongoing to
assess its prophylactic effectiveness. In contrast, the sper-
micide nonoxynol 9 has been shown to potentiate HPV
transmission (337).

Active Immunization
HPV vaccination, introduced in 2006, is the most important
advance in HPV care and is expected to sharply reduce the
occurrence of anogenital infections and cancers. The current
vaccines are based on expressing the gene coding for the
major capsid protein (L1), which spontaneously assembles to
form a virus-like particle (VLP) that has the same appear-
ance and antigenic properties as the native virions, but is not
infectious. Papillomavirus VLPs induce a strong humoral
response that neutralizes the papillomavirus of the homol-
ogous type (238, 318). This response is much higher than
the one triggered by a natural infection, which possibly
confers only a weak protection (242, 339). Studies done in
an animal natural host validated the concept, which was
then applied to human vaccination (336, 340–342). In a
pivotal randomized controlled trial, a monovalent HPV-16
VLP vaccine was shown to completely prevent persistent
cervical HPV-16 infection compared to adjuvant at 1.5 years
of follow-up (343).

There are currently three vaccines on the market (344-
347). The first to appear in 2006 was a quadrivalent vaccine
(Gardasil/Silgard; Merck & Co., Inc.) directed at HPV types
6, 11, 16, and 18 (345). In all likelihood, it will be replaced
completely by a nonavalent extension (Gardasil�9; Merck
& Co., Inc.), FDA-approved in 2014, that adds types 31, 33,
45, 52, and 58 (these types are related to HPV-16, except 45,
which is related to HPV-18) (347). A bivalent vaccine,
covering only types 16 and 18 (Cervarix; GlaxoSmithKline)
was FDA-approved in 2009 (344). HPV-6 and -11 cause
about 85% to 95% of genital warts (348), while HPV-16 and
-18 account for about 70% of cervical cancers and over 90%
of the other cancers associated with HPV (including vulva,
vagina, penis, anus, oropharynx) (97, 100, 349–351). The
five types added to Gardasil-9 represent 30% of the geno-
types associated with CIN2/3 and 25% of those causing
CIN1, while HPV-16 and -18 are present in 50% and 30% of
these lesions, respectively (352). Gardasil and Gardasil-9 are
made in yeast (Saccharomyces cerevisiae) while Cervarix is
made in a baculovirus expression system. The other major
difference is the adjuvant, amorphous aluminum hydrox-
yphosphate sulfate for Gardasil and Gardasil-9 (225 and 500
mg, respectively), and aluminum hydroxide (500 mg) plus 3-
O-desacetyl-4’-monophosphoryl lipid A (MPLA) (50 mg)
for Cervarix. All vaccines are delivered in a 0.5 ml per dose
intramuscular injection (deltoid muscle), in a three-in-
jection series given at time 0, 1 month (Cervarix) or 2
months (both Gardasil), and 6 months.

Efficacy in Clinical Trials
The efficacy of the current vaccines was established in reg-
istrational trials conducted in adolescent and young women
aged 16 to 26 years. Gardasil when compared to the placebo
(adjuvant alone) was found to have a 99% efficacy (95% CI,
96–100) against genital warts, a 98% efficacy (95% CI, 93–
100) in preventing CIN2/3 or adenocarcinoma in situ (AIS),
and an efficacy of 100% (95% CI, 83-100) against VIN2/3
and VAIN2/3 caused by HPV-6, -11, -16, or -18 (353). The
efficacy of Cervarix compared to placebo (a hepatitis A
vaccine containing the same adjuvant) was 93% (95% CI,
80–98) for the prevention of CIN2/3 or AIS caused by HPV-
16 or -18 (354).The evaluation of Gardasil-9 generated
the same levels of neutralizing antibodies against HPV-6,
-11, -16, and -18 as Gardasil and had an efficacy of 97%
(95% CI, 81–100) in preventing CIN2+, AIS, VIN2+, or
VAIN2+ caused by HPV types 31, 33, 45, 52, or 58 (347).
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Full vaccine efficacy is provided only against the infec-
tions or diseases caused by the HPV genotypes contained in
the vaccine with which the subjects have not been infected
before (355). Consequently, HPV vaccination should be
initiated before the onset of sexual activity to have its
greatest impact. Because conducting efficacy studies in
children would have required an impractical long period of
follow-up for a clinical efficacy endpoint, HPV neutralizing
antibody levels were used as correlates of efficacy in
“bridging” studies of Gardasil and Cervarix-9. In studies
conducted in girls and boys aged 9 years through 15 years,
antibody titers were demonstrated to be higher than in the
female adolescents and young adults enrolled in other studies
(356–363). The same successful bridging studies were con-
ducted with Gardasil-9 (362).

Gardasil was also effective in 16- to 26-year-old males in
preventing genital warts, 90% (95% CI, 69-98), and any
grades of AIN in MSM, 78% (95% CI, 40–93), caused by
the HPV vaccine-types (364). There are no data yet on
vaccine efficacy in the HIV-infected population, but these
subjects are capable of seroconverting in response to Gar-
dasil or Cervarix, although specific antibody levels that may
be 2- to 5-fold lower than in HIV-seronegative individuals
(365-368). The significance of this finding is unclear be-
cause antibody thresholds below which protection is lost
have not been established. When directly compared in HIV-
seropositive subjects, Cervarix was more immunogenic than
Gardasil in women, but equivalent in men (369, 370).

Gardasil has been evaluated in older women (24–45
years) and the serologic response was lower with age, an
observation also made with Cervarix in 15- to 55-year-old
women (371, 372). Vaccine efficacy was demonstrated with
Gardasil but only by combining external genital warts with
CIN as the endpoint (371). This has led to approval of the
vaccine in women up to 45 years old in Canada but not in
the United States.

At the end of 2015, none of the available vaccines had
shown failure of clinical efficacy in the follow-up of the
phase 2/3 studies, including 8.5 years of follow-up with the
original HPV-16 VLP vaccine (373, 374). Gardasil has re-
tained full protection against genital warts and CIN1-3 at 5
years (373, 374). Specific neutralizing antibody levels have
been sustained for up to 7 years, with a slight decline after 8
years, but no occurrence of disease, in boys and girls im-
munized between ages of 9 and 15 years (375). Cervarix was
also still effective at 6.4 years, and at 9.4 years the limited
data were still encouraging (376, 377). When compared
directly, Cervarix induced higher levels of antibodies to
HPV-16 or -18 than Gardasil, likely on the account of the
stronger adjuvant (378, 379). The clinical significance of
these differences is unknown at present. The same can be
said of the stronger cross-reactive antibody response induced
by Cervarix against nonvaccine types 31, 33, and 45 (380).
These differences, if present, did not appear to be as pro-
nounced when the two vaccines were compared in the same
study (381). Furthermore, in Australia where HPV immu-
nization was mostly conducted with Gardasil, some cross-
protection was noted against nonvaccine types 31, 33, and
45 HPV prevalent cervical infection, with a vaccine efficacy
of 58% (95% CI, 26–76) (382).

Efficacy in the General Population
There is now sufficient experience with HPV vaccination
throughout the world to measure its substantial clinical
impact through various observational studies. In Australia,
where Gardasil was used extensively to immunize girls, the

cervical prevalence of HPV strains dropped from 28.7 to
6.5% between the prevaccination (2005–2007) and post-
vaccination (2010–2012) periods (382). This was also likely
accompanied by a herd-immunity effect. In the United
States, a large survey of over 4,000 females aged 14 to 59
years showed a drop by 44% in the prevalence of vaginal
swab HPV DNA for the vaccine types (6, 11, 16, and 18)
from the period 2001 to 2006 to the period 2007 to 2010 in
the cohort of 14- to 19-year-old girls, the ones most likely to
have received the vaccine but not in older women (75).
More recently, the same survey was revisited, focusing on 14-
to 34-year-old females and comparing the 2001–2006 pre-
vaccine period to the 2009–2012 postvaccine eras (383).
Vaccine HPV DNA prevalence declined significantly by
64% in the 14- to 19-year-olds and by 34% in the 20- to 14-
year-olds. A 68% reduction in prevalent HPV-16 and -18
cervical infections was found in countries where the vaccine
coverage rate was more than 50% (85). These benefits have
also been observed in the HPV infection rates of other an-
atomic areas, such as the anus and oral cavity (384).

Epidemiologic surveys have almost all demonstrated
drastic reductions in the prevalence of anogenital warts. A
recent meta-analysis reported a 61% reduction between the
pre- and postimmunization periods in 13- to 19-year-old girls
for those countries where the vaccination coverage was su-
perior to 50% (85). The magnitude of the effect increased
over time and was accompanied by evidence of herd-
immunity only for those countries with more than 50%
vaccine coverage. Similarly, HPV vaccination has led in
reductions in the prevalence of CIN or SIL in the United
States (385), Australia (386, 387), Denmark (388), and
Scotland (389). Although the HPV vaccines appear to be
devoid of any therapeutic activity, an unexpected benefit of
HPV vaccination has been an apparent reduction in the
recurrence rates of HPV cervical diseases and possibly AIN
(390, 391).

Safety
The HPV vaccines are safe and generally well tolerated, with
the adjuvants contributing to most of the early adverse re-
actions (344, 345, 392, 393). The most common side effects
are local injection-site reactions of mild to moderate in-
tensity, lasting about 3 days on average, although some
vaccinees experience systemic symptoms within 1 week after
immunization. In a direct comparison trial of Gardasil and
Cervarix, the respective rates were 72% and 92% for any
local pain, 26% and 44% for any local erythema, and 22%
and 36% for swelling at the local injection site, 40% and
50% for fatigue, 42% and 46% for headaches, 27% and 33%
for gastrointestinal symptoms, 16% and 22% for arthralgia,
and 11% and 14% for temperature of 37.5°C or more (394).
Discontinuation from participation in the clinical trials for
adverse reactions was noted in only 0.2% of the almost
12,000 patients receiving either Gardasil or placebo (adju-
vant alone) (393). In a similar analysis including almost
30,000 patients receiving either Cervarix or various con-
trols, the withdrawal rates were 0.17% and 0.09%, respec-
tively (392). Adverse reactions are more frequent after the
first injection than with the subsequent ones (344, 345).
Owing to its double amount of adjuvant compared to Gar-
dasil, Gardasil-9 has slightly more frequent local (but not
systemic) adverse reactions, 90% versus 84% for pain, 34%
versus 26% for erythema, and 40% versus 29% for swelling
(347).

An extensive and worldwide series of postlicensure
monitoring programs have been put in place (392, 395-399).
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The Vaccine Adverse Event Reporting System (VAERS), a
passive surveillance system that allows the reporting by
laymen and health professionals of any presumptive prob-
lems with vaccines, promptly identified an excess of fainting
episodes at the time of the immunization (400). This led to
the recommendation of keeping the vaccine recipient under
observation for 15 minutes after the vaccine injection.
Twenty-six cases of anaphylaxis, none lethal, were also re-
ported, 17 occurring after the first dose. Known allergic re-
actions to components of the vaccine, in particular baker’s
yeast for Gardasil and latex for Cervarix (contained in the
cap of prefilled syringes) are contraindications for the vac-
cine administration.

The HPV vaccination is contraindicated in pregnant
patients; any vaccination series interrupted by pregnancy
should be completed after delivery. Nevertheless, pregnan-
cies occurred during the clinical trials, and among about
1,700 women exposed to either Gardasil or Cervarix during
their pregnancy, no excess of abnormal pregnancies, spon-
taneous abortions, or major birth defects were found (401,
402). These reassuring observations were replicated else-
where (403, 404). Lactation is not a contraindication for
vaccination.

In the postmarketing surveillance programs, particular
attention has been directed at detecting any possible risk of
thromboembolic or autoimmune diseases, in particular
Guillain-Barré syndrome and demyelinating diseases (397,
405–410). None has been found except, in the largest survey
done to date, among French females aged 13 through 16
years, including 842,000 who had received the HPV vaccine
(Gardasil for 93 %) and 1,414,596 who had not; the only
strong risk identified among 14 different conditions was for
Guillain-Barré syndrome, with a hazard ratio of 4.0 (95% CI,
1.8–8.7) (411). This represented a low incidence of 1 to 2
cases per 100,000 vaccinees, with mostly no severe sequelae.

Recommendations
The FDA has approved Cervarix for the prevention of
CIN1-3, cervical cancer, and AIS caused by HPV-16 and -18
in females aged 9 through 25 years. The indications for
Gardasil are broader. For subjects 9 to 26 years of age, they
include the prevention in the appropriate sex of (a) cancers
of the cervix, vulva, vagina, and anus caused by HPV-16 and
-18; (b) cervical AIS, CIN1-3, VIN1-3, VAIN1-3, and
AIN1-3, caused by HPV-6, -11, -16, and -18; and (c) ex-
ternal genital warts caused by HPV-6 and -11. For Gardasil-
9, the indications are similar to those of Gardasil, but to
HPV-16 and -18, they add types 31, 33, 45, 52, and 58.

The Advisory Committee on Immunization Practices
(ACIP) issued recommendations for HPV vaccination (247,
346, 412). Any of the three existing vaccines can be used in
females, who should receive the vaccine between ages 11
and 12 years, although it can be given as early as 9 years. A
catch-up immunization is recommended for 13- to 26-year-
olds not vaccinated previously or who did not complete the
three-dose series. For males only Gardasil and Gardasil-9 are
recommended. Vaccination should be started at ages 11 to
12 years but can be given as young as 9 years. A catch-up
immunization is recommended for 13- to 21-year-olds not
vaccinated previously or who did not complete the three-
dose series. Vaccination of the 22- through 26-year-old males
should be considered.

The three vaccines are to be administered according to a
three-dose schedule, at time 0, at least 1 to 2 months after
the first dose, and at least 6 months after the first dose.
Inadequate doses, or doses administered too soon, should be

readministered. If the series is interrupted, it simply needs
to be completed, not restarted. The HPV vaccines can be
co-administered with the other age-appropriate vaccines
(tetanus, diphtheria, acellular pertussis, and quadrivalent
meningococcal conjugate vaccines) but using separate sy-
ringes and separate injection sites. It is expected that one
subject immunized with one of the HPV vaccines should be
able to mount a protective immune response and not incur
additional adverse reactions if subsequently immunized with
a different HPV vaccine. This was confirmed in females aged
12 to 26 years old who received Gardasil-9 after receiving
Gardasil (363).

In addition to the general population, special populations
are particularly targeted for HPV vaccination. They include
MSM for whom vaccination is recommended up to age 26
years old if they have not been previously vaccinated or have
not completed the three-dose series. Both females and males
immunocompromised due to transplantation, medication, or
HIV infection should be immunized up to the age of 26 years
old. Those with a history of sexual abuse or assault should
follow the general recommendation, but the immunization
should be started as early as 9 years of age.

Immunization is also recommended for those patients
with an abnormal Pap test, a known HPV infection, ano-
genital warts, or HPV-associated lesions. The HPV vaccines
have no therapeutic effect, but they still will protect against
the HPV types that have not yet infected the patient. No
prior HPV DNA or antibody testing is either available or
recommended. Most importantly, HPV vaccination does not
modify the recommendations for continued cervical cancer
screening (see below).

Prevention of Perinatal and Congenital Infection
Delivery by cesarean section in pregnant women with con-
dyloma acuminatum is not indicated for the prevention of
transmission to the baby (102, 103). There is no consensus
on the use of cesarean section for the delivery of babies
whose mothers have had a child with recurrent respiratory
papillomatosis.

Prevention of Anogenital Malignancies
Several guidelines issued in 2012 are available for the
screening of cervical cancer (Table 6) (413). The two no-
table innovations are the initiation of screening at age 21
years and the role of high-risk HPV DNA testing, either as
an adjunct to cytology or alone as the primary screening
method. Guidance is also available on how to approach
abnormal screening tests both online (http://www.asccp.org/
Guidelines-2/Management-Guidelines-2) and in print (267,
414). In addition, with the recent introduction (2004) of
high-risk HPV DNA as the primary screen, interim guide-
lines have been issued on how to approach the results (415,
416). The cervical cancer screening and management of
women infected with HIV should be differentiated (http://
aidsinfo.nih.gov/guidelines/html/4/adult-and-adolescent-oi-
prevention-and-treatment-guidelines/0) (417). It is impor-
tant to emphasize that at present HPV vaccination status
does not change any of these guidelines.

Screening strategies for anal cancer based on anal cytol-
ogy have been proposed (418, 419). The procedure, which
can be self-administered, consists of the introduction into
the anal canal, more than 2 cm from the anus, of a Dacron
swab moistened with saline or water or of a cervical Cyto-
brush. The collected material is processed like a conven-
tional or liquid-based Pap smear. Nevertheless, anal cytology
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TABLE 6 Summary of cervical cancer screening guidelinesa

Parameter Organization Guideline

When to begin
Pap test screening?

ACS, ACOG, USPSTF At age 21 years

How often? By cytology
ACS, ACOG, USPSTF Every 3 years for women ages 21–65 years

By HPV co-testing
(cytology + HPV test)
ACS, ACOG, USPSTF Not to be used below the age of 30 years

Every 5 years for women aged 30-65 years
By Primary hrHPV testing

USPSTF, ACS
ACOG

Not recommended
Every 3 years, starting at age 25 years

When to stop? ACS, ACOG, USPSTF After age 65 years with adequate negative prior screening
ACS, ACOG AND no history of CIN2+ within the last 20 years
USPSTF AND not otherwise at high risk for cervical cancer

When to screen
after age 65 years?

ACS, ACOG If history of CIN2/3 or AIS, continue screening for 20 more years

USPSTF If never screened, does not meet criteria for adequate prior screening, or history of
adequate prior screening cannot be accurately documented, screening should
continue for at least 20 years after spontaneous regression or appropriate
management of high-grade precancerous lesion

Screening post-hysterectomy ACS Women who have had a hysterectomy (including removal of the cervix) should
stop screening. Women who had a supra-cervical hysterectomy (cervix intact)
should continue screening according to guidelines.

ACOG, USPSTF Women who have had a hysterectomy (including removal of the cervix) should not
be screened anymore.

Screening among women
who have received
the HPV vaccine

ACS, ACOG, USPSTF Screen according to guidelines

Screening of
HIV-seropositive women

CDC Women less than 30 years
C Screening should start within 1 year of onset of sexual activity or at the time of

HIV diagnosis, but not later than 21 years old.
C Screening is done by cytology alone. Co-testing is not recommended.
C If the initial testing is negative, it should be repeated 12 months (possibly 6

months) later.
C If the results of three consecutive tests are normal then testing is done every 3

years.
Women aged 30–65 years

C Screening starts at the age of HIV diagnosis if not started earlier.
C Screening is done by cytology or co-testing.
C If screening is done by cytology, the testing frequency guidelines are the same

as for younger women. If cytology shows > ASC-US, refer for colposcopy. If
cytology shows ASC-US, repeat it in 6–12 months. If the result is ASC-US or
worse, refer to colposcopy.

C If screening is done by co-testing:
- Both tests (cytology + HPV) are entirely negative; screening is repeated in 3
years.

- Cytology is negative but HPV is positive (but not for HPV-16/18), screening
is repeated in 1 year. If at that time either test is abnormal, refer the patient to
colposcopy.

- Cytology is negative and HPV is positive for types 16 or 18, refer the patient
to colposcopy.

- Cytology is abnormal for ASC-US and HPV positive or cytology is abnormal
for >ASC-US, refer the patient to colposcopy. If the cytology is positive for
ASC-US and HPV is negative, repeat cytology in 6–12 months. If the result is
ASC-US or worse, refer the patient to colposcopy.

Screening stops after age 65 years
aACS, American Cancer Society (272); ACOG, American College of Obstetrics and Gynecology (407–409); USPSTF, U.S. Preventive Services Task Force (www.

uspreventiveservicestaskforce.org/uspstf11/cervcancer/cervcancerrs.htm); CDC, Centers for Disease Control and Prevention (http://aidsinfo.nih.gov/guidelines/html/4/
adult-and-adolescent-oi-prevention-and-treatment-guidelines/0) (410)
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is not yet recommended by public health authorities in the
United States, except in New York State, as a standard
practice in the HIV-infected populations (247, 417). The
United Kingdom and Australia have also ruled against this
approach at present (150, 420) Any symptomatic patient
should be appropriately evaluated. Annual digital rectal
exams may also be helpful in detecting intra-anal masses that
may be cancerous in HIV-infected individuals or in HIV-
negative MSM (247).

Although male circumcision may reduce penile HPV
viral load and the risk of transmission to the female partner,
the evidence is inconsistent and there are no data on the
effect on disease (421–428). Consequently, routine male
circumcision is not presently recommended for the control
of HPV diseases.

TREATMENT
A consistently effective and safe treatment for HPV infec-
tions is not available. Present therapeutic options are di-
rected at eradicating the disease by destroying the lesions
with physical or chemical means or by stimulating an in-
flammatory or immune response (Tables 7 to 9). A majority
of these treatments have been developed empirically, but few
have been thoroughly tested, and none is completely satis-
factory. This section reviews the most commonly used and
best-evaluated forms of treatment for HPV diseases. Addi-
tional information on these and other approaches is avail-
able (247, 429–441).

Chemical Methods

Acids
Salicylic acid alone or in combination with lactic acid
(SAL) has well-established efficacy for the topical treatment
of cutaneous warts (432, 436, 442). This is a keratolytic
agent, but the exact mode of action is unknown. Many
salicylic acid-based compounds are available as over-the-
counter medications for self-treatment of cutaneous warts.
They are well tolerated, although there can be hypersensi-
tivity reactions to colophony, a component of the collodion
base often used in salicylic acid preparations.

Bichloroacetic acid (BCA) and trichloroacetic acid
(TCA) are keratolytic, cauterizing agents favored by gyne-
cologists for the treatment of genital warts on moist areas
(436, 441–443). They should not be applied on large areas,
and their application is painful. Adverse reactions, including
ulceration and scabbing, are more common than with
cryotherapy. Monochloroacetic acid in combination with
60% salicylic acid has been more effective than placebo
(83% versus 54%) for the treatment of plantar warts (444).

Fixatives
A 3% formaldehyde solution or 10% glutaraldehyde solution
or gel is effective for the treatment of plantar warts, but
sensitization to these compounds can occur. In addition,
formaldehyde may cause painful skin fissures. The true effi-
cacy of these approaches is difficult to assess in the absence
of controlled trials (432, 442).

TABLE 7 Some common treatment modalities for cutaneous warts

Agent (U.S. commercial preparation) Usual formulation and regimena Wart typeb
Complete response

ratec (%)

Salicylic acid (17%)-lactic acid-collodion,
1:1:4 or salicylic acid (40% or 17%)
(e.g., Duofilm, Occlusal-HP, Wart-Off,
CompoundW, Clearaway Wart Renover)

Daily for up to 12 wk HW
Single PW
MW

67
84
50

Fixatives
Formaldehyde, 3%
Glutaraldehyde

Daily (bedtime)
Daily

PW
MW

94
47

Podophyllin (Podocon-25 or Podofin) 15% Podophyllin, qd Single PW 81
5-FU (Effudex cream, 5%) 2% 5-FU in propylene glycol, qd

5% 5-FU in DMSO, qd
MW
MW

47
53

Bleomycin 1-mg/ml solution, 0.1–0.2 ml/wart
Intralesional, once, 0.7% solution

HW
MW

370
350

Retinoids 0.05% Tretinoin cream
Etretinate, orally

CW
CW

85
84

Cantharidin (Cantharone,Verr-Canth) Topical, once CW 87
Silver nitrate stick qd or every 3 days CW 43
Cryotherapy Every 3 wk, up to 6 times CW

HW
PW

41–45
375
29–50

Electrosurgery Once PW 65
CO2 laser surgery Once CW

Periungual
PW

32
71

50–90
aqd, once a day; DMSO, dimethyl sulfoxide.
bCW, cutaneous warts; HW, hand warts; PW, plantar warts; MW, mosaic warts.
cThese rates are derived from available studies. Because of great dissimilarities between the studies and the usual absence of controls, these rates are not necessarily

comparable and they are provided for indication only.
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Antimitotics, Antimetabolites, and Cytotoxic,
Blistering, and Cauterizing Agents
Antimitotics and antimetabolites take advantage of the in-
creased cellular replication in wart tissues. Podophyllin, an
extract from the rhizome of Podophyllum peltatum or the more
potent Podophyllum emodi (436, 441, 442), is usually pre-
pared as a benzoin tincture, 25% podophyllum (USP). Po-
dophyllotoxin, a lignan, is the molecule most responsible for
the anti-wart and toxic activities of podophyllin. It is
available as a purified compound, podofilox. Podophyllin
and podofilox act by preventing microtubule polymeriza-
tion, thus disrupting the mitotic spindle. Podophyllin may
also damage HPV DNA. These preparations have been most
extensively used for the treatment of condyloma acumina-
tum. Local adverse reactions (pain, erythema, tenderness,
erosions, and ulcerations) result from the intense acute in-
flammation and necrosis following topical application. Care
should be exercised not to paint the healthy skin or to leave
the medication on for more than 24 h. Podofilox (solution
or gel) can be applied by the patient, but podophyllin should
be applied by a health practitioner and typically no more
than once a week (441). The efficacy of these agents is
probably equivalent and superior to placebo, and the side-
effects are similar (439, 441, 445). Systemic adverse reac-
tions include sensitization to benzoin or guaiacum wood.
Ingestion or extensive application of these compounds has
been responsible for gastroenteric, neurologic, hematologic,
and renal toxicities that may be fatal (439, 441). Podo-
phyllin or podofilox should not be used during pregnancy.
Treatment is contraindicated if the wart area is greater than
10 cm2. Podofilox should be preferred over podophyllin
because of ease of use and purity; podofilox does not contain
the mutagenic flavonoids quertecin and kaempherol.

5-FU, a pyrimidine analog, prevents DNA synthesis by
blocking the methylation of thymidylic acid (436, 441, 442)
and is used as a 5% cream for the treatment of anogenital

warts. Sensitization dermatitis and ulcerations occur infre-
quently but can be severe. Topical 5-FU has been associated
with hematologic abnormalities, including bone marrow
suppression and vaginal adenomatosis or carcinoma. The use
of 5-FU is contraindicated during pregnancy. Another py-
rimidine antagonist, 5-iodo-2¢-deoxyuridine (idoxuridine)
has been used topically for condylomata acuminata, with up
to an 80% complete response rate (446, 447).

Bleomycin is a glycopeptidic mixture that causes breaks
in single- and double-stranded DNA. This cytotoxic agent is
effective for the intralesional treatment of cutaneous warts,
particularly periungual warts (432, 436, 441, 442). At the
recommended doses (< 5 mg), no systemic toxicities have
been reported. Most patients experience pain that can be
severe. Administration of a local anesthetic or the addition
of lidocaine to bleomycin helps control pain. Intralesional
administration imposes a limit on the number of lesions to
be treated. Alternate modes of delivery, such as bifurcated
needle puncture, dermography (tattooing machine), and
medicated topical dressing, have been used. Bleomycin
should not be used in children, pregnant women, or patients
with peripheral vascular disease.

Estradiol and 16-a-hydroxyestrone are estrogenic com-
pounds that stimulate the growth of experimental human
papillomas. Indole-3-carbinole (I3C), a molecule abundant
in cruciferous vegetables (e.g., cabbage and broccoli), has an
inhibitory effect by increasing the 2-hydroxylation of estra-
diol, thus favoring the formation of 2-hydroxyestrone instead
of 16-a-hydoxyestrone (448). I3C (Indoplex) is a popular
dietary supplement in the management of recurrent respira-
tory papillomatosis. While one study of oral I3C for the
treatment of CIN 2 or 3 has shown promising results, its
effectiveness for the treatment of recurrent respiratory papil-
lomatosis has not been rigorously established (102, 103, 449).

Retinoids impede epidermal growth and differentiation.
A 0.05% tretinoin cream more than doubles the complete

TABLE 8 Common treatment modalities for anogenital warts

Agent (U.S. commercial preparation) Usual formulation and regimena

Complete
response
rateb (%)

Relapse
rateb (%)

Podophyllin (Podocon-25 or Podofin; 15-ml bottle) 25% in benzoin solution; qwk up to six times 35–51 60–85
Podofilox (Condylox; 3.5-ml bottle or 3.5-g tube) 0.5% Solution or gel; self-applied; bid 3 days/wk, £ 4 wk 57–72c 32–50
Imiquimod (Aldara; box of 12 single-use
250-mg packets; Zyclara 3.75% cream pump
or box of 28 single-use 250 mg packets)

5% Cream; self-applied, tiw, qod hs, £ 16 wk
3.75% Cream; self-applied, qd, £ 8wk

45–54
24–33

12–22
9–23

Synecatechins (Veregen; 15-g tube) 15% Ointment; self-applied, tid, £ 16 wk 50–60 3–9
BCA/TCA (Bichloracetic acid 80%,
10-ml bottle; Tri-Chlor; 15-ml bottle)

50–90% Solution; qwk up to six times 64–83 55

5-FU (Effudex cream; 25-g tube) 5% Cream; highly variable regimens 43–58
Cryotherapy Liquid-nitrogen spray; one or two cycles qwk

up to six times
64–76 19–40

Cold-blade surgery Scissor excision 87–94 20–31
Electrosurgery Variable techniques (e.g., electrocoagulation,

electrocautery, and fulguration)
58–94 22

CO2 laser surgery Variable techniques 93–99 49–65d

aqwk, once a week; bid, twice a day; tid, thrice a day; qod, every other day; hs, at night; tiw, thrice weekly; MU, million units.
bThese numbers represent the 95% confidence limits, whenever appropriate, derived from results of selected studies.
cResults given for the solution formulation.
dBased on randomized comparative studies.
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response rate compared to placebo in patients with plantar
warts (442). Their efficacy in the treatment of CIN or
genital warts has been limited or absent (442). Uncontrolled
trials have also indicated a beneficial effect of oral or sys-
temic retinoids for the treatment of plantar, flat, and com-
mon warts (442, 450–452). Retinoids are teratogenic.

Cantharidin is a compound extracted from the blister
beetle, Cantharis vesicatoria (Spanish fly) (442). Its topical
application causes acantholysis. Excellent responses have
been documented for the treatment of cutaneous warts. The
blistering is painful, but it is usually tolerable and does not
cause scars. Cantharidin should not be applied on healthy
skin or near mucosal membranes, especially the conjunctiva.

TABLE 9 Suggested approaches to the treatment of warts

Type of wart
or lesion Treatment optionsa

Plantar and
hand warts

First line
Salicylic acid-based paints (H)

Second line
Formaldehyde (H)
Glutaraldehyde (H)
Silver nitrate stick (H)
Cryotherapy (O)
Cantharidin (O)
Bleomycin (especially

periungual warts) (O)
Third line
Electrosurgery (hand warts only)(O)
Laser surgery (O)
Contact immunotherapy (O)

Flat warts First line
No treatment

Second line
Cryotherapy
Electrocautery

Epidermodysplasia
verruciformis
lesions

Benign-appearing lesion
Observation or treatment;
sun protection measures

Preinvasive or invasive
malignant lesion
Surgical excision
Cryotherapy
Laser surgery

Condylomata
acuminata

First line
Imiquimod (H)
Podofilox (H)
Veregen (H)
Cryotherapyb (O)
BCA/TCA (O)
Scissor excisionb (O) (if few

and small lesions)
Second line
Electrosurgery (O)
Laser surgery (O)
Infrared coagulation (O)

Third line
5-FU (O or H)
Photodynamic surgery (O)

Intranal warts Cryotherapy
BCA/TCA
Infrared coagulator
Cold-blade surgery
Electrosurgery
Laser surgery

Vaginal warts Cryotherapy (liquid nitrogen
spray, not a cryoprobe)

(Continued)

TABLE 9 Suggested approaches to the treatment of warts
(Continued)

Type of wart
or lesion Treatment optionsa

TCA
Laser surgery

Cervical warts Electrosurgery (LEEP)
Cryotherapy
Laser surgery
BCA/TCA

Intraepithelial
neoplasia of the
external genitalia

Laser surgery
Cryotherapy (penis)
Cold-blade surgery
Imiquimod

AIN Infrared coagulator
BCA/TCA
Imiquimod
Cryotherapy
Electrosurgery
Cold-blade surgery

VAIN Laser surgery
CIN Electrosurgery (LEEP)

Cryotherapy
Laser surgery

Recurrent respiratory
papillomatosis

Primary therapy
Microsurgery with microdebrider
CO2 laser surgery
Photodynamic (laser)
therapy

Cold-blade surgery
Adjuvant therapy

Intralesional cidofovir
Interferon
I3C

Oral warts (papillomas,
verrucae,
condylomata)

Cold-blade excision
Cryotherapy
Laser surgery

Focal epithelial
hyperplasia

No treatment

aH, home treatment; O, office-based treatment. The reader may also consult
several published guidelines or reviews mentioned in the text (references 3, 9, 16,
26, 42, 86, 88, 89, 134, 160).

bRecommended for intrameatal warts.
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It is not recommended for use during pregnancy. Systemic
absorption of cantharidin causes severe toxicities.

Silver nitrate sticks are chemical cauterizers that have
been applied to cutaneous warts (442). Three applications at
3-day intervals on common warts resulted in a 4-fold in-
crease in complete response compared with placebo (453).
Occasional hyperpigmentation is reported. Different oral or
topical preparations of zinc sulfate have been reported su-
perior to placebo for the treatment of cutaneous warts (432,
454, 455).

Allergic Sensitization
Sensitization with 1-nitro-2,4-dinitrochlorobenzene fol-
lowed by application of the compound on the lesions has
been used for the treatment of recalcitrant cutaneous
and genital warts (456). Complete response rates of about
80% to 100% have been reported in uncontrolled studies.
The occurrence of severe allergic reactions has led to a
decline in use. More recently, other sensitizing agents, 2,3-
diphenylcyclopropenone (diphencyprone), squaric acid
dibutyl ester, and 10% masoprocol cream (Actinex), have
been advocated because of their greater safety (456).

Interferons, Immunomodulators,
Antivirals, and Others
Interferons have been extensively evaluated in the treat-
ment of condyloma acuminatum and also used to treat other
HPV diseases (436, 441). Intralesional administration is
more effective than placebo or parenteral IFN administra-
tion, and most studies have failed to show benefit with
parenteral interferon. Recent studies suggest superiority to
either placebo or podofilox for the treatment of external
genital or intravaginal warts (441). When used in combi-
nation, interferon treatment adds little to the efficacy of
cryotherapy or laser therapy, but it enhances the effective-
ness of podophyllin (457). Topical interferon formulations
are not available in the United States. Systemic interferon
has little effect on HPV DNA copy number in vivo (457).
Experience with the pegylated formulations of interferon is
lacking. The common side effects of interferon are well
known, and their intensity is in part related to dose. Inter-
ferons are very costly and contraindicated during pregnancy.

Imiquimod, an imidazoquinoline, is an inducer of IFN-a
and other cytokines that is available as a 5% cream (Aldara)
administered thrice a week or a 3.75% cream (Zyclara�)
applied daily for the treatment of condyloma acuminatum
(441, 442, 458, 459). An attractive feature of this immu-
notherapy is that it is patient applied. In patients randomized
to topical treatment with imiquimod at 5% or 1% or vehicle
cream every other night for up to 16 weeks (459), the
complete response rates were 50%, 21%, and 11%, respec-
tively. During a 12-week follow-up for those free of lesions,
the corresponding recurrence rates were 13%, 0, and 10%,
respectively. Side effects of imiquimod are local and include
itching and burning sensations, as well as erythema, erosion,
and swelling. Women respond approximately twice as well as
men, but higher rates of disease eradication, as well as of
local side effects, can be obtained with daily application
(459, 460). The 3.75% imiquimod cream formulation ad-
ministered daily has given a complete clearance rate of 28%
compared to 9% in the vehicle arm 16 weeks after treatment
initiation (461). Imiquimod has been used for the treatment
of cutaneous warts, Bowen disease, and Bowenoid papulosis
(459, 462, 463). It is superior to placebo or lesion ablation
for the treatment of VIN (464, 465).

Cimetidine has immunomodulatory properties in addi-
tion to its H2-blocking effect. Although advocated for the
treatment of cutaneous warts, it was ineffective in con-
trolled studies (466, 467). Cidofovir [(S)-1-(3-hydroxy-2-
phosphonyl-methoxypropyl) cytosine (HPMPC); Vistide], a
nucleotide analog inhibitory for several DNA viruses (see
Chapters 12–14), is effective in a variety of HPV diseases
when delivered either intralesionally or topically (468, 469).
These include condyloma acuminatum, recurrent respiratory
papillomatosis, aerodigestive tumors, VIN, CIN, and cuta-
neous and oral warts (468–470). These results, except for
condyloma acuminatum, are all based on observational
studies. Cidofovir is a potential carcinogen in humans.
Ribavirin, a nucleoside analog with known activity against
RNAviruses, was found to have some efficacy in a cottontail
rabbit papillomavirus animal model, as well as an encour-
aging effect in a few pilot studies on recurrent respiratory
papillomatosis (102, 103, 469).

Veregen (sinecatechins or polyphenon E) is a botanical
made from a partially purified fraction of a water extract of
green tea (Camellia sinensis) leaves. It contains more than
65% epigallocatechin gallate and other catechins. The
mechanism of action is unknown, but it includes cytotoxic
and apoptotic properties (471, 472). It is available as a 15%
ointment that is self-applied three times a day until complete
lesion disappearance, but for not more than 16 weeks. In
clinical trials, it showed a complete response rate of 55%,
compared to 35% for the placebo (473), with better results
in females than males. Erythema, itching, burning, pain or
discomfort, and erosion or ulceration occur in at least about
half of treated patients. The drug is contraindicated during
pregnancy. The potential drawbacks of this new medication
are the frequency of application—no compliance data are
available—and its red color, which may stain undergar-
ments.

Physical Methods

Curettage and Cold-Blade Excision
Curettage is used for the removal of cutaneous warts but has
not been rigorously evaluated (474). Its main drawback is
the formation of scars that are sometimes painful. Excision of
anogenital warts with scissors has been used with good
success (475, 476). Scarring is also a complication but is
minimal (476). Local anesthesia is required with either
technique.

Cold-blade conization of the cervix has long been the
standard mode of biopsy and treatment for CIN (477, 478)
but is now being replaced by electrosurgical techniques. The
development of microresectors, small instruments that re-
semble biopsy forceps, has facilitated the resection of la-
ryngeal papillomas.

Electrosurgery
Electrosurgery encompasses various techniques in which
tissue ablation is the result of electric current. Depending
on the wave form of the current, its voltage and amperage,
and the number (one or two) and contact of the electrodes
with the tissue, the methods are called electrocautery, elec-
trodessication, electrofulguration, electrocoagulation, and
electrosection (479). It is unknown which method is best,
but scarring is a notable side effect with all. Electrosurgery
should be discouraged for plantar warts, because the scars
tend to be painful (480). Electrofulguration is useful for the
treatment of facial warts, and electrocoagulation and elec-
trodessication are appropriate for the treatment of condy-
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loma acuminatum (441, 481). A topical anesthetic con-
taining prilocaine and lidocaine (EMLA cream) provides
good pain control for the removal of condylomata acuminata
(482).

Large loop excision of the transformation zone (LLETZ),
also known under the more general descriptor of loop elec-
trosurgical excision procedure (LEEP), is an electrosurgical
procedure that has largely replaced cold-blade conization of
the cervix in the management of CIN (483, 484). It requires
local anesthesia. It has been associated with higher rates of
preterm deliveries (485).

Cryotherapy and Heat Therapy
Cryotherapy relies on four types of cryogenics: mixture of
dimethyl ether and propane (DMEP) (boiling temperature
- 40ºC), carbonic ice (- 78.5ºC), nitrous oxide (- 89.5ºC),
and liquid nitrogen (- 196ºC) (486, 487). The treatment is
delivered by a cryogenic pencil, a cotton swab, a melamine
sponge, a cryoprobe, or a spray. Cryogenic pencils have been
responsible for wart transmission, making liquid nitrogen
spray the preferred method of delivery. The aim is to produce
an ice ball around the lesion in the form of a frozen halo
extending 1 to 2 mm beyond the margins. Some advocate a
second freezing immediately after the lesion thaws, which
may be advantageous for the treatment of plantar warts if not
hand warts. Freezing is accompanied by a brief stinging sen-
sation. Mild discomfort or pain may reappear after tissue
thawing. Scarring is infrequent and usually minimal (457).
The procedure is well tolerated by the vast majority of pa-
tients (457). Cryotherapy is widely used for the treatment of
most HPV diseases, including CIN (484, 488). It is also the
procedure of choice for pregnant patients.

Heat has been used to a lesser extent than cold to treat
HPV diseases. In one study, the infrared coagulator was ef-
fective in completely eradicating condyloma acuminatum in
82% of patients (489). This technique is also becoming at-
tractive for the treatment of AIN, including high grade,
because of good clearance and control rates of the disease
(490). Cold coagulation requires a 100ºC probe to be in
contact with the lesion for 20 s. This technique has been
applied to the treatment of CIN, with success rates ex-
ceeding 93% in some uncontrolled reports (491). Anecdotal
but dramatic improvements have been reported after either
immersion of cutaneous warts in a 45 to 50ºC water bath for
up to 75 min or application of a radiofrequency heat gen-
erator for 30 to 60 s (492). In a controlled experiment, 86%
of 29 treated warts disappeared, compared to 41% of 17
control warts (492). Further support comes from a ran-
domized, patient-blinded, placebo-controlled trial in which
54% of 28 patients with plantar warts responded, compared
to 12% of the 26 controls (493).

Laser Therapy
The CO2 laser has been the laser of choice for the treatment
of HPV diseases, but others, including the pulsed-dye, argon,
and KTP lasers, have also been used (441, 494, 495). The
energy of its infrared light (l = 10,600 nm) is well absorbed
by the intracellular water, which is then vaporized. Varying
the width of the beam controls the energy density of the
light delivered, which can be used for cutting (narrow beam)
or superficial vaporization (broad beam) (496). One can
reduce the energy of a broad beam so that the tissue is co-
agulated rather than vaporized, a technique called brushing.
An additional variable is how the light is emitted: contin-
uously, pulsed, or superpulsed, the last being favored. The
determination of proper laser techniques has been largely

empirical. The great variation in the techniques used may
account for differences in outcomes (441, 496–498). Be-
cause of the pain generated and the need for the patient’s
cooperation, laser ablation usually requires local or general
anesthesia. A lidocaine/prilocaine cream (EMLA cream) is
an effective solution for local anesthesia of the external
genitalia (499). Postoperative pain, bleeding, swelling, and
scarring occur in up to a quarter of the patients treated. The
high cost of the procedure is an additional drawback. Laser
therapy is a suitable option for the treatment of vulvar warts
during pregnancy.

Photodynamic laser therapy is an evolving and successful
approach for the treatment of cutaneous warts, genital HPV
diseases, and recurrent respiratory papillomatosis (102, 103,
247, 432, 434, 436, 441, 500, 501). The concept is to deliver
a photosensitizing agent to the lesion, either topically (5-
aminolevulinic acid) or systemically (e.g., meso-tetra (m-
hydroxyphenyl)porphyrin (m-THPP) or 5-aminolevulinic
acid). Exposure of the tumor to intense light of the proper
wavelength activates the compound and selectively destroys
the tissue.

Occlusive Therapy
The therapeutic application of a poultice on a wart is a very
old idea, and it has received a lot of popular attention, es-
pecially after the positive results of a randomized clinical
trial in which the occlusive dressing was made of duct tape
(502). This trial had limitations with blinding and follow-
up, and two subsequent trials failed to replicate these results
(503, 504).

Therapeutic Vaccines
Many efforts are ongoing to develop a therapeutic vaccine,
but none is presently commercially available (505–507).

Suggestion, Hypnosis, and Homeopathy
The idea that cutaneous warts respond to suggestion is widely
disseminated, but randomized, controlled studies have failed
to provide convincing evidence of a suggestion effect (442).
Hypnosis was found by some investigators to be superior to
suggestion, but it appears that the results are inconsistent and
the methodologies are defective (442, 508, 509). Homeo-
pathy has so far failed to show superiority to placebo for the
treatment of either plantar or cutaneous warts (432).

Management and Treatment Approaches
Our incomplete knowledge of the natural history of HPV
diseases and of the comparative effectiveness and tolerance
of the available therapies has unfortunately resulted in a
wide variety of management options whose merits are diffi-
cult to ascertain (247, 429–436, 438–441). Furthermore,
some of the treatment options are often guided by the re-
sources available. Table 9 offers some guidelines, and the
following section addresses more specific points of manage-
ment.

Cutaneous Warts
In most patients cutaneous warts cause little inconvenience
and resolve spontaneously in half of the patients within 1
year (206, 207), making treatment unjustified. If treatment
is initiated, SAL paints have demonstrated their efficacy
when compared to a placebo (432). SAL paints and fixa-
tives can be applied by the patient and should be the
first line of treatment. Cryotherapy is as efficacious as SAL
(510). Contact immunotherapy and photodynamic therapy
are likely to be effective treatment, but they require a skilled
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practitioner and are probably better reserved for recalcitrant
disease. The more traditional treatments that include bleo-
mycin, glutaraldehyde, cantharidin, and fixatives largely
remain of uncertain effectiveness (432, 442). Paring of
plantar warts prior to topical treatment increases the effec-
tiveness of the treatment. This can be done by the patient’s
using a pumice stone or by the practitioner with a scalpel
blade. The surgical methods (cold-blade, electrosurgery, and
laser surgery) should be used wisely, as they can create
painful or disfiguring scars. No treatment is highly successful,
the complete response rate being about 60% to 70% at 3
months (432). Therefore, it is important to avoid the pro-
duction of scars and to know when to withhold treatment. It
is well established that plantar warts, especially mosaic warts,
are more difficult to eradicate than common warts. Flat warts
are the easiest to eliminate.

Epidermodysplasia verruciformis lesions should be mon-
itored for premalignant and malignant transformation as
well as protected from sun exposure (246, 511). Excisional
surgery, cryotherapy, or laser surgery can be used for the
management of the lesions (246, 511). Medical treatments
have also been applied, including with interferon and reti-
noids (246, 512). Grafting may be necessary to cover ex-
tensive skin defects, and artificial skin has been used
successfully to that effect.

Anogenital Lesions

Condyloma Acuminatum
Treatment for condyloma acuminatum is aimed at improving
cosmesis, relieving symptoms, or freeing an obstructed birth
canal. It is also directed at the often seriously compromised
psychological well-being of the patient (513–518). The
possible impact of treatment on HPV transmission, devel-
opment of an HPV-related malignancy, or on the acquisition
of recurrent respiratory papillomatosis in the newborn are
uncertain (114, 205). Presently, treatment should not seek
to eradicate subclinical HPV infection; such attempts have
failed and caused high morbidity (193). The benefits of
treating lesions should be weighed against adverse effects
and costs associated with therapy and against the possibility
of spontaneous resolution, which occurs within 3 to 4
months in approximately 10% to 20% of patients. Other
than immunosuppression or immunodeficiency, with the
possible exception of long disease duration, there are no
strong or reliable indicators of disease refractoriness to
treatment (457). Warts appearing at new sites (recurrence)
or during treatment can be treated with the same therapy.
Warts appearing at previously treated sites (relapse) may
benefit from a different therapy.

There is no evidence that evaluating and treating the
male partner has an impact on HPV infection, CIN risk, or
disease relapse in the treated woman (193, 247, 438).
However, no comparable data exist regarding the female
partner of the male patient. Nevertheless, it is appropriate to
evaluate the sexual partner for three reasons: (a) a chance
to address specific STD transmission risks; (b) the possibility
to lighten the patient’s psychosexual burden and reassure
about the partner’s health status; and (c) the offer of edu-
cation and counseling (247). Condom use can be beneficial
in couples in which at least one of the partners has HPV
disease and should be advocated during the treatment period
(see “Prevention” section).

Podophyllin is inferior to podofilox, excisional surgery,
electrosurgery, and cryotherapy (247, 441, 519). Although
podofilox is more effective than podophyllin, both drugs are

associated with high recurrence rates. Podofilox is superior
to a vehicle only in preventing recurrences when used pro-
phylactically after podofilox treatment. Cryotherapy and
TCA application appear to be therapeutically equivalent,
and cryotherapy is not significantly different from electro-
surgery (519).

Self-treatment options offer convenience and privacy.
Imiquimod and podofilox are attractive, the former being
likely more effective if one takes into account the relapse
rate. Veregen is more costly, requires three applications a day,
and stains the skin and clothing. The downside of self-
treatment is the long duration and frequency of treatment. A
practitioner can offer possibly more effective and definitely
faster solutions with cryotherapy and TCA application.
Electrosurgery (and that would include the infrared coagu-
lator) and laser surgery require both equipment and skills.
Surgical excision with scissors is well suited to the treatment
of lesions that are small in size and number. Urethral warts
can be treated with cryotherapy or surgical excision (247).
Laser surgery should not be first-line choice because of high
cost. For recalcitrant lesions laser surgery is useful, especially
if the lesions are numerous. Other options to consider are
higher frequency of administration of imiquimod, intrale-
sional interferon, photodynamic therapy, allergic sensitiza-
tion, 5-FU application, or cidofovir. Lesions in moist areas
appear to resolve better than ones on dry areas but not
necessarily because of the treatment received (520–522).
Furthermore, warts located within the occluded foreskin
have a favorable outcome (523).

Cryotherapy, BCA/TCA application, electrosurgery, cold-
blade excision, and laser surgery are all appropriate for the
treatment of condyloma acuminatum in the pregnant pa-
tient. Anogenital warts in immunocompromised patients
respond relatively poorly to treatment and a have a high rate
of relapse (524, 525). Nevertheless, some patients do re-
spond and there are few reasons to withhold treatment in
these patients, if otherwise indicated. The efficacy of imi-
quimod is reduced by half in HIV-seropositive patients when
comparing then to HIV-seronegative patients, but it remains
a useful agent to control disease (often the main goal in these
patients) and recurrences (526, 527). It is uncertain whether
HAART affects the natural history of genital warts, oral
warts, CIN, or AIN (144, 528–538). From a practical
standpoint, it is unlikely to have a significant effect on the
treatment decisions related to HIV and HPV.

No intervention, either as a primary approach or because
of previous treatment failures, may be necessary in the ab-
sence of changing lesions, intraepithelial neoplasia, or car-
cinoma, provided proper follow-up and evaluation (e.g.,
yearly) are done.

Internal Warts and Intraepithelial Neoplasias
The evaluation and management of intraepithelial neopla-
sias and internal warts should be left to experienced practi-
tioners (247, 484, 494, 539–543). Guidelines have been
established for the cervix (http://www.asccp.org/Guidelines-
2/Management-Guidelines-2) (267).

Patient Education
The public is largely uninformed about genital HPV disease,
and the information is complex; thus, education is a nec-
essary part of the practitioner-patient interaction. The di-
agnosis of genital HPV disease is emotionally charged, and
education is also an opportunity to engage the trust of the
patient so that optimal care can be offered. For patients
and health professionals, abundant high-quality and current
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information materials (including in Spanish) about HPVare
easily available from the Centers for Diseases Control and
Prevention (CDC)(http://www.cdc.gov/hpv/ and http://npin.
cdc.gov/). The CDC offers a hotline 1-800-CDC-INFO (232-
4636), TTY: 1-888-232-6348 (Monday through Friday from
8:00 a.m. to 8:00 p.m., EST), e-mail: cdcinfo@cdc
.gov. The American Social Health Association (http://www.
ashastd.org) also offers excellent resources for patients, in-
cluding links to support groups. It also offers person-to-person
counselling that can be arranged on the web site (http://www.
ashasexualhealth.org/person2person-2/).

Recurrent Respiratory Papillomatosis
Although numerous therapeutic options have been consid-
ered for the treatment of recurrent respiratory papil-
lomatosis, the microdebrider device is now favored by most
American surgeons instead of the CO2 laser or cold-steel
surgery (103, 544). Photodynamic laser therapy will proba-
bly gain acceptance due to early encouraging results. Because
many patients require scores of procedures during a lifetime,
selection of a skilled operator is essential to minimize long-
term side effects. Tracheostomy should be avoided since the
surgical site often becomes involved with the disease, which
may also spread further down the respiratory tree. Radio-
therapy of recurrent respiratory papillomatosis has been
associated with malignant transformation and is contrain-
dicated. Parenteral interferon is used as an adjuvant therapy.
Another adjuvant treatment, intralesional cidofovir, has
now replaced oral ribavirin (544, 545). Most patients will
have tried I3C (Indoplex). Patients and families may find
support and information at the Recurrent Respiratory Pap-
illomatosis Foundation (http://www.rrpf.org), or the Inter-
national RRP ISA Center (http://www.rrpwebsite.org).

Oral Warts
Surgical excision and cryotherapy application are among the
therapeutic choices for the management of oral warts (62,
258). Focal epithelial hyperplasia usually does not require
treatment because of its self-limited evolution.
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Parvoviruses have been isolated from a wide range of ani-
mals, including mammals, birds, insects, crustaceans, and
reptiles. These viruses tend to be species-specific and can
cause a variety of serious diseases in their host species (1).
The first parvoviruses isolated from humans were adeno-
associated parvoviruses, which have not yet been linked
with disease. Until recently the only parvovirus associated
with human disease was human parvovirus B19 (B19V),
which was fortuitously identified in 1975 during an evalu-
ation of tests for hepatitis B virus antigens (2). B19V has
been associated with erythema infectiosum, transient aplas-
tic crisis, chronic anemia in patients with impaired immune
systems, hydrops fetalis, and purportedly a number of other
conditions (3). Seven additional parvoviruses have recently
been detected in humans by molecular screening for new
sequences, including human bocavirus (HBoV)1–4, tetra-
parvovirus (PARV4), bufavirus (BuV), and tusavirus (TuV)
(4–9). HBoV1 causes acute respiratory illness (10) and, as
with HBoV2 and 3, possibly also encephalitis (11). The
other recently discovered human parvoviruses are yet to be
associated with human disease.

VIROLOGY
Classification and Genotypes
Parvoviruses are small, nonenveloped, single-stranded DNA
viruses that infect a variety of animals, usually in a species-
specific fashion. The family Parvoviridae is divided into two
subfamilies: the Densovirinae, which infect arthropods, and
the Parvovirinae, which infect vertebrates. The members of
the Parvovirinae that infect humans will be the focus of this
chapter. The subfamily Parvovirinae is divided into eight
genera: Protoparvovirus, Erythroparvovirus, Dependoparvo-
virus, Amdoparvovirus, Bocaparvovirus, Aveparvovirus, Copi-
parvovirus, and Tetraparvovirus (1). The parvoviruses known
to infect humans include B19V in the genus Erythropar-
vovirus, adenovirus-associated viruses (AAVs) in the genus
Dependoparvovirus, HBoV1–4 in the genus Bocaparvovirus,
PARV4 in the genus Tetraparvovirus, and BuV and poten-
tially TuV in the genus Protoparvovirus (Fig. 1).

AAVs in the Dependoparvovirus genus require co-
infection with another virus, usually an adenovirus or her-
pesvirus, to replicate. Multiple AAV genotypes have been
identified to date, detected as co-infections of adenovirus

laboratory stocks or isolated from human or nonhuman
primates (12). AAVs can establish a latent infection by in-
tegrating into the host-cell genome or being maintained in
an extrachromosomal state. The ability of DNA of some
AAVs to integrate into the human genome has made them a
highly investigated vector for gene therapy (13). Latent
AAV can be rescued by infection with a helper virus or
in vitro by stressing the cell with ultraviolet or ionizing ra-
diation. Members of the other genera in the subfamily Par-
vovirinae do not require a helper virus for efficient productive
infection but do usually require actively dividing cells. B19V
belongs to the species Primate erythroparvovirus 1, consisting
of three genotypes, 1 to 3, which all belong to one serotype
(1, 14–18). Among the three genotypes, genotype 1 is
presently most commonly detected overall. Genotype 2 has
been frequently detected within tissues of subjects born be-
fore 1972 (19) but very seldom in blood after the 1960s, and
genotype 3 has been infrequently detected with the excep-
tion of a study in Ghana (20). The three genotypes appear to
have similar biologic and antigenic properties (14). Se-
quence studies of PARV4 have also identified three geno-
types; genotypes 1 and 2 (formerly PARV5) are found mainly
among injecting drug users in Western countries, and ge-
notype 3 has been detected only in sub-Saharan Africa (21–
24), where it is endemic. PARV4 belongs to the species
Primate tetraparvovirus 1 (1). To date, sequence studies of
HBoV isolates have identified 4 viruses, named HBoV1–4
(4, 5, 7, 25), of which HBoV1 is a respiratory virus, whereas
the others seem to be enteric. HBoV1 and 3, as well as a
gorilla bocavirus (26), belong to the species Primate boca-
parvovirus 1, whereas HBoV2 and 4 belong to Primate bo-
caparvovirus 2 (1). Of the more recently discovered
bufavirus, there are three genotypes with yet unknown epi-
demiological, biological, or clinical differences, and they
belong to the species Primate protoparvovirus 1 (1, 8, 27).

Composition
Parvoviruses are icosahedral particles between 20 and 25 nm
in diameter containing 60 copies of the structural pro-
teins (Fig. 2). B19V and PARV4 capsids contain 2 proteins,
termed VP1 and VP2, whereas AAV and HBoV capsids
contain 3 proteins, designated VP1, VP2, and VP3 (28, 29).
X-ray crystallography has been used to determine the struc-
ture for a number of parvoviruses including canine parvovirus
(CPV);minute virus ofmice (MVM);AAV2, 4, and 5; B19V;
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and HBoV1 (30). Common structural features among par-
voviruses include one or more protrusions at the 3-fold axis,
a depression at the 2-fold axis, and a channel at the 5-fold
axis surrounded by a canyon. Depending on the extent of the
3-fold protrusion, the capsids appear either smooth, as for
B19 and HBoV, or rough, as for AAV. Moreover, the 5-fold
channel has been proposed to be a portal for genome pack-
aging and externalization of VP1u; however, it seems to
be closed in the B19V capsid. For some parvoviruses, the

locations of amino acids associated with cell receptor and
antibody-binding sites have been determined.

The encapsidated single-stranded DNA genome varies
from 4 to 6 kb in size, and each virion contains either the
negative or positive strand in varying proportions. AAV and
B19V, and presumably PARV4, virions contain equal num-
bers of positive- and negative-sense DNA strands, while
HBoV encapsidates mostly the negative strand (21, 31–33).
Parvovirus DNA contains palindromic inverted repeat se-
quences at each end that form terminal hairpin structures,
which can be either semi-identical or different depending on
the virus. These hairpin structures permit self-priming and
are essential for replication. Parvovirus genomes contain
generally two major open reading frames (ORFs), one that
encodes nonstructural proteins in the left half of the genome
and the other in the right half of the genome for the struc-
tural capsid proteins. HBoV, as with the other bocaviruses,
has an additional minor open reading frame in the mid-
dle (4).

Multiple mRNA species are produced by splicing mech-
anisms. For example, the B19V genome encodes nine
mRNA species from a single promoter (Fig. 3) (34). These 9
mRNAs translate at least 5 proteins, VP1, VP2, and at least
3 nonstructural (NS) proteins (Table 1) (35, 36, 37). The
NS proteins play a key role in production of infectious virus,
probably by regulating transcription, participating in repli-
cation, and assisting in encapsidation of virion DNA (38).
The NS proteins can be toxic to cells, and this toxicity may
contribute to cytopathology during infection. Similar
to B19V, HBoV has only 1 promoter (39), whereas AAV
has 3 (1).

FIGURE 1 Neighbor joining phylogenetic tree derived from ORF1 (nonstructural protein) amino acid sequences obtained from GenBank
and used by ICTV to classify parvoviruses (1). Subfamilies Parvovirinae and Densovirinae shown as gray circles. For simplicity, only one
representative member of the Densovirinae is shown and only genera of the Parvovirinae with members known to infect humans are shown as
yellow circles (Copiparvovirus, Aviparvovirus, and Amdoparvovirus, genera are therefore excluded). Representative human parvoviruses (in
red), putative human viruses (in blue), and prototype viruses when not human (in black) are shown within each genus. AA, amino acid;
AaeDV1,Aedes aegypti densovirus 1; AAV1, AAV2, AAV5, adeno-associated viruses 1, 2, 5; B19V1–3, parvovirus B19 genotypes 1–3; BPV1,
bovine parvovirus 1; BuV1–3, bufavirus genotypes 1–3; HBoV1–4, human bocavirueses 1–4; MVM, minute virus of mice; PARV4 1–3,
tetraparvovirus genotypes 1–3; TuV1, tusavirus genotype 1.

FIGURE 2 Electron micrograph (X170,000) of B19V empty
particles in a serum specimen from a patient with transient aplastic
crisis. Courtesy of G. William Gary, CDC, Atlanta, GA.
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VP2 or VP3 is the major component of the parvovirus
virion. In the case of B19V, VP2 comprises about 95% of the
virion and VP1, 5% (40). The VP2 proteins expressed in a
Chinese hamster ovary-cell line or in a baculovirus system
will self-assemble into empty capsids. VP1 can be incorpo-
rated into VP2 empty capsids, but VP1 alone does not self-
assemble unless its unique amino terminus is truncated (41).
VP1 contains the VP2 sequences plus an additional 227
amino acids unique to VP1 at its amino terminus termed
VP1u. Empty capsids that include both VP1 and VP2 elicit
neutralizing antibodies, while those containing only VP2 do
not (42). Most parvoviruses, including all human parvovi-
ruses, have a calcium-dependent phospholipase A2 (PLA2)
motif in VP1u (43, 44). PLA2 is presumed to facilitate in-
fection in cells by altering membranes of virion-containing
endosomes.

Receptors
B19V attaches to a specific cell-surface receptor, the glyco-
sphingolipid ceramide globoside, also called blood group P
antigen (45), where it undergoes endocytosis and migrates to
the nucleus. Although globoside is necessary for infection, it

is not sufficient, and a5b1 integrin and KU80 autoantigen
have been reported to act as coreceptors for B19V (46–48).
VP1u also binds to cells and is important in determining
tropism, although its receptor has not been identified to date
(49). A variety of receptors have been identified for other
parvoviruses, including transferrin receptors for some mem-
bers of the genus Protoparvovirus and heparin sulfate pro-
teoglycan, human fibroblast growth factor receptor 1, and
integrin for AAVs (30, 43). The receptors for HBoVs, BuV,
and PARV4 have not yet been identified.

Replication Strategy
Efficient replication of parvoviruses requires cellular func-
tions expressed only during the S phase of cell division and
thus requires actively dividing cells. However, to ensure
efficient replication, parvoviruses may utilize the cellular
DNA damage response (DDR) and hypoxic conditions (50–
54). Transcription of mRNA and replication of virion DNA
occur in the nucleus. Replication of the single-stranded vi-
rion DNA is initiated at the terminal hairpins and produces
dimer and dimer-duplex intermediate concatemeric repli-
cative forms, involving rearrangement of the hairpins and
cleavage to form single-stranded virion DNA in a process
termed “rolling hairpin replication” (55). For B19V, PARV4,
and AAV, the plus- and minus-sense single-stranded DNA
genomes are encapsidated with equal frequency, but for
bocaviruses the minus strand is favored in 85 to 95% of the
capsids (21, 31–33, 56). Induction of cell apoptosis, exocy-
tosis, or cytolysis results in virus release.

Host Range
Parvoviruses are normally host specific, i.e., the human par-
voviruses infect only humans, so there are no direct animal

FIGURE 3 Schematic of B19 mRNA produced in erythroid progenitor cells. The thin line represents introns and the heavy line represents
the nontranslated portion of exons. The filled box represents translated portions of exons. The numbers below the line indicate the start or
end of the respective exon. All mRNAs are initiated at the same promotor (P6). The NS protein (first mRNA) is in one reading frame; the
7.5 kDa, VP1, and VP2 proteins are in a second reading frame (-1 relative to the NS protein); and the 11.0 kDa protein is in the third reading
frame. Based on data from references 34 and 35.

TABLE 1 Proteins of human parvovirus B19

Protein Size (kDa)
No. of

amino acids Function

NS protein 77 671 Replication
VP1 83 781 Virus capsid
VP2 58 554 Virus capsid
7.5 kDa 7.5 72 Unknown
11 kDa 11 94 Unknown
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models for these viruses. However, serologic tests have sug-
gested that exposed animal handlers may have been infected
with one of the simian erythroviruses (57). Close relatives of
B19V, HBoV, PARV4, and BuVs have been detected in
animals, besides nonhuman primates, and also in domestic
animals, rodents, and bats (1, 26, 58, 59). Infection of other
erythroviruses in their respective host species has been
proposed as a model for B19V disease (60, 61).

Growth in Cell Culture
Productive B19V propagation in vitro was first accomplished
in late erythroid-precursor cells present in bone-marrow
explant culture systems (62). Subsequently, several human
leukemic cell lines, including UT-7/Epo, MB-02, JK-1, and
KU812, have been shown to support low levels of B19V
replication (63, 64), although CD36 cells from bone marrow
remain the most efficient. As shown for several viruses,
hypoxia can improve replication (65). Actively replicating
cells are required for efficient replication, although B19V
has also been shown to replicate in otherwise nonpermissive
cells with the adenovirus providing helper functions (66).

With similar appropriate helper viruses, AAVs can rep-
licate in a variety of tissue culture systems (67). If a helper
virus is not present, AAV integrates into the host cell ge-
nomic DNA in a site-specific fashion. When cells contain-
ing integrated AAV are infected with helper virus or are
subjected to certain chemical or physical treatments, AAV
genes are expressed, the integrated DNA is released, and
virions are produced. HBoV1 has been shown to replicate
and produce progeny virions in polarized human-airway
epithelial cells (HAE) (68, 69); however, it did not replicate
in monolayer cultures of the same nondifferented cells. No
tissue culture system has yet been shown to support PARV4,
BuV, or TuV replication.

Inactivation by Physical and Chemical Agents
Nonenveloped viruses like parvoviruses are stable under
ordinary environmental conditions and are more difficult to
inactivate on environmental surfaces. The choice and con-
centration of the inactivating agent, inactivation time, and
presence of organic material all impact the effectiveness of
inactivation. For surface inactivation, detergent and phe-
nolic acid-based products are generally ineffective for non-
enveloped viruses, whereas 5,000 ppm of free chlorine (e.g.,
1/10 dilution of household bleach) and 70% aqueous alcohol
solutions inactivate some nonenveloped viruses, and 2%
glutaraldehyde solutions inactivate most (70). In transfusion
medicine, inactivation of blood or blood products is prob-
lematic. Infection in persons receiving heat-treated clotting-
factor concentrates indicates that the virus can withstand
dry-heat treatment at 80oC for as long as 72 hours or at
100oC for 30 min (71). Based on in vitro studies, B19V is
more sensitive to liquid heat treatment, and the level of
sensitivity depends on the composition of the solution (72).

EPIDEMIOLOGY
Distribution and Geography
B19V infection is common throughout the world, although
the percentage of persons positive for immunoglobulin G
(IgG) antibody, as a measure of past infection, varies by
location and timing of the last B19V epidemic (73–75).
AAVs, HBoV, and PARV4 have been detected in multiple
locations globally, whereas BuV has thus far been found only
in a few countries in Africa, Asia, and Europe (8, 27, 76–78).

The seroprevalence of BuV is low, at least in Northern Eu-
rope (Väisänen, personal communication).

Incidence and Prevalence

B19V
In most communities, the prevalence of B19V antibody in-
creases from 2% to 15% among children 1 to 5 years of age,
to 20% to 40% among children 6 to 9 years of age, and
to 35% to 60% among children 11 to 19 years of age
(79). Antibody prevalence continues to increase with age,
reaching 75% to 90% in several studies among persons older
than 50 years of age (Fig. 4). In most countries, the greatest
rate of increase in IgG positivity occurs in school-age chil-
dren, consistent with the observation that erythema in-
fectiosum, the most commonly recognized manifestation of
B19V infection, is most often diagnosed in this age group,
and that children are the source of most infections (80).

The seroprevalence of B19V is significantly higher in
some parts of the world, including parts of Africa and Papua
New Guinea, with > 80% of 10-year-olds having detectable
B19V antibody (81, 82). In contrast, some parts of Asia, and
among isolated tribes of Africa and South America, the se-
roprevalence can be significantly lower (83–85).

Subclinical infection is common, and most adults with
B19V IgG antibody will not give a history suggestive of a
B19V-associated illness. In outbreaks of B19V infection,
50% or more of infected persons may be asymptomatic or
report a nonrash illness (86–88).

B19V infections are most often noted as outbreaks of
erythema infectiosum in schools. Outbreaks in the United
States and Europe usually occur in the winter and spring and
often continue for months or until school recesses for the
summer (86, 89). During school outbreaks, 25% to 50% of
students have been reported to have clinical or serologic
evidence of infection. Staff in schools are also commonly
infected (80, 89–91); 20% of susceptible staff developed in-
fection during one outbreak. Infections also occur endemi-
cally when no outbreak activity is noted in the community.
Since recurrences of erythema infectiosum or transient
aplastic crisis are rare, it is assumed that past infection, as
indicated by presence of B19V IgG antibodies, confers long-
term protection from disease. Experimental inoculation of
one patient with low levels of B19V IgG antibody led to an
asymptomatic infection, indicating that past infection may

FIGURE 4 Rates of B19V IgG antibody positivity by age.
Adapted from reference 73.
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not always prevent re-infection but probably protects from
disease (92).

HBoV and Other Parvoviruses
HBoV infections are common, with respective seropreva-
lences of HBoV1–4 in 6-year-olds of 80%, 50%, 10%, and
0% (93). However, serologic studies of these four HBoVs is
complicated by cross-reactivity and most likely by the im-
munological phenomenon known as “original antigenic
sin,” leading to underestimates of the true prevalences (93–
95). The majority of AAV data are for AAV2 for which 50%
or more of persons 10 to 19 years of age have antibodies (96).
Less is known about timing and extent of infection with
PARV4. In European and North American populations,
PARV4 infections are rare outside of persons with risk factors
for blood-borne viruses, where seropositivity among the
latter can exceed 90% (97–99). In contrast, studies in some
sub-Saharan African and Asian countries have found a
higher PARV4 seroprevalence in the absence of these risk
factors (22, 24, 100, 101).

Bufavirus DNA has been detected in stools of children
and adults having diarrhea, with low (0.2 to 4%) prevalence
(8, 27, 78, 102) and tusavirus DNA in the diarrheal stool of
one single child in Tunisia (9).

Seasonality
In temperate climates in the Northern Hemisphere, B19V
outbreaks most often occur during the late winter and spring
(103). These outbreaks are cyclical, with increased B19V
transmission occurring every 4 to 10 years in a given com-
munity (104, 105). Seasonal patterns of AAVs and PARV4
infections are not known, and those for HBoVs are yet to be
clearly defined. HBoV1 can be detected throughout the year
(106–112).

Transmission
The primary route of B19V is through the respiratory tract
because its DNA can transiently be found in secretions from
the nose and throat (86, 87, 92). In volunteer studies, in-
fection occurred in four of five exposed persons after intra-
nasal inoculation (92, 113). Transmission also occurs by
transfusion of contaminated blood (114, 115), from blood
products including albumin and clotting factors (71, 116),
from an infected mother to her fetus, and, potentially, even
after tattooing (117). Depending on the community and
antibody assay, between 40% and 60% of young adults will
test positive for B19V IgG antibodies and thus presumably
not be susceptible to infection.

The risk of B19V transmission from a single unit of blood
is low, although high concentrations ( > 105 IU) of B19V
DNAwere present per ml in 1/500 to 1/10,000 units in one
study (118). The risk has been higher with use of many types
of multi-unit blood products. B19V DNA has been detected
in 25% to 100% of products, such as albumin and factor VIII
concentrates, which may contain components from 5,000 or
more units, and infection has often been associated with
receipt of these products. The small size of the B19 virion
and the resistance of the virus to inactivation have made it
difficult to remove or inactivate during the preparation of
these products, and, in Europe and USA, all plasma products
are now required to be tested to ensure that the B19V viral
load is < 104 IU/ml (119, 120).

Nosocomial transmission of B19V among staff and pa-
tients has been reported with infection rates as high as 50%,
but it is often difficult to differentiate hospital-acquired from
community-acquired infection in such outbreaks, except in

patients with very high virus loads, like those with transient
aplastic crisis (121–125).

B19V is transmitted efficiently in households, with about
50% of susceptible exposed household members becoming
infected (86, 87). Infection also occurs in about 20% of
susceptible staff working in a school during an outbreak of
erythema infectiosum (89, 91), in about 6% of susceptible
residents of a community during one B19V outbreak (88),
and in about 1% to 3% of women with no identifiable
exposure during a year or a pregnancy (74, 126–128). In
pregnant women living in communities with outbreaks of
B19V disease, infection rates among susceptible persons
have ranged from 4% to 14%. Risk factors for infection
include working as a teacher or childcare worker or having
children at home (74, 90, 91, 129).

In a recent study of 3,710 pregnant mothers, a clear in-
creased risk (adjusted hazard ratio, aHR=2.63; 95% CI: 1.27
to 5.46) of B19V infection among daycare employees was
observed, compared with those of socioeconomically simi-
lar health care professionals (129). The difference in the
infection risk was even more pronounced in the analysis
of nulliparous women (aHR=5.59; 95% CI: 1.40 to 22.4),
eliminating the effect of the women’s own children. Vertical
transmission from mother to fetus has been reported in 25%
to 50% of infants of mothers infected during pregnancy
(130–132).

The route of transmission for HBoV1 is the respiratory
tract, but those for AAV, HBoV2–4, PARV4, BuV, and TuV
are not well understood. The presence of HBoV2 and 3, as
well as BuV and TuV, in feces suggests fecal-oral transmis-
sion, while HBoV4 is too rare for any conclusions (9, 78).
The potential for maternal transmission of HBoV1 and
PARV4 in newborns has also been documented (133, 134).
The high prevalence of genotypes 1 and 2 of PARV4 in
injecting drug users and persons infected with HIV, suggests
that they are transmitted parenterally by contaminated
needles or other blood contact (135). However, increas-
ing evidence from regions in sub-Saharan Africa and Asia,
with higher PARV4 seropositivity rates and demonstrable
detection of PARV4 genotype 3 DNA in nasal and fecal
specimens from children, also suggests a potential role for
fecal-oral transmission (22, 24, 100, 136).

PATHOGENESIS IN HUMANS
Nucleated erythroid-precursor cells are the primary cells and
bone marrow the primary tissue for B19V replication (62,
137). Extramedullary hematopoiesis makes fetal liver an
important site of fetal infection in utero (138). Giant pro-
normoblasts, erythroid cells with marginated chromatin and
nuclear inclusions (Fig. 5), are typical of B19V infection and
are found during active infection in bone marrow, circulat-
ing blood, liver, and other fetal tissues (139).

Globoside can also be found on other cell types apart
from erythroid precursors (140). B19V can be detected in
these nonerythroid tissues and cells (e.g., endothelial cells of
the myocardium, epidermal cells, granulocyte precursors,
megakaryocytes, and macrophages) and may persist in the
joints, skin, heart, liver, and even in the brain for decades
following the acute infection (138, 141–145). The mecha-
nisms for B19 genome persistence in these diverse tissues are
unknown. Studies have also demonstrated the presence of
B19V-like particles or B19V DNA in fetal myocardial cells
and macrophages of infected fetuses (132, 146). Although
replication may occur in these cell types, it appears to be
relatively inefficient.
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The course of erythema infectiosum, the most common
manifestation of B19V infection, suggests disease is, in part,
immune-mediated. The estimated incubation period to on-
set of rash is usually between 1 and 2 weeks but sometimes as
long as 3 weeks (147). In experimental infection in humans,
the first symptoms of fever, malaise, and myalgia occurred 1
to 2 weeks after inoculation of the virus. These symptoms
developed during high viremia and were accompanied by a
reticulocytopenia, drop in hemoglobin, and moderate, but
clinically insignificant, lymphopenia, thrombocytopenia,
and neutropenia (92). The viremia and reticulocytopenia
resolved by days 11 to 16 as volunteers mounted an antibody
response; the rash or arthralgias were noted at 15 to 17 days
after inoculation (Fig. 6).

During the high level viremia, the bone marrow has a
marked decrease in the number of erythroid cells but a rel-
atively normal number of myeloid cells. The arrest of he-
matopoiesis during viremia is consistent with the expected
impact of a lytic infection of red-cell precursor cells. On the
other hand, the fact that onset of rash and arthritic symp-
toms occurs coincident with the host antibody response and
decreasing levels of viremia suggests that the host immune
response is important to the pathogenesis of these symptoms.
The occurrence of rash in an immunocompromised patient
after receiving immune globulin, and again after the patient
mounted an antibody response, support this conclusion
(148). B19V-antibody immune complexes have been de-
tected in serum of experimentally infected adults by an
immune adherence assay (92) and in serum of 31 of 38
B19V-infected patients by a C1q binding assay (122). The

finding of B19V antigens and viral particles in vascular en-
dothelial cells from B19V-associated rash lesions suggests
that infection of these cells might also contribute to the
pathogenesis of the rash (145).

The pathogenesis of B19V-associated arthritis is less clear.
B19V DNA has been detected by PCR assays in synovial
tissue from the joints of patients with B19V-associated ar-
thritis, other types of arthritis, and from control patients
(149–151). However, there is no evidence that B19V rep-
licates in synovial tissue. In B19V-associated arthritis, it is
possible that virally expressed proteins are cytotoxic or
contribute to joint inflammation. The PLA2 activity in VP1
can activate synoviocytes, induce mediators of inflamma-
tion, and, possibly, participate in B19V-associated arthri-
tis (152).

Less is known about the tissue tropism and pathogenesis
of the other human parvoviruses. HBoV2–4 have been
found mostly in stool, whereas HBoV1 has been most often
detected in respiratory specimens but also in stool and serum
(10, 153), as well as in adenotonsillar tissues obtained from
otherwise healthy children (154, 155).

HBoV1 has been shown to infect and propagate in po-
larized human airway epithelial (HAE) cells in an air-liquid
interface (ALI) culture (68, 69). Progeny virus particles were
shown to be released from both the apical and basolateral
surfaces of the HAE-ALI, while showing impaired epithelial
integrity: i.e., thinning of the epithelium, decreased polari-
zation, disruption of tight junctions, cell hypertrophy, and
loss of cilia, all markers of respiratory tract injury (69).
Persistent replication in these terminally differentiated cells
was surprisingly observed for 50 days (156). The ability to
replicate is thus not cell-cycle dependent as has generally
been believed for parvoviruses. In these nondividing cells, it
has been shown that HBoV1 utilizes the DNA-repair poly-
merases required, by the cellular DNA damage and repair
(DDR) machinery, for its replication (54). Finally, by
studying bronchoalveolar lavage samples of HBoV1-infected
patients, an upregulation of various cytokines has been ob-
served, similar to those seen in washes of HBoV1-infected
HAE-ALI cell cultures (157). HBoV1 infection thus seems
to trigger specific cytokines that may affect pathogenesis.

AAV has been most often detected in specimens from the
genital tract, but it has also been detected in muscle, brain,
and a variety of other tissues without causing any damage
(12, 13, 142, 158). PARV4 has been detected in serum
and blood specimens from otherwise healthy individuals
and from autopsy bone marrow and lymphoid tissue speci-
mens from human immunodeficiency virus–infected persons,
likewise with nondefined pathology (21, 99, 106).

Virus Replication Patterns
As noted above, the B19V-associated anemia correlates with
viremia and is presumed to be related to the cytopathic effect
of the virus on erythropoietic precursor cells. In immuno-
competent persons, the immune response controls the in-
fection within 7 to 10 days and before a significant anemia
develops. In persons with borderline compensated hemo-
globin levels, even the short cessation of red cell production
can produce a self-limited, but serious, anemia (i.e., transient
aplastic crisis). A variety of conditions, including sickle cell
disease, hereditary spherocytosis, thalassemia, and acquired
hemolytic anemias, have been associated with transient
aplastic crisis.

Some patients with compromised immunity due to HIV
infection, malignancies, chemotherapy, or organ transplan-
tation are unable to control B19V replication and develop a

FIGURE 5 (A) Hematoxylin and eosin stain of bone marrow
from patient with B19V infection. Note prominent intranuclear
inclusions (arrows). (B) Immunostaining of B19V antigens in bone
marrow (immunoalkaline phosphatase stain, naphthol fast red
substrate with light hematoxylin counterstain). Original magnifi-
cation of both images, X630. Panels courtesy of Wun-Ju Shieh,
CDC, Atlanta, GA.
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chronic lytic infection of red cell precursors and an associ-
ated chronic reticulocytopenic anemia (3, 159–161). Pa-
tients with chronic infection often respond to treatment
with intravenous immune globulin (IVIG) with a prompt
reticulocytosis and clearing of viremia. Chronic infection
with anemia has also been rarely noted in patients with
presumed normal immune systems (3, 159–161). Persistence
of low levels of B19V in blood, bone marrow, synovial tissue,
heart, and liver in adults from infection many years earlier
complicates the task of linking B19V to disease, based on its
detection in these tissues (144, 151, 162–165).

The fetus is susceptible to severe B19V anemia because it
has a need for increased red cell production and an immature
immune system that is not always able to control the in-
fection (3). B19V-associated myocarditis may also contrib-
ute to fetal disease. Transplacentally transferred maternal
antibodies provide some protection to the fetus during the
later stages of pregnancy.

Although the major cell type for productive B19V in-
fection is the erythroid progenitor, a number of other cells
have the P-antigen receptor (45, 140) and may be positive
for B19V DNA or antigens (144–146, 166, 167). In vitro,
macrophage and endothelial infection have been facilitated

by the presence of antibody, presumably through Fc receptor–
mediated phagocytosis of virus-antibody complexes, or by
the complement factor C1q receptor (168, 169). This may
be the mechanism by which phagocytic cells in the bone
marrow and synovial tissue and the endothelial cells in the
heart may acquire B19 antigen and DNA. Further, B19V-
infected bone marrow–derived circulating angiogenic cells
may transport virus to diverse tissues where they could affect
endothelial regeneration (e.g., resulting in cardiomyopathy)
(170).

During respiratory tract infection, HBoV1 is often de-
tected together with other respiratory pathogens. This, in
large part, is due to nasopharyngeal persistence (or “shed-
ding”) of HBoV1 for many months, or even up to a year
(171–173), which can complicate the interpretation of pos-
itive PCR test results (10, 174, 175). It is therefore more
accurate to speak about co-detections rather than co-infections.
Based on detection of single-nucleotide polymorphisms
(SNP) or sequencing of HBoV1 DNA in follow-up saliva or
nasopharyngeal secretions, a few studies have suggested the
existence of re-infections or reactivations of latent HBoV1
(173, 176). However, contaminations from other infants,
not leading to true infections in the immune children, were

FIGURE 6 Pathophysiology of parvovirus B19 infection. Inoculation of normal subjects and natural infection resulted in fifth disease
(Panel A; study reported by Anderson et al. [92]). A two-phase illness was produced under control conditions; most subjects noted only the
typical rash, joint symptoms, or both, corresponding to the appearance of specific antiviral antibodies. Reticulocytopenia occurs during
viremia, but hemoglobin levels do not decline below normal values. H denotes hemoglobin, and R reticulocytes. Transient aplastic crisis
occurs in patients with underlying hemolysis or erythroid stress who are infected with parvovirus B19 (Panel B; study reported by Saarinen
et al. [200]). Cessation of erythropoiesis causes severe anemia, because of the higher demand for red cells. Chronic pure red-cell aplasia is due
to persistent infection (Panel C; study reported by Kurtzman et al. [203]). Anemia persists because of the failure of the humoral immune
response to clear parvovirus B19. Reprinted from reference 3.

30. Human Parvoviruses - 685



not ruled out. If reactivations would occur, one would expect
the HBoV1 detection rate to be high in elderly individuals,
which is not the case (177). More information regarding
the possibility of reactivations and reinfections and the role
of immunological cross-protection is needed (93, 178).
Whatever the reasons for prolonged persistence, disease
descriptions should not be based on mere PCR detection but
should be confirmed by other means (see Laboratory Diag-
nosis). The presence of HBoV1 DNA in blood seems to be
more short-lived and may thus be a better marker for acute
infection (93, 112). Similar to the presence of HBoV1 in the
airways, the occurrence of HBoV2–4 in stool is prolonged, as
is the case with many other enteric viruses (93, 179).

Immune Responses
IgM and IgG antibody responses (IgM and IgG) begin 10 to
14 days after infection (92) (Fig. 6) and correlate with re-
duction of the viral load in immunocompetent individuals.
B19V IgG antibodies persist long-term and presumably
confer protection from disease. The ability of IVIG to con-
trol and sometimes cure chronic infection in the immuno-
deficient patient clearly demonstrates the importance of
antibodies in B19V immunity (160, 161). Various assays
used to characterize the antibody response to B19V have
identified differences in the temporal antibody response to
epitopes on the capsid proteins: antibodies against linear
epitopes on the VP2 protein are present during the acute
phase but are lost in the late convalescent phase; VP1 linear
and conformational epitopes are present during both the
acute and the convalescent phases of infection (180, 181);
neutralizing epitopes have been identified on both the VP1
unique and the VP1/VP2 shared regions of the structural
proteins. An antibody response to the NS protein is detected
in some patients (182–184). There is less information on
the cellular immune response to B19V infection, although
the evidence suggests that the low levels of B19V that can
be detected in an individual following acute infection
probably lead to persistent stimulation of the cellular re-
sponse (185–191).

HBoV1 primary infections typically give rise to robust
IgM and IgG responses with the latter persisting long-term at
a relatively high level (112, 174, 192, 193). In contrast,
HBoV2 and -3 IgM responses appear to be rare or short-lived
in primary infections (93, 94). HBoV2 IgG responses also
appear weaker and more prone to waning than those of
HBoV1. This difference may reflect the frequency of sys-
temic versus nonsystemic infections between these two virus
types. In support of this notion, HBoV1 viremias coincide
frequently with primary HBoV1 seroconversion, whereas
corresponding HBoV2 viremias are infrequent.

Immune responses to HBoV1 infections are significantly
weaker in individuals with preexisting HBoV2 antibodies
and vice versa. A potential explanation is “original antigenic
sin”: i.e., the propensity of the immune system to become
primed by an antigen and subsequently to disregard, partially
or completely, the novel epitopes of related subsequent an-
tigens (93, 95). Alternatively, or possibly as a comechanism,
the data might be explained by cross-protection, with pre-
existing immunity against one bocavirus limiting the prop-
agation of another.

Little is known about the immune responses to natural
infections with AAV, BuV, and TuV. Antibodies can be
found in both natural AAV infections and after AAV vector-
mediated gene therapy. As in B19V infection, the immune
response does not eradicate the virus from the body. Pre-
existing antibodies can, however, affect the safety and effi-

cacy of AAV gene therapy by blocking transduction or di-
recting the vector away from its target tissue (194, 195).
Acute PARV4 infection does induce a specific antibody
response, but due to the parenteral spread of the non-African
genotypes of this virus, PARV4 IgG can mainly be observed
among injecting drug users and hemophiliacs receiving
clotting factors (99, 196). PARV4 infection may also elicit a
strong T-cell response, which may be indicative of viral
persistence (197).

CLINICAL MANIFESTATIONS OF B19V
Asymptomatic Infection
Asymptomatic infection or atypical illness is probably the
most common manifestation of B19V infection. Among
B19V-infected children in outbreaks (80, 86, 88), as many as
50% report no rash and 25% no symptoms.

Erythema Infectiosum
Erythema infectiosum or fifth disease, the most commonly
recognized clinical manifestation of B19V infection (87,
198), is a mild illness manifested by a malar erythematous
rash (slapped cheek) (Fig. 7) and reticulated or lace-like rash
on the trunk and extremities (147). Erythema infectiosum is
most commonly diagnosed in school-age children. The child
is usually afebrile but may experience a mild systemic illness
1 to 4 days before onset of rash. Various nonrash symptoms
have been noted in some patients, including headache, sore
throat, coryza, pruritus, gastrointestinal symptoms, and ar-
thralgias or arthritis. In most patients, symptoms resolve over
the course of a few weeks, but in some cases they last months
and, rarely, even years. A typical feature of erythema in-
fectiosum is the recrudescence of rash after a variety of
nonspecific stimuli, such as change in temperature, exposure
to sunlight, or emotional stress. Patients with erythema in-
fectiosum usually do not undergo laboratory evaluation but
may have reticulocytopenia and clinically insignificant
anemia, lymphopenia, neutropenia, and thrombocytopenia
before and possibly at the onset of rash.

Transient Aplastic Crisis
Transient aplastic crisis (TAC) was the first illness associated
with B19V infection (199). The lytic infection of the nucle-

FIGURE 7 Erythema infectiosum (fifth disease) associated with
parvovirus B19.
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ated red-cell precursors leads to cessation of hematopoiesis,
which, in persons with a poorly compensated hematopoi-
etic system, like sickle cell disease, may lead to severe, self-
limited reticulocytopenic anemia, i.e., transient aplastic
crisis. Patients present with symptoms of a severe anemia,
i.e., pallor, weakness, and lethargy (200, 201), and some-
times also with nonspecific systemic symptoms and infre-
quently a rash. During the acute phase of the illness, patients
have no reticulocytes and may have a drop in hemoglobin
levels of 30% or more. The bone marrow has a hypoplastic or
aplastic erythroid and normal myeloid series in the bone
marrow. About 7 to 10 days after onset of illness, and co-
incident with development of an antibody response, retic-
ulocytosis develops, and the hemoglobin begins to return to
pre-infection levels.

Pure Red-Cell Aplasia
In patients who cannot mount an immune response, B19V
infection causes a potentially life-threatening illness (148,
202–204). Some patients with deficient immune systems
develop a chronic B19V infection and associated chronic,
severe reticulocytopenic anemia or pure red-cell aplasia
(159, 160).

Hydrops Fetalis and Fetal Death
Hydrops fetalis is a potential complication of B19V infection
during pregnancy. The B19V parvovirus–infected fetus
may not be able to control infection and develop a severe
reticulocytopenic-anemia leading to high-output congestive
heart failure, hydrops, and sometimes death (205, 206).
B19V can also infect fetal myocardial cells, which may
contribute to cardiac dysfunction and heart failure (3, 146).
Although a few case reports have suggested that B19V might
be teratogenic, most studies of children born of women in-
fected with B19V during pregnancy have not demonstrated
an increased risk of birth defects (74, 126, 132, 207–210). If
B19 causes birth defects, it is likely an uncommon occur-
rence. B19V infection has, however, been detected in ap-
proximately 5% to 20% of autopsy cases of nonimmune
hydrops fetalis (211, 212). Nevertheless, a hydropic fetus
may also recover spontaneously or after intrauterine trans-
fusion (see Treatment).

Approximately 30% to 50% of maternal B19V infections
lead to fetal infection (130, 131). The risk of fetal death
from an exposure can be defined by the following equation:
rate of fetal death from an exposure = rate of susceptibility to
B19V X expected rate of infection from the exposure X rate
of fetal death with infection (213). The risk of fetal death
with maternal infection during gestational weeks 9 to 20
is between 2% and 10% (74, 130–132, 211, 214–216),
whereas the risk is negligible in > 20 weeks of pregnancy
(214). Maternal infection in the second half of pregnancy
thereby presents much less risk to the fetus, possibly because
transplacental transfer of maternal antibody and the matu-
rity of the fetal immune response may occur and protect the
fetus. Overall, the risk of fetal death in pregnancy can thus
be estimated to be between 0.4 and 3.0% after exposure to
B19V in the household and between 0.16 and 1.2% after
exposures associated with working in a school or childcare
setting with a B19V disease outbreak.

Arthralgias and Arthritis
Arthralgias and arthritis associated with B19V infection
have been described in children and adults but most com-
monly in adult females (74, 130, 131, 211). This condition

usually manifests as a symmetrical peripheral polyarthro-
pathy commonly involving the hands, wrists, knees, and
feet, although any joint can be affected. Joint symptoms may
develop with or without other symptoms and before, during,
or after the onset of rash and include tenderness and swell-
ing. Symptoms usually resolve over the course of a few weeks
but can persist for months and rarely for years. It is not
a destructive arthritis. As with the rash of erythema in-
fectiosum, joint symptoms can recur after a variety of stimuli.

The predisposition of B19V infection to cause joint dis-
ease has led to studies of B19V in patients with rheumatoid
arthritis. While viral DNA is readily detected also in the
joints of healthy individuals, there are suggestions of higher
frequencies of DNA or B19V antibody in patients with
rheumatoid arthritis, but these findings have been incon-
sistent (3, 151, 217). B19V is clearly not the cause of most
forms of rheumatoid arthritis, although B19V-associated
chronic arthritis may infrequently fulfill the classification
criteria of rheumatoid arthritis, including induction of rheu-
matoid factor, but not anticitrullinated protein antibod-
ies, and may similarly cause some cases of juvenile arthritis
(218–221).

Myocarditis and Hepatitis
There have been a number of case reports of both myocar-
ditis and of hepatitis associated with B19V infection. In
many of the case reports, the diagnosis of B19V as the cause
is made simply on the detection of the B19V DNA genome,
and, given the known persistence of B19V DNA in tissues
and at low levels in blood of healthy subjects (144, 167), this
diagnosis may be erroneous. However, there are clearly some
cases of acute myocarditis in children and adults (222, 223),
and it is clear that B19V infection causes myocarditis in the
fetus (38, 224, 225). However, the role of B19V infection in
the etiology of chronic heart disease is much more ques-
tionable (226, 227).

Similarly, the role of parvovirus B19 in both acute and
chronic hepatitis remains unclear. Transient elevation of
liver transaminases is not uncommon in B19V infection, and
frank hepatitis associated with acute B19V infection has
been reported (228–231) but more infrequently. The role of
B19V infection as a significant cause of chronic or fulminant
hepatitis is more questionable (167, 232, 233).

Other Disease Associations
Other disease associations have been reported, but not
established, for B19V infection. The list of possible B19V-
associated conditions includes a wide range of cardiovascu-
lar, skin, endocrine, hematologic, neurologic, ocular, renal,
respiratory, and rheumatic disorders (3, 234–236). Some of
the purported associations are simply coincidental occur-
rences of a common infection and the disease. Others are
probably instances in which B19V is one of several causes of
the disease, and some represent instances in which false-
positive laboratory results led to a spurious association. As
with the persistence of B19V DNA in tissues mentioned
above, false-positive results with B19V IgM antibody assays
can be a substantial problem (144, 167, 237).

B19V infection may affect other lineages of the bone
marrow, as well as the red cell precursors (98). There have
been a number of reports of hemophagocytic syndrome as-
sociated with B19V infection in both healthy and immu-
nosuppressed patients (238–240).

B19V infection has also been detected in patients with
a wide range of rashes, including morbilliform, vesicular,
and confluent ones, in addition to the slapped cheek and
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reticular, lace-like rash on the trunk and extremities char-
acteristic of erythema infectiosum. Other dermatologic ill-
nesses reported with B19V infection include papular
purpuric “gloves and socks” syndrome and papular acro-
dermatitis of childhood, Gianotti-Crosti syndrome, and
livedo reticularis (241–243). Case reports of vascular pur-
pura were first vasculitis-like findings associated with B19V
infection (244). However, reports of B19V infection being
associated with other vasculitidies, including Henoch-
Schönlein purpura, Wegener’s granulomatosis, polyarteritis
nodosa, and Kawasaki disease, have not been substantiated
(3).

B19V infection has been associated uncommonly with
various neurologic abnormalities, including peripheral neu-
ropathies, meningitis, and encephalopathy (245). B19V
DNA has been detected in cerebrospinal fluid from several
patients with encephalitis or meningitis during acute B19V
infection (246), and B19V antigens and DNA have been
detected in fetal brain tissue (247). These findings suggest
that B19V infection may occasionally lead to neurologic
disease.

Clinical Illness Associated
with the Human Bocaviruses
HBoV1 causes subclinical to life-threatening acute respira-
tory infections and has been implicated also in encephalitis
(11, 248–250). HBoV1 is detected typically in 1 to 20% of
respiratory specimens from children with acute respiratory
illnesses (108, 109, 111, 174, 251, 252), whereas it seems to
be much less common in adults and the elderly (10, 177,
253). The illness in HBoV1-positive patients is indistin-
guishable from that caused by other respiratory viruses and
includes upper respiratory tract illness and a range of lower
respiratory tract manifestations, such as pneumonia, bron-
chitis, bronchiolitis, and exacerbation of asthma (109, 110,
251, 254, 255). Typical symptoms often emphasized though
are cough, wheezing, fever, acute otitis media, and diarrhea.
The role the virus plays in the illness, however, has been
confounded by detection of co-infecting viruses in as many
as 90% of specimens, and presence of HBoV1 has also been
detected in asymptomatic children. This, however, is due to
the long-term persistence of this virus in the airways, which
necessitates other diagnostic means than mere PCR in air-
way samples (10, 109, 171–175, 251, 256, 257) (see Labo-
ratory Diagnosis). Particular pediatric symptoms that have
been statistically associated with HBoV1 or confirmed by
serodiagnosis are wheezing and pneumonia (109, 174, 250,
251, 258, 259). Positive correlations have been observed
also between respiratory illnesses and high HBoV1 viral
loads or HBoV1 sole infections (10, 174, 251, 260, 261). In a
pediatric intensive care unit, seven children with severe
acute respiratory tract illness (respiratory failure, bronchio-
litis/asthma) were identified who had HBoV1 as the sole
pathogen, as evidenced by next generation sequencing
(NGS) (261). Longitudinal weekly saliva sampling and
health data collection during the first two years of life have
further provided evidence that HBoV1 infection was asso-
ciated with new onset of upper respiratory symptoms (i.e.,
cough, rhinorrhea), as well as with health care visits (173).
Despite the diagnostic challenges, accumulating evidence
thus strongly suggests that HBoV is an important respiratory
pathogen in children. Conversely, HBoV1 does not seem to
be a major cause of gastroenteritis in constitutionally healthy
children (262–264), even though one case report describes a
life-threatening hypovolemic shock due to diarrhea associ-

ated with disseminated HBoV infection in an immuno-
compromised child (265).

HBoV1 has also occasionally been detected in adults
with respiratory tract illnesses. Two adults with idiopathic
pulmonary fibrosis (IPF) were shown to harbor HBoV1 in
bronchoalveolar lavage (BAL), in one, as the sole pathogen,
and in the other, codetected with cytomegalovirus (CMV)
(266). In the latter patient, both viruses were also present in
various postmortem tissues. Furthermore, an immunocom-
promised adult with rapidly progressing fatal pneumonia had
HBoV1 as the sole pathogen in blood (1.5x104 copies/ml),
and, as codetection with EBV, rhinovirus, and Candida al-
bicans, very high HBoV1 loads in tracheal secretions
(4.8x1010 copies/ml) and sputum (4.3x109 copies/ml) (267),
indicative of an acute infection at the time of death. Among
both immunocompromised and immunocompetent adults,
HBoV1-positive cases seem to be symptomatic (having
mainly pneumonia or acute respiratory insufficiency), whereas
nonsymptomatic controls tend to be HBoV1 negative (268,
269). This would suggest that in adults, HBoV1 does not
occur as a bystander; instead it seems to be a real, but infre-
quent, cause of respiratory symptoms. Moreover, in HBoV1
infection of human airway epithelium, air-liquid interface
cultures show hallmarks of respiratory tract injury, such as
loss of cilia, epithelium thinning, and hypertrophy (69).

The enteric HBoV2 has been associated with gastroen-
teritis in one report but not in others (5). HBoV2, like
HBoV1, occurs in 1 to 20% of stool specimens, and, occa-
sionally, even in blood of children both with and without
acute gastroenteritis (111, 262–264, 270, 271). HBoV2, as
the single finding in various tissues, blood, or CSF, has been
implicated in a fatal case of myocarditis and of encepha-
litis (248, 272); HBoV3–4 lack any known clinical role,
although HBoV3 was found as a single agent in the CSF of a
child with encephalitis (11).

Clinical Illness Associated with Other
Parvovirus Infections
AAVs, PARV4, BuV, and TuV have not yet been linked to
human disease, although BuV has infrequently been de-
tected in stools of patients with diarrhea (102, 273). In one
recent study, the number of diarrheal stools per day in BuV-
positive children was also significantly greater than in BuV-
negative children, including norovirus- or rotavirus-positive
children (102), suggesting a causative association. Only a
few acute PARV4 infections have been recorded, mainly in
injecting drug users or hemophiliacs, with no discernable
PARV4-specific symptoms (99, 196). The apathogenicity of
AAV is a valuable reason for its application as a tool for gene
therapy (12).

LABORATORY DIAGNOSIS
Serologic, antigen, and nucleic acid detection assays have
been used for diagnosis of B19V infection. Acute infection
in the healthy patient is most often demonstrated by de-
tection of B19V IgM and past infection by detection of
B19V IgG antibodies. Antibody assays are not reliable for
diagnosing infection in immunocompromised patients, in
whom detection of B19V DNA by PCR is required.

Detection of AAV, HBoV, PARV4, and BuV has been
primarily accomplished with PCR-based assays. However,
mere PCR-positivity in the airways, stool, or tissues is not
a diagnostic marker of a primary infection. The diagnos-
tic criteria for parvovirus primary infections in general are
IgG seroconversion, IgM positivity, low-avidity IgG, and
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detection of DNA in blood plasma (99, 174, 237, 274). Past
infection has been determined using a variety of serologic
assays for IgG antibodies (181, 237, 274, 275).

Virus Isolation
Although erythroid precursor cells derived from human
bone marrow, peripheral blood, and several continuous cell
lines with erythroid precursor-like features support B19V
infection, they do so inefficiently, and isolation has not
been used to detect infection (55, 64). Isolation studies have
been used to evaluate inactivation methods for blood or
plasma products (72). HBoV1 can be cultured in a differ-
ential air-liquid interphase epithelial cell culture, which
cannot be applied in a routine diagnostic laboratory (68,
69). There are no in vitro culture systems yet for PARV4,
BuV, or TuV.

Antigen Detection
Enzyme immunoassays have been developed for B19 par-
vovirus antigens, but they lack sufficient sensitivity to reli-
ably diagnose acute infection, although they can be used for
screening blood and blood products (276–278). Immuno-
histochemical techniques have proven useful for detecting
B19V antigens in various tissues and cells, most commonly
in fetal tissues and bone marrow specimens (139).

For detection of HBoV1 in nasopharyngeal samples, a less
sensitive test, such as an antigen test, may be a better al-
ternative than PCR. HBoV1 has recently been included in a
multiplex point-of-care antigen test for respiratory tract in-
fections, which is based on separation-free two-photon ex-
citation fluorometry (279–281).

Nucleic Acid Detection
Nucleic acid detection is an important part of B19V diag-
nostics for both detecting infection and screening blood
products. Probe hybridization assays used in the past have
been replaced by PCR assays, especially real-time qPCR
assays that have the advantage of both speed and quantita-
tion. A multitude of in-house and a few commercial PCR
assays have been developed using a variety of primers and
methods (282, 283). The sensitivity and specificity of PCR
varies among assays and laboratories (284). It is critical that
assays should be designed to detect all three B19V genotypes
and be calibrated against the WHO B19V nucleic acid
standard if quantitative results are desired (285). Due to the
sensitivity of PCR, B19V DNA can remain detectable for
months or even years at low levels, even following complete
recovery, and thus quantitative PCR is required to distin-
guish recent infection (viral loads > 106 IU/ml) from past
infections (237).

In situ hybridization studies have been successfully used to
detect which cells and tissues harbor B19V DNA (139).
Additional detection of viral mRNA can be useful for
confirming the presence of replicating virus and active in-
fection. Often this is achieved by amplification across a
spliced junction to distinguish spliced RNA from viral DNA
(286).

Most recent studies of HBoV1–4, AAV, and PARV4 have
been based on a variety of PCR assays to detect the viral
DNA (13, 23, 196, 254, 270, 287). Due to the prolonged
nasopharyngeal persistence of HBoV1 for as long as a year,
detecting the presence of HBoV1 by conventional PCR is
not diagnostic (10, 172–174). Fortunately, other methods
have been developed that more accurately indicate acute
primary HBoV1 infection, such as serology (to show IgM

positivity, IgG seroconversion, and low IgG avidity), RT-
PCR in airway samples (to demonstrate transcription ac-
tivity of HBoV1, suggesting replication), qPCR (to separate
high from waning lower viral loads in the nasopharynx),
PCR in serum (revealing the typical brief viremic phase of
an acute HBoV1 infection), and also antigen detection
(174, 192, 193, 258, 281).

Antibody Assays
B19V IgM antibody assays are the key to diagnosing most
infections in immunocompetent individuals. A mu-capture
antibody format as an enzyme immunoassay is the preferred
format, with conformational epitopes as antigen (42, 181).
Expressed proteins that do not form empty capsids may not
include all the epitopes needed to detect a response in all
patients, although they can be useful as antigens for timing
when an infection occurred (181).

IgM antibody develops within 10 to 12 days after
infection and is present in more than 90% of patients
with erythema infectiosum at onset of rash and in about
80% of patients with TAC at the time of presentation
(113, 276, 277, 288). IgM positivity increases to more
than 90% in patients with transient aplastic crisis by 3 to 7
days after presentation. The IgM response begins to wane
during the second month after infection. Indirect IgM an-
tibody assays have been used but tend to be both less
sensitive and less specific than the IgM capture format
(289, 290). The capture assay method eliminates competi-
tion from IgG antibodies that can lead to false negative
results and decreases the risk of rheumatoid factor or non-
specific sticking of IgM antibodies that can lead to false
positive results.

Other serologic indicators of acute or active B19V in-
fection include low-IgG avidity (275, 291) and presence of
antibodies against linear VP2 epitopes, i.e., epitope-type
specificity (180, 181, 292). IgG antibodies appear at the
same time as IgM antibodies and persist long-term. Unlike
IgM antibody assays, the IgG indirect format should be as
good as, or better than, the capture format.

As with B19V, HBoV antibody assays have been based
mostly on empty virus-like particles (VLP) expressed in in-
sect cells infected with recombinant baculoviruses (174,
192, 193, 259, 293–298). However, detection of HBoV1–4
immune responses is complicated by the structural similarity
of these viruses, manifesting as serological cross-reactivity
and “original antigenic sin” (93–95). This currently neces-
sitates the use of antibody absorption assays to measure
HBoV type-specific antibodies. Serological diagnosis of
primary HBoV1 infections in individuals without preceding
HBoV2–4 antibodies is considered highly specific and sen-
sitive. Measurement of HBoV1 IgG-avidity is also helpful for
confirming a primary infection (274). However, HBoV1
infections in individuals with preexisting HBoV2 IgG may
be difficult to detect serologically, because HBoV1 antibody
responses in these children are typically weak or even non-
detectable. Primary HBoV2 antibody responses appear to be
similarly affected by preexisting HBoV1 immunity. The
sensitivity of serodiagnosis of HBoV2–4 primary infections is
not well known because comparative data on the presence of
HBoV2–4 DNA in stool and HBoV2–4 antibodies in blood
are lacking.

A variety of serologic assays have been used to detect
AAVs in a serotype-specific fashion (96, 194, 299). Sero-
logic assays for PARV4 using recombinant VP2 capsids have
been used for diagnosis of acute infection and for seropre-
valance studies (97–99, 196).
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PREVENTION
Since B19Vand HBoVs are probably most often transmitted
via respiratory secretions during close contact, possibly by
droplet or aerosol transmission, attention to good hygienic
practices, like hand washing and not sharing food, may be
effective in reducing the spread of both of these viruses.
Although the effectiveness of such measures has not been
studied, these public health interventions are straightfor-
ward and might reduce spread during outbreaks. For HBoV
infections, as with any respiratory infection, distancing from
persons with symptoms is also appropriate.

However, for B19V, respiratory symptoms are not a pri-
mary feature of infection, and, although nosocomial trans-
mission has been reported after exposure to patients with
TAC and chronic anemia due to B19V, once individuals
have developed the rash the patient no longer has high viral
loads and low levels or no virus in respiratory secretions (3,
113). Patients with TAC are probably a risk for transmitting
B19V as long as a week after onset of illness and should be
placed on droplet-isolation precautions for 7 days. The risk
for transmission from immunodeficient patients is less well
understood but may be prolonged, and immunodeficient
patients with chronic infection should be placed on droplet
precautions for the duration of their hospitalization (125).

Persons should be informed of potential exposures to
B19V, and efforts to decrease the risk of exposures (e.g.,
avoiding the workplace or school environment) should be
made on an individual basis after consultation with family
members, health care providers, public health officials, and
employers or school officials (213). Seronegative pregnant
women should avoid contact with B19V-infected children
(e.g., daycare centers experiencing outbreaks), at least dur-
ing the first half of pregnancy (129, 214).

Although currently there are no vaccines available for
B19V or any of the human parvoviruses, due to the ease of
production and the neutralization efficiency of VLPs, pros-
pects for a vaccine against B19V are favorable. A vaccine
made from empty capsids produced in insect cells has been
developed and evaluated (300); however, Phase 1 trials were
halted due to unexpected cutaneous reactions in three pa-
tients (301). A second vaccine made in yeast is under de-
velopment (302).

TREATMENT
No viral-specific chemotherapy is available for B19V in-
fection; however, most B19V illnesses, including erythema
infectiosum, are mild and require no treatment. B19V-
associated arthralgias or arthritis may benefit from nonste-
roidal, anti-inflammatory medications. Patients with TAC
often require hospitalization and transfusion therapy until
the immune response controls the infection 1 to 10 days
after presentation. In one study of 62 patients with sickle cell
disease who developed TAC, 54 (87%) required blood
transfusions (303). The death of one patient before trans-
fusion therapy highlights the importance of prompt eval-
uation and treatment of patients with transient aplastic
crisis (201).

Serum from blood donors, who have recovered from
B19V infection, generally have high titers (1:200–1:2,500)
of neutralizing antibody (286, 304), and immunocompro-
mised patients with chronic infection and associated anemia
should be treated with IVIG. Commercial IVIG, at a dosage
of 400 mg/kg for 5 or 10 days or at a dosage of 1 g/kg for 3
days, has been used successfully (161, 203). Patients often
respond to IVIG with a brisk reticulocytosis and resolution

of B19V-associated anemia and a drop of the viral load
to < 10 copies/ml. In some patients, the symptoms may re-
solve completely (although low-level B19V DNA can still
be detected), whereas in others, high-level viremia and
anemia may recur, resulting in the need for additional
treatments with IVIG (305). Patients can be monitored with
hemoglobin and reticulocyte counts, and if they develop a
reticulocytopenic anemia and recurrent high B19 viral load,
then retreatment with IVIG is indicated. IVIG treatment
has not been shown to be effective for treatment of non-
anemia manifestations of chronic infection (306).

Management and treatment of the fetus of a B19V-
infected pregnant woman are problematic. Most studies
have advocated monitoring the fetus with ultrasound to look
for evidence of hydrops and treating hydropic fetuses with
intrauterine blood transfusion. However, since the fetus
can survive and be normal without treatment and intra-
uterine blood transfusion can cause fetal death, this ap-
proach to managing the hydropic fetus needs to be
considered carefully. Intrauterine blood transfusion may be
beneficial to an affected fetus, but the efficacy of this treat-
ment is variable (205, 307–309). In one study, 9 of 12 fetuses
treated with intrauterine blood transfusions survived and
were normal at delivery compared to 13 of 26 untreated ones
(307); analysis indicated a significant difference after ad-
justing for severity of ultrasound findings and gestational age.
Although most B19V-infected transfused fetuses that survive
are normal, one study of 24 transfused hydropic fetuses re-
ported that some suffered long-term complications (208),
including delayed psychomotor development in 5 of the 16
survivors (severe in 2). The available data suggest that in-
trauterine blood transfusions may be helpful and should be
considered in the management of some fetuses with B19V-
associated disease. Unfortunately, the data do not clearly
indicate when the benefits of this procedure outweigh the
risks.

REFERENCES
1. Cotmore SF, Agbandje-McKenna M, Chiorini JA, Mukha

DV, Pintel DJ, Qiu J, Söderlund-Venermo M, Tattersall P,
Tijssen P, Gatherer D, Davison AJ. 2014. The family Par-
voviridae. Arch Virol 159:1239–1247.

2. Cossart YE, Field AM, Cant B,Widdows D. 1975. Parvovirus-
like particles in human sera. Lancet 1:72–73.

3. Young NS, Brown KE. 2004. Parvovirus B19. N Engl J Med
350:586–597.

4. Allander T, Tammi MT, Eriksson M, Bjerkner A, Tiveljung-
Lindell A, Andersson B. 2005. Cloning of a human parvo-
virus by molecular screening of respiratory tract samples. Proc
Natl Acad Sci USA 102:12891–12896.

5. Arthur JL, Higgins GD, Davidson GP, Givney RC, Ratcliff
RM. 2009. A novel bocavirus associated with acute gastro-
enteritis in Australian children. PLoS Pathog 5:e1000391.

6. Jones MS, Kapoor A, Lukashov VV, Simmonds P, Hecht F,
Delwart E. 2005. New DNAviruses identified in patients with
acute viral infection syndrome. J Virol 79:8230–8236.

7. Kapoor A, Slikas E, Simmonds P, Chieochansin T, Naeem
A, Shaukat S, Alam MM, Sharif S, Angez M, Zaidi S, Del-
wart E. 2009. A newly identified bocavirus species in human
stool. J Infect Dis 199:196–200.

8. Phan TG, Vo NP, Bonkoungou IJ, Kapoor A, Barro N,
O’RyanM, Kapusinszky B, Wang C, Delwart E. 2012. Acute
diarrhea in West African children: diverse enteric viruses and
a novel parvovirus genus. J Virol 86:11024–11030.

9. Phan TG, Sdiri-Loulizi K, Aouni M, Ambert-Balay K,
Pothier P, Deng X, Delwart E. 2014. New parvovirus in child

690 - THE AGENTS—PART A: DNA VIRUSES



with unexplained diarrhea, Tunisia. Emerg Infect Dis 20:1911–
1913.

10. Jartti T, Hedman K, Jartti L, Ruuskanen O, Allander T,
Söderlund-Venermo M. 2012. Human bocavirus—the first 5
years. Rev Med Virol 22:46–64.

11. Mori D, Ranawaka U, Yamada K, Rajindrajith S, Miya K,
Perera HK, Matsumoto T, Dassanayake M, Mitui MT, Mori
H, Nishizono A, Söderlund-Venermo M, Ahmed K. 2013.
Human bocavirus in patients with encephalitis, Sri Lanka,
2009–2010. Emerg Infect Dis 19:1859–1862.

12. Gao G, Vandenberghe LH, Alvira MR, Lu Y, Calcedo R,
Zhou X, Wilson JM. 2004. Clades of adeno-associated viruses
are widely disseminated in human tissues. J Virol 78:6381–
6388.

13. Warrington KH Jr, Herzog RW. 2006. Treatment of human
disease by adeno-associated viral gene transfer. Hum Genet
119:571–603.

14. Ekman A, Hokynar K, Kakkola L, Kantola K, Hedman L,
Bondén H, Gessner M, Aberham C, Norja P, Miettinen S,
Hedman K, Söderlund-Venermo M. 2007. Biological and
immunological relations among human parvovirus B19 ge-
notypes 1 to 3. J Virol 81:6927–6935.

15. Hokynar K, Söderlund-Venermo M, Pesonen M, Ranki A,
Kiviluoto O, Partio EK, Hedman K. 2002. A new parvovirus
genotype persistent in human skin. Virology 302:224–228.

16. Nguyen QT, Sifer C, Schneider V, Allaume X, Servant A,
Bernaudin F, Auguste V, Garbarg-Chenon A. 1999. Novel
human erythrovirus associated with transient aplastic anemia.
J Clin Microbiol 37:2483–2487.

17. Nguyen QT, Wong S, Heegaard ED, Brown KE. 2002.
Identification and characterization of a second novel human
erythrovirus variant, A6. Virology 301:374–380.

18. Servant A, Laperche S, Lallemand F, Marinho V, De Saint
Maur G, Meritet JF, Garbarg-Chenon A. 2002. Genetic di-
versity within human erythroviruses: identification of three
genotypes. J Virol 76:9124–9134.

19. Norja P, Hokynar K, Aaltonen LM, Chen R, Ranki A,
Partio EK, Kiviluoto O, Davidkin I, Leivo T, Eis-Hübinger
AM, Schneider B, Fischer HP, Tolba R, Vapalahti O, Vaheri
A, Söderlund-Venermo M, Hedman K. 2006. Bioportfolio:
lifelong persistence of variant and prototypic erythrovirus
DNA genomes in human tissue. Proc Natl Acad Sci USA 103:
7450–7453.

20. Candotti D, Etiz N, Parsyan A, Allain JP. 2004. Identi-
fication and characterization of persistent human erythrovirus
infection in blood donor samples. J Virol 78:12169–12178.

21. Fryer JF, Delwart E, Bernardin F, Tuke PW, Lukashov VV,
Baylis SA. 2007. Analysis of two human parvovirus PARV4
genotypes identified in human plasma for fractionation. J Gen
Virol 88:2162–2167.

22. Matthews PC, Sharp CP, Malik A, Gregory WF, Adland E,
Jooste P, Goulder PJ, Simmonds P, Klenerman P. 2015.
Human parvovirus 4 infection among mothers and children in
South Africa. Emerg Infect Dis 21:713–715.

23. Panning M, Kobbe R, Vollbach S, Drexler JF, Adjei S, Adjei
O, Drosten C, May J, Eis-Hübinger AM. 2010. Novel human
parvovirus 4 genotype 3 in infants, Ghana. Emerg Infect Dis
16:1143–1146.

24. Simmonds P, Douglas J, Bestetti G, Longhi E, Antinori S,
Parravicini C, Corbellino M. 2008. A third genotype of the
human parvovirus PARV4 in sub-Saharan Africa. J Gen Virol
89:2299–2302.

25. Kapoor A, Simmonds P, Slikas E, Li L, Bodhidatta L, Se-
thabutr O, Triki H, Bahri O, Oderinde BS, Baba MM,
Bukbuk DN, Besser J, Bartkus J, Delwart E. 2010. Human
bocaviruses are highly diverse, dispersed, recombination prone,
and prevalent in enteric infections. J Infect Dis 201:1633–
1643.

26. Kapoor A, Mehta N, Esper F, Poljsak-Prijatelj M, Quan PL,
Qaisar N, Delwart E, Lipkin WI. 2010. Identification and
characterization of a new bocavirus species in gorillas. PLoS
One 5:e11948.

27. Yahiro T, Wangchuk S, Tshering K, Bandhari P, Zangmo S,
Dorji T, Tshering K, Matsumoto T, Nishizono A, Söderlund-
Venermo M, Ahmed K. 2014. Novel human bufavirus ge-
notype 3 in children with severe diarrhea, Bhutan. Emerg
Infect Dis 20:1037–1039.

28. Cecchini S, Negrete A, Virag T, Graham BS, Cohen JI,
Kotin RM. 2009. Evidence of prior exposure to human bo-
cavirus as determined by a retrospective serological study of
404 serum samples from adults in the United States. Clin
Vaccine Immunol 16:597–604.

29. Zou W, Cheng F, Shen W, Engelhardt JF, Yan Z, Qiu J.
Nonstructural protein NP1 of human bocavirus 1 plays a
critical role in the expression of viral capsid proteins. J Virol,
in press.

30. Halder S, Ng R, Agbandje-McKenna M. 2012. Parvoviruses:
structure and infection. Future Virol 7:253–278.

31. Cotmore SF, Tattersall P. 2006. Structure and organization of
the viral genome, p 73–94. In Kerr JR, Cotmore SF, Bloom
ME, Linden RM, Parrish CR (ed), Parvoviruses. Hodder Ar-
nold, London.

32. Sun Y, Chen AY, Cheng F, Guan W, Johnson FB, Qiu J.
2009. Molecular characterization of infectious clones of the
minute virus of canines reveals unique features of bocaviruses.
J Virol 83:3956–3967.

33. Böhmer A, Schildgen V, Lüsebrink J, Ziegler S, Tillmann
RL, Kleines M, Schildgen O. 2009. Novel application for
isothermal nucleic acid sequence-based amplification (NAS-
BA). J Virol Methods 158:199–201.

34. Ozawa K, Ayub J, Hao YS, Kurtzman G, Shimada T, Young
N. 1987. Novel transcription map for the B19 (human)
pathogenic parvovirus. J Virol 61:2395–2406.

35. Luo W, Astell CR. 1993. A novel protein encoded by small
RNAs of parvovirus B19. Virology 195:448–455.

36. Ozawa K, Ayub J, Young N. 1988. Functional mapping of the
genome of the B19 (human) parvovirus by in vitro translation
after negative hybrid selection. J Virol 62:2508–2511.

37. St Amand J, Astell CR. 1993. Identification and character-
ization of a family of 11-kDa proteins encoded by the human
parvovirus B19. Virology 192:121–131.

38. Modrow S. 2006. Parvovirus B19: the causative agent of di-
lated cardiomyopathy or a harmless passenger of the human
myocard? Ernst Schering Res Found Workshop 2006:63–82.

39. Chen AY, Cheng F, Lou S, Luo Y, Liu Z, Delwart E, Pintel
D, Qiu J. 2010. Characterization of the gene expression profile
of human bocavirus. Virology 403:145–154.

40. Ozawa K, Young N. 1987. Characterization of capsid and
noncapsid proteins of B19 parvovirus propagated in human
erythroid bone marrow cell cultures. J Virol 61:2627–2630.

41. Wong S, Momoeda M, Field A, Kajigaya S, Young NS. 1994.
Formation of empty B19 parvovirus capsids by the truncated
minor capsid protein. J Virol 68:4690–4694.

42. Kajigaya S, Fujii H, Field A, Anderson S, Rosenfeld S,
Anderson LJ, Shimada T, Young NS. 1991. Self-assembled
B19 parvovirus capsids, produced in a baculovirus system, are
antigenically and immunogenically similar to native virions.
Proc Natl Acad Sci USA 88:4646–4650.

43. Cotmore SF, Tattersall P. 2007. Parvoviral host range and cell
entry mechanisms. Adv Virus Res 70:183–232.

44. Zádori Z, Szelei J, Lacoste MC, Li Y, Gariépy S, Raymond P,
Allaire M, Nabi IR, Tijssen P. 2001. A viral phospholipase
A2 is required for parvovirus infectivity. Dev Cell 1:291–302.

45. Brown KE, Anderson SM, Young NS. 1993. Erythrocyte P
antigen: cellular receptor for B19 parvovirus. Science 262:114–
117.

46. Munakata Y, Saito-Ito T, Kumura-Ishii K, Huang J, Kodera
T, Ishii T, Hirabayashi Y, Koyanagi Y, Sasaki T. 2005. Ku80
autoantigen as a cellular coreceptor for human parvovirus B19
infection. Blood 106:3449–3456.

47. Weigel-Kelley KA, Yoder MC, Srivastava A. 2001. Re-
combinant human parvovirus B19 vectors: erythrocyte P an-
tigen is necessary but not sufficient for successful transduction
of human hematopoietic cells. J Virol 75:4110–4116.

30. Human Parvoviruses - 691



48. Weigel-Kelley KA, Yoder MC, Srivastava A. 2003. a5b1
integrin as a cellular coreceptor for human parvovirus B19:
requirement of functional activation of b1 integrin for viral
entry. Blood 102:3927–3933.

49. Leisi R, Ruprecht N, Kempf C, Ros C. 2013. Parvovirus B19
uptake is a highly selective process controlled by VP1u, a
novel determinant of viral tropism. J Virol 87:13161–13167.

50. Pillet S, Le Guyader N, Hofer T, NguyenKhac F, Koken M,
Aubin JT, Fichelson S, Gassmann M, Morinet F. 2004. Hy-
poxia enhances human B19 erythrovirus gene expression in
primary erythroid cells. Virology 327:1–7.

51. Chen AY, Kleiboeker S, Qiu J. 2011. Productive parvovirus
B19 infection of primary human erythroid progenitor cells at
hypoxia is regulated by STAT5A and MEK signaling but not
HIFa. PLoS Pathog 7:e1002088.

52. Lou S, Luo Y, Cheng F, Huang Q, Shen W, Kleiboeker S,
Tisdale JF, Liu Z, Qiu J. 2012. Human parvovirus B19 DNA
replication induces a DNA damage response that is dispens-
able for cell cycle arrest at phase G2/M. J Virol 86:10748–
10758.

53. Luo Y, Qiu J. 2013. Parvovirus infection–induced DNA
damage response. Future Virol 8:245–257.

54. Deng X, Yan Z, Cheng F, Engelhardt JF, Qiu J. 2016. Rep-
lication of an autonomous human parvovirus in non-dividing
human airway epithelium is facilitated through the DNA
damage and repair pathways. PLoS Pathog 12:e1005399.

55. Tattersall P, Ward DC. 1976. Rolling hairpin model for rep-
lication of parvovirus and linear chromosomal DNA. Nature
263:106–109.

56. Chen KC, Shull BC, Moses EA, Lederman M, Stout ER,
Bates RC. 1986. Complete nucleotide sequence and genome
organization of bovine parvovirus. J Virol 60:1085–1097.

57. Brown KE, Liu Z, Gallinella G,Wong S, Mills IP, O’Sullivan
MG. 2004. Simian parvovirus infection: a potential zoonosis.
J Infect Dis 190:1900–1907.

58. Kemenesi G, Dallos B, Görföl T, Estók P, Boldogh S, Kurucz
K, Oldal M, Marton S, Bányai K, Jakab F. 2015. Genetic
diversity and recombination within bufaviruses: detection of a
novel strain in Hungarian bats. Infect Genet Evol 33:288–292.

59. Sharp CP, LeBreton M, Kantola K, Nana A, Diffo JD,
Djoko CF, Tamoufe U, Kiyang JA, Babila TG, Ngole EM,
Pybus OG, Delwart E, Delaporte E, Peeters M, Söderlund-
Venermo M, Hedman K, Wolfe ND, Simmonds P. 2010.
Widespread infection with homologues of human parvoviruses
B19, PARV4, and human bocavirus of chimpanzees and go-
rillas in the wild. J Virol 84:10289–10296.

60. Green SW, Malkovska I, O’Sullivan MG, Brown KE. 2000.
Rhesus and pig-tailed macaque parvoviruses: identification of
two new members of the erythrovirus genus in monkeys. Vi-
rology 269:105–112.

61. O’Sullivan MG, Anderson DK, Goodrich JA, Tulli H,
Green SW, Young NS, Brown KE. 1997. Experimental in-
fection of cynomolgus monkeys with simian parvovirus. J Virol
71:4517–4521.

62. Ozawa K, Kurtzman G, Young N. 1986. Replication of the
B19 parvovirus in human bone marrow cell cultures. Science
233:883–886.

63. Komatsu N, Nakauchi H, Miwa A, Ishihara T, Eguchi M,
Moroi M, Okada M, Sato Y, Wada H, Yawata Y, Suda T,
Miura Y. 1991. Establishment and characterization of a hu-
man leukemic cell line with megakaryocytic features: depen-
dency on granulocyte-macrophage colony-stimulating factor,
interleukin 3, or erythropoietin for growth and survival.
Cancer Res 51:341–348.

64. Miyagawa E, Yoshida T, Takahashi H, Yamaguchi K, Nagano
T, Kiriyama Y, Okochi K, Sato H. 1999. Infection of the
erythroid cell line, KU812Ep6 with human parvovirus B19
and its application to titration of B19 infectivity. J Virol
Methods 83:45–54.

65. Pillet S, Le Guyader N, Hofer T, NguyenKhac F, Koken M,
Aubin JT, Fichelson S, Gassmann M, Morinet F. 2004. Hy-
poxia enhances human B19 erythrovirus gene expression in
primary erythroid cells. Virology 327:1–7.

66. GuanW,Wong S, Zhi N, Qiu J. 2009. The genome of human
parvovirus B19 can replicate in nonpermissive cells with the
help of adenovirus genes and produces infectious virus. J Virol
83:9541–9553.

67. Berns K, Parrish CR. 2006. Parvoviridae, p. 2437–2477. In
Knipe DM, Howley PM, Griffin DE, Lamb RA, Martin MA,
Reizman B, and Straus SE (ed), Fields Virology, 5th ed, vol. 2.
Wolters Kluwer, Lippincott Williams &Wilkins, Philadelphia,
PA.

68. Dijkman R, Koekkoek SM, Molenkamp R, Schildgen O, van
der Hoek L. 2009. Human bocavirus can be cultured in dif-
ferentiated human airway epithelial cells. J Virol 83:7739–
7748.

69. Huang Q, Deng X, Yan Z, Cheng F, Luo Y, Shen W, Lei-
Butters DC, Chen AY, Li Y, Tang L, Söderlund-VenermoM,
Engelhardt JF, Qiu J. 2012. Establishment of a reverse genetics
system for studying human bocavirus in human airway epi-
thelia. PLoS Pathog 8:e1002899.

70. Sattar SA, Springthorpe VS, Karim Y, Loro P. 1989.
Chemical disinfection of non-porous inanimate surfaces ex-
perimentally contaminated with four human pathogenic vi-
ruses. Epidemiol Infect 102:493–505.

71. Santagostino E, Mannucci PM, Gringeri A, Azzi A, Morfini
M, Musso R, Santoro R, Schiavoni M. 1997. Transmission of
parvovirus B19 by coagulation factor concentrates exposed to
100 degrees C heat after lyophilization. Transfusion 37:517–
522.

72. Hattori S, Yunoki M, Tsujikawa M, Urayama T, Tachibana
Y, Yamamoto I, Yamamoto S, Ikuta K. 2007. Variability of
parvovirus B19 to inactivation by liquid heating in plasma
products. Vox Sang 92:121–124.

73. Cohen BJ, Buckley MM. 1988. The prevalence of antibody to
human parvovirus B19 in England and Wales. J Med Microbiol
25:151–153.

74. Jensen IP, Thorsen P, Jeune B, Møller BR, Vestergaard BF.
2000. An epidemic of parvovirus B19 in a population of 3,596
pregnant women: a study of sociodemographic and medical
risk factors. BJOG 107:637–643.

75. Vyse AJ, Andrews NJ, Hesketh LM, Pebody R. 2007. The
burden of parvovirus B19 infection in women of childbear-
ing age in England and Wales. Epidemiol Infect 135:1354–
1362.

76. Chieochansin T, Vutithanachot V, Theamboonlers A, Poo-
vorawan Y. 2015. Bufavirus in fecal specimens of patients with
and without diarrhea in Thailand. Arch Virol 160:1781–1784.

77. Smits SL, Schapendonk CM, van Beek J, Vennema H,
Schürch AC, Schipper D, Bodewes R, Haagmans BL, Os-
terhaus AD, Koopmans MP. 2014. New viruses in idiopathic
human diarrhea cases, the Netherlands. Emerg Infect Dis 20:
1218–1222.

78. Väisänen E, Kuisma I, Phan TG, Delwart E, Lappalainen M,
Tarkka E, Hedman K, Söderlund-Venermo M. 2014. Bufa-
virus in feces of patients with gastroenteritis, Finland. Emerg
Infect Dis 20:1077–1079.

79. Mossong J, Hens N, Friederichs V, Davidkin I, Broman M,
Litwinska B, Siennicka J, Trzcinska A, Van Damme P,
Beutels P, Vyse A, Shkedy Z, Aerts M, Massari M, Gabutti
G. 2008. Parvovirus B19 infection in five European countries:
seroepidemiology, force of infection and maternal risk of in-
fection. Epidemiol Infect 136:1059–1068.

80. Melegaro A, Jit M, Gay N, Zagheni E, Edmunds WJ. 2011.
What types of contacts are important for the spread of infec-
tions? using contact survey data to explore European mixing
patterns. Epidemics 3:143–151.

81. Tolfvenstam T, Enbom M, Ghebrekidan H, Rudén U, Linde
A, Grandien M, Wahren B. 2000. Seroprevalence of viral
childhood infections in Eritrea. J Clin Virol 16:49–54.

82. Wildig J, Michon P, Siba P, Mellombo M, Ura A, Mueller I,
Cossart Y. 2006. Parvovirus B19 infection contributes to se-
vere anemia in young children in Papua New Guinea. J Infect
Dis 194:146–153.

83. de Freitas RB, Wong D, Boswell F, de Miranda MF, Linhares
AC, Shirley J, Desselberger U. 1990. Prevalence of human

692 - THE AGENTS—PART A: DNA VIRUSES



parvovirus (B19) and rubella virus infections in urban and
remote rural areas in northern Brazil. J Med Virol 32:203–208.

84. Ke L, He M, Li C, Liu Y, Gao L, Yao F, Li J, Bi X, Lv Y,
Wang J, Hirsch ML, Li W. 2011. The prevalence of human
parvovirus B19 DNA and antibodies in blood donors from four
Chinese blood centers. Transfusion 51:1909–1918.

85. Schwarz TF, Gürtler LG, Zoulek G, Deinhardt F, Roggen-
dorf M. 1989. Seroprevalence of human parvovirus B19 in-
fection in Sao Tomé and Principe, Malawi and Mascarene
Islands. Zentralbl Bakteriol 271:231–236.

86. Chorba T, Coccia P, Holman RC, Tattersall P, Anderson LJ,
Sudman J, Young NS, Kurczynski E, Saarinen UM, Moir R,
Lawrence DN, Jason JM, Evatt B. 1986. The role of parvo-
virus B19 in aplastic crisis and erythema infectiosum (fifth
disease). J Infect Dis 154:383–393.

87. Plummer FA, Hammond GW, Forward K, Sekla L,
Thompson LM, Jones SE, Kidd IM, Anderson MJ. 1985. An
erythema infectiosum–like illness caused by human parvovirus
infection. N Engl J Med 313:74–79.

88. Woolf AD, Campion GV, Chishick A, Wise S, Cohen BJ,
Klouda PT, Caul O, Dieppe PA. 1989. Clinical manifesta-
tions of human parvovirus B19 in adults.Arch Intern Med 149:
1153–1156.

89. Gillespie SM, Cartter ML, Asch S, Rokos JB, Gary GW,
Tsou CJ, Hall DB, Anderson LJ, Hurwitz ES. 1990. Occu-
pational risk of human parvovirus B19 infection for school
and day-care personnel during an outbreak of erythema in-
fectiosum. JAMA 263:2061–2065.

90. Cartter ML, Farley TA, Rosengren S, Quinn DL, Gillespie
SM, Gary GW, Hadler JL. 1991. Occupational risk factors for
infection with parvovirus B19 among pregnant women. J Infect
Dis 163:282–285.

91. Tuckerman JG, Brown T, Cohen BJ. 1986. Erythema in-
fectiosum in a village primary school: clinical and virological
studies. J R Coll Gen Pract 36:267–270.

92. Anderson MJ, Higgins PG, Davis LR,Willman JS, Jones SE,
Kidd IM, Pattison JR, Tyrrell DAJ. 1985. Experimental
parvoviral infection in humans. J Infect Dis 152:257–265.

93. Kantola K, Hedman L, Tanner L, Simell V, Mäkinen M,
Partanen J, Sadeghi M, Veijola R, Knip M, Ilonen J, Hyöty
H, Toppari J, Simell O, Hedman K, Söderlund-Venermo M.
2015. B-cell responses to human bocaviruses 1–4: new insights
from a childhood follow-up study. PLoS One 10:e0139096.

94. Kantola K, Hedman L, Arthur J, Alibeto A, Delwart E, Jartti
T, Ruuskanen O, Hedman K, Söderlund-Venermo M. 2011.
Seroepidemiology of human bocaviruses 1–4. J Infect Dis 204:
1403–1412.

95. Li X, Kantola K, Hedman L, Arku B, Hedman K,
Söderlund-Venermo M. 2015. Original antigenic sin with
human bocaviruses 1–4. J Gen Virol 96:3099–3108.

96. Erles K, Sebökovà P, Schlehofer JR. 1999. Update on the
prevalence of serum antibodies (IgG and IgM) to adeno-
associated virus (AAV). J Med Virol 59:406–411.

97. Sharp CP, Lail A, Donfield S, Simmons R, Leen C, Kle-
nerman P, Delwart E, Gomperts ED, Simmonds P. 2009.
High frequencies of exposure to the novel human parvovirus
PARV4 in hemophiliacs and injection drug users, as detected
by a serological assay for PARV4 antibodies. J Infect Dis 200:
1119–1125.

98. Simmons R, Sharp C, McClure CP, Rohrbach J, Kovari H,
Frangou E, Simmonds P, Irving W, Rauch A, Bowness P,
Klenerman P, Swiss HIV Cohort Study. 2012. Parvovirus 4
infection and clinical outcome in high-risk populations. J In-
fect Dis 205:1816–1820.

99. Lahtinen A, Kivelä P, Hedman L, Kumar A, Kantele A,
Lappalainen M, Liitsola K, Ristola M, Delwart E, Sharp C,
Simmonds P, Söderlund-Venermo M, Hedman K. 2011. Se-
rodiagnosis of primary infections with human parvovirus 4,
Finland. Emerg Infect Dis 17:79–82.

100. Sharp CP, Vermeulen M, Nébié Y, Djoko CF, LeBreton M,
Tamoufe U, Rimoin AW, Kayembe PK, Carr JK, Servant-
Delmas A, Laperche S, Harrison GL, Pybus OG, Delwart
E, Wolfe ND, Saville A, Lefrère JJ, Simmonds P. 2010.

Changing epidemiology of human parvovirus 4 infection in
sub-Saharan Africa. Emerg Infect Dis 16:1605–1607.

101. Tong R, Shen L, Yin W, Zhou W, Lu J, Zheng M, Bi S, Lou
Y, Tan W. 2013. Prevalence of human parvovirus B19, bo-
cavirus, and PARV4 in blood samples from the general pop-
ulation of China and lack of a correlation between parvovirus
and hepatitis B co-infection. PLoS One 8:e64391.

102. Altay A, Yahiro T, Bozdayi G, Matsumoto T, Sahin F, Ozkan
S, Nishizono A, Söderlund-Venermo M, Ahmed K. 2015.
Bufavirus genotype 3 in Turkish children with severe diarrhoea.
Clin Microbiol Infect 21:965.e1–965.e4; Epub ahead of print.

103. Health Protection Agency. 2012. Increased parvovirus B19
activity in England and Wales. Health Protection Report 6:2–3.
www.gov.uk/guidance/parvovirus-b19

104. Kelly HA, Siebert D, Hammond R, Leydon J, Kiely P,
Maskill W. 2000. The age-specific prevalence of human par-
vovirus immunity in Victoria, Australia compared with other
parts of the world. Epidemiol Infect 124:449–457.

105. Naides SJ. 1988. Erythema infectiosum (fifth disease) occur-
rence in Iowa. Am J Public Health 78:1230–1231.

106. Manning A, Willey SJ, Bell JE, Simmonds P. 2007. Com-
parison of tissue distribution, persistence, and molecular epi-
demiology of parvovirus B19 and novel human parvoviruses
PARV4 and human bocavirus. J Infect Dis 195:1345–1352.

107. Arnold JC, Singh KK, Spector SA, Sawyer MH. 2006. Hu-
man bocavirus: prevalence and clinical spectrum at a chil-
dren’s hospital. Clin Infect Dis 43:283–288.

108. Bastien N, Chui N, Robinson JL, Lee BE, Dust K, Hart L, Li
Y. 2007. Detection of human bocavirus in Canadian children
in a 1-year study. J Clin Microbiol 45:610–613.

109. Fry AM, Lu X, Chittaganpitch M, Peret T, Fischer J, Dowell
SF, Anderson LJ, Erdman D, Olsen SJ. 2007. Human boca-
virus: a novel parvovirus epidemiologically associated with
pneumonia requiring hospitalization in Thailand. J Infect Dis
195:1038–1045.

110. Kesebir D, Vazquez M, Weibel C, Shapiro ED, Ferguson D,
Landry ML, Kahn JS. 2006. Human bocavirus infection in
young children in the United States: molecular epidemiolog-
ical profile and clinical characteristics of a newly emerging
respiratory virus. J Infect Dis 194:1276–1282.

111. Lau SK, Yip CC, Que TL, Lee RA, Au-Yeung RK, Zhou B,
So LY, Lau YL, Chan KH,Woo PC, Yuen KY. 2007. Clinical
and molecular epidemiology of human bocavirus in respiratory
and fecal samples from children in Hong Kong. J Infect Dis
196:986–993.

112. Meriluoto M, Hedman L, Tanner L, Simell V, Mäkinen M,
Simell S, Mykkänen J, Korpelainen J, Ruuskanen O, Ilonen
J, Knip M, Simell O, Hedman K, Söderlund-Venermo M.
2012. Association of human bocavirus 1 infection with re-
spiratory disease in childhood follow-up study, Finland. Emerg
Infect Dis 18:264–271.

113. Anderson MJ, Davis LR, Jones SE, Pattison JR, Serjeant
GR. 1982. The development and use of an antibody capture
radioimmunoassay for specific IgM to a human parvovirus–like
agent. J Hyg (Lond) 88:309–324.

114. Azzi A, Morfini M, Mannucci PM. 1999. The transfusion-
associated transmission of parvovirus B19. Transfus Med Rev
13:194–204.

115. Brown KE, Young NS, Alving BM, Barbosa LH. 2001.
Parvovirus B19: implications for transfusion medicine. Sum-
mary of a workshop. Transfusion 41:130–135.

116. Williams MD, Cohen BJ, Beddall AC, Pasi KJ, Mortimer PP,
Hill FG. 1990. Transmission of human parvovirus B19 by
coagulation factor concentrates. Vox Sang 58:177–181.

117. Shneerson JM, Mortimer PP, Vandervelde EM. 1980. Febrile
illness due to a parvovirus. BMJ 280:1580.

118. Schmidt M, Themann A, Drexler C, Bayer M, Lanzer G,
Menichetti E, Lechner S, Wessin D, Prokoph B, Allain JP,
Seifried E, Hourfar MK. 2007. Blood donor screening for
parvovirus B19 in Germany and Austria. Transfusion 47:1775–
1782.

119. Nübling CM, Daas A, Buchheit KH. 2004. Collaborative
study for establishment of a European Pharmacopoei Biological

30. Human Parvoviruses - 693



Reference Preparation (BRP) for B19 virus DNA testing of
plasma pools by nucleic acid amplification technique. Phar-
meur Bio 2003:27–34.

120. Tabor E, Epstein JS. 2002. NAT screening of blood and
plasma donations: evolution of technology and regulatory
policy. Transfusion 42:1230–1237.

121. Dowell SF, Török TJ, Thorp JA, Hedrick J, Erdman DD,
Zaki SR, Hinkle CJ, Bayer WL, Anderson LJ. 1995. Par-
vovirus B19 infection in hospital workers: community or
hospital acquisition? J Infect Dis 172:1076–1079.

122. García-Tapia AM, Fernández-Gutiérrez del Alamo C, Girón
JA, Mira J, de la Rubia F, Martínez-Rodríguez A, Martín-
Reina MV, López-Caparrós R, Cáliz R, Caballero MS, Bas-
cuñana A. 1995. The spectrum of parvovirus B19 infection:
analysis of an outbreak of 43 cases in Cadiz, Spain. Clin Infect
Dis 21:1424–1430.

123. Miyamoto K, Ogami M, Takahashi Y, Mori T, Akimoto S,
Terashita H, Terashita T. 2000. Outbreak of human parvo-
virus B19 in hospital workers. J Hosp Infect 45:238–241.

124. Seng C, Watkins P, Morse D, Barrett SP, Zambon M, An-
drews N, Atkins M, Hall S, Lau YK, Cohen BJ. 1994. Par-
vovirus B19 outbreak on an adult ward. Epidemiol Infect
113:345–353.

125. Garner JS and The Hospital Infection Control Practices
Advisory Committee. 1996. Guideline for isolation precau-
tions in hospitals, 2nd ed., part 2. Rationale and recommen-
dations. Infect Control Hospital Epidemiol 17:53–80.

126. Enders M, Weidner A, Enders G. 2007. Current epidemio-
logical aspects of human parvovirus B19 infection during
pregnancy and childhood in the western part of Germany.
Epidemiol Infect 135:563–569.

127. Koch WC, Adler SP. 1989. Human parvovirus B19 infections
in women of childbearing age and within families. Pediatr In-
fect Dis J 8:83–87.

128. van Gessel PH, Gaytant MA, Vossen AC, Galama JM, Ur-
sem NT, Steegers EA, Wildschut HI. 2006. Incidence of
parvovirus B19 infection among an unselected population of
pregnant women in the Netherlands: A prospective study. Eur
J Obstet Gynecol Reprod Biol 128:46–49.

129. Riipinen A, Sallmén M, Hedman L, Ojajärvi A, Lindbohm
ML, Meriluoto M, Surcel HM, Taskinen H, Nuutila M,
Karikoski R, Hedman K, Söderlund-Venermo M. 2014. In-
creased risk of human parvovirus B19 infection in day-care
employees: a cohort study among pregnant workers during an
epidemic in Finland. Occup Environ Med 71:836–841.

130. Koch WC, Harger JH, Barnstein B, Adler SP. 1998.
Serologic and virologic evidence for frequent intrauterine
transmission of human parvovirus B19 with a primary mater-
nal infection during pregnancy. Pediatr Infect Dis J 17:489–
494.

131. Public Health Laboratory Service Working Party on Fifth
Disease. 1990. Prospective study of human parvovirus (B19)
infection in pregnancy. BMJ 300:1166–1170.

132. Miller E, Fairley CK, Cohen BJ, Seng C. 1998. Immediate
and long term outcome of human parvovirus B19 infection in
pregnancy. Br J Obstet Gynaecol 105:174–178.

133. Chen MY, Yang SJ, Hung CC. 2011. Placental transmission
of human parvovirus 4 in newborns with hydrops, Taiwan.
Emerg Infect Dis 17:1954–1956.

134. Riipinen A, Väisänen E, Lahtinen A, Karikoski R, Nuutila
M, Surcel HM, Taskinen H, Hedman K, Söderlund-
Venermo M. 2010. Absence of human bocavirus from de-
ceased fetuses and their mothers. J Clin Virol 47:186–188.

135. Norja P, Lassila R, Makris M. 2012. Parvovirus transmission
by blood products—a cause for concern? Br J Haematol
159:385–393.

136. Drexler JF, Reber U, Muth D, Herzog P, Annan A, Ebach F,
Sarpong N, Acquah S, Adlkofer J, Adu-Sarkodie Y, Panning
M, Tannich E, May J, Drosten C, Eis-Hübinger AM. 2012.
Human parvovirus 4 in nasal and fecal specimens from chil-
dren, Ghana. Emerg Infect Dis 18:1650–1653.

137. Morey AL, Ferguson DJP, Leslie KO, Taatjes DJ, Fleming
KA. 1993. Intracellular localization of parvovirus B19 nucleic

acid at the ultrastructural level by in situ hybridization with
digoxigenin-labelled probes. Histochem J 25:421–429.

138. Morey AL, Porter HJ, Keeling JW, Fleming KA. 1992. Non-
isotopic in situ hybridisation and immunophenotyping of in-
fected cells in the investigation of human fetal parvovirus
infection. J Clin Pathol 45:673–678.

139. Anderson LJ, Török TJ, Zaki SR. 1998. Human parvovirus
B19, p 3.0–3.20. In Wilfert CM (ed), Pediatric Infectious Dis-
eases. Current Medicine, Inc., and Churchill Livingstone,
Philadelphia, PA.

140. von dem Borne AE, Bos MJ, Joustra-Maas N, Tromp JF,
van’t Veer MB, van Wijngaarden-du Bois R, Tetteroo PA.
1986. A murine monoclonal IgM antibody specific for blood
group P antigen (globoside). Br J Haematol 63:35–46.

141. Adamson-Small LA, Ignatovich IV, Laemmerhirt MG,
Hobbs JA. 2014. Persistent parvovirus B19 infection in non-
erythroid tissues: possible role in the inflammatory and disease
process. Virus Res 190:8–16.

142. Hobbs JA. 2006. Detection of adeno-associated virus 2 and
parvovirus B19 in the human dorsolateral prefrontal cortex.
J Neurovirol 12:190–199.

143. Kobayashi S, Maruta A, Yamamoto T, Katayama N, Higuchi
R, Sakano Y, Fujita H, Koharazawa H, Tomita N, Taguchi J,
Kodama F, Nakamura Y, Shimizu A. 1998. Human parvovi-
rus B19 capsid antigen in granulocytes in parvovirus-B19-
induced pancytopenia after bone marrow transplantation.
Acta Haematol 100:195–199.

144. Söderlund-Venermo M, Hokynar K, Nieminen J, Rauta-
korpi H, Hedman K. 2002. Persistence of human parvovirus
B19 in human tissues. Pathol Biol (Paris) 50:307–316.

145. Takahashi M, Ito M, Sakamoto F, Shimizu N, Furukawa T,
Takahashi M, Matsunaga Y. 1995. Human parvovirus B19
infection: immunohistochemical and electron microscopic
studies of skin lesions. J Cutan Pathol 22:168–172.

146. Porter HJ, Khong TY, Evans MF, Chan VT-W, Fleming KA.
1988. Parvovirus as a cause of hydrops fetalis: detection by in
situ DNA hybridisation. J Clin Pathol 41:381–383.

147. Anderson LJ. 1987. Role of parvovirus B19 in human disease.
Pediatr Infect Dis J 6:711–718.

148. Kurtzman GJ, Cohen B, Meyers P, Amunullah A, Young
NS. 1988. Persistent B19 parvovirus infection as a cause of
severe chronic anaemia in children with acute lymphocytic
leukaemia. Lancet 2:1159–1162.

149. Hokynar K, Brunstein J, Söderlund-Venermo M, Kiviluoto
O, Partio EK, Konttinen Y, Hedman K. 2000. Integrity and
full coding sequence of B19 virus DNA persisting in human
synovial tissue. J Gen Virol 81:1017–1025.

150. Peterlana D, Puccetti A, Beri R, Ricci M, Simeoni S, Bor-
gato L, Scilanga L, Cerù S, Corrocher R, Lunardi C. 2003.
The presence of parvovirus B19 VP and NS1 genes in the
synovium is not correlated with rheumatoid arthritis. J Rheu-
matol 30:1907–1910.

151. Söderlund M, von Essen R, Haapasaari J, Kiistala U, Kivi-
luoto O, Hedman K. 1997. Persistence of parvovirus B19
DNA in synovial membranes of young patients with and
without chronic arthropathy. Lancet 349:1063–1065.

152. Lu J, Zhi N, Wong S, Brown KE. 2006. Activation of syn-
oviocytes by the secreted phospholipase A2 motif in the VP1-
unique region of parvovirus B19 minor capsid protein. J Infect
Dis 193:582–590.

153. Mackay IM. 2007. Human bocavirus: multisystem detection
raises questions about infection. J Infect Dis 196:968–970.

154. Lu X, Gooding LR, Erdman DD. 2008. Human bocavirus in
tonsillar lymphocytes. Emerg Infect Dis 14:1332–1334.

155. Norja P, Hedman L, Kantola K, Kemppainen K, Suvilehto J,
Pitkäranta A, Aaltonen LM, Seppänen M, Hedman K, Sö-
derlund-VenermoM. 2012. Occurrence of human bocaviruses
and parvovirus 4 in solid tissues. J Med Virol 84:1267–1273.

156. Deng X, Li Y, Qiu J. 2014. Human bocavirus 1 infects com-
mercially available primary human airway epithelium cultures
productively. J Virol Methods 195:112–119.

157. Khalfaoui S, Eichhorn V, Karagiannidis C, Bayh I, Brock-
mann M, Pieper M, Windisch W, Schildgen O, Schildgen V.

694 - THE AGENTS—PART A: DNA VIRUSES



2016. Lung Infection by human bocavirus induces the release
of profibrotic mediator cytokines in vivo and in vitro. PLoS
One 11:e0147010.

158. Friedman-Einat M, Grossman Z, Mileguir F, Smetana Z,
Ashkenazi M, Barkai G, Varsano N, Glick E, Mendelson E.
1997. Detection of adeno-associated virus type 2 sequences in
the human genital tract. J Clin Microbiol 35:71–78.

159. Brown KE. 1997. Human parvovirus B19 epidemiology and
clinical manifestations. Monogr Virol 20:42–60.

160. Eid AJ, Brown RA, Patel R, Razonable RR. 2006. Parvovirus
B19 infection after transplantation: a review of 98 cases. Clin
Infect Dis 43:40–48.

161. Koduri PR, Kumapley R, Valladares J, Teter C. 1999.
Chronic pure red cell aplasia caused by parvovirus B19 in
AIDS: use of intravenous immunoglobulin—a report of eight
patients. Am J Hematol 61:16–20.

162. Cassinotti P, Burtonboy G, Fopp M, Siegl G. 1997. Evidence
for persistence of human parvovirus B19 DNA in bone mar-
row. J Med Virol 53:229–232.

163. Lefrère JJ, Servant-Delmas A, Candotti D, Mariotti M,
Thomas I, Brossard Y, Lefrère F, Girot R, Allain JP, La-
perche S. 2005. Persistent B19 infection in immunocompe-
tent individuals: implications for transfusion safety. Blood 106:
2890–2895.

164. Lindblom A, Isa A, Norbeck O, Wolf S, Johansson B,
Broliden K, Tolfvenstam T. 2005. Slow clearance of human
parvovirus B19 viremia following acute infection. Clin Infect
Dis 41:1201–1203.

165. Lotze U, Egerer R, Glück B, Zell R, Sigusch H, Erhardt C,
Heim A, Kandolf R, Bock T, Wutzler P, Figulla HR. 2010.
Low level myocardial parvovirus B19 persistence is a frequent
finding in patients with heart disease but unrelated to ongoing
myocardial injury. J Med Virol 82:1449–1457.

166. Porter HJ, Quantrill AM, Fleming KA. 1988. B19 parvovirus
infection of myocardial cells. Lancet 1:535–536.

167. Wong S, Young NS, Brown KE. 2003. Prevalence of parvo-
virus B19 in liver tissue: no association with fulminant hepa-
titis or hepatitis-associated aplastic anemia. J Infect Dis 187:
1581–1586.

168. Munakata Y, Kato I, Saito T, Kodera T, Ishii KK, Sasaki T.
2006. Human parvovirus B19 infection of monocytic cell line
U937 and antibody-dependent enhancement. Virology 345:
251–257.

169. von Kietzell K, Pozzuto T, Heilbronn R, Grössl T, Fechner
H, Weger S. 2014. Antibody-mediated enhancement of par-
vovirus B19 uptake into endothelial cells mediated by a re-
ceptor for complement factor C1q. J Virol 88:8102–8115.

170. Schmidt-Lucke C, Zobel T, Schrepfer S, Kuhl U, Wang D,
Klingel K, Becher PM, Fechner H, Pozzuto T, Van Linthout
S, Lassner D, Spillmann F, Escher F, Holinski S, Volk HD,
Schultheiss HP, Tschope C. 2015. Impaired endothelial re-
generation through human parvovirus B19–infected circulat-
ing angiogenic cells in patients with cardiomyopathy. J Infect
Dis 212:1070–1081; Epub ahead of print.

171. Lehtoranta L, Söderlund-Venermo M, Nokso-Koivisto J,
Toivola H, Blomgren K, Hatakka K, Poussa T, Korpela R,
Pitkäranta A. 2012. Human bocavirus in the nasopharynx of
otitis-prone children. Int J Pediatr Otorhinolaryngol 76:206–
211.

172. Martin ET, Fairchok MP, Kuypers J, Magaret A, Zerr DM,
Wald A, Englund JA. 2010. Frequent and prolonged shedding
of bocavirus in young children attending daycare. J Infect Dis
201:1625–1632.

173. Martin ET, Kuypers J, McRoberts JP, Englund JA, Zerr DM.
2015. Human bocavirus 1 primary infection and shedding in
infants. J Infect Dis 212:516–524.

174. Söderlund-Venermo M, Lahtinen A, Jartti T, Hedman L,
Kemppainen K, Lehtinen P, Allander T, Ruuskanen O,
Hedman K. 2009. Clinical assessment and improved diagnosis
of bocavirus-induced wheezing in children, Finland. Emerg
Infect Dis 15:1423–1430.

175. Pellett PE. 2015. Indictment by association: once is not
enough. J Infect Dis 212:509–512.

176. Castro Wagner J, Pyles RB, Miller AL, Nokso-Koivisto J,
Loeffelholz MJ, Chonmaitree T. 2016. Determining persis-
tence of bocavirus DNA in the respiratory tract of children by
pyrosequencing. Pediatr Infect Dis J 35:471–471.

177. Aronen M, Viikari L, Vuorinen T, Langen H, Hämeenaho
M, Sadeghi M, Söderlund-Venermo M, Viitanen M, Jartti T.
Virus etiology of airway illness in the elderly. J Am Geriatr Soc,
in press.

178. Jula A, Waris M, Kantola K, Peltola V, Söderlund-Venermo
M, Hedman K, Ruuskanen O. 2013. Primary and secondary
human bocavirus 1 infections in a family, Finland. Emerg Infect
Dis 19:1328–1331.

179. Kapusinszky B, Minor P, Delwart E. 2012. Nearly constant
shedding of diverse enteric viruses by two healthy infants. J
Clin Microbiol 50:3427–3434.

180. Manaresi E, Gallinella G, Zerbini M, Venturoli S, Gentilomi
G, Musiani M. 1999. IgG immune response to B19 parvovirus
VP1 and VP2 linear epitopes by immunoblot assay. J Med Virol
57:174–178.

181. Söderlund M, Brown CS, Spaan WJM, Hedman L, Hedman
K. 1995. Epitope type-specific IgG responses to capsid proteins
VP1 and VP2 of human parvovirus B19. J Infect Dis 172:
1431–1436.

182. Hemauer A, Gigler A, Searle K, Beckenlehner K, Raab U,
Broliden K, Wolf H, Enders G, Modrow S. 2000. Seropre-
valence of parvovirus B19 NS1-specific IgG in B19-infected
and uninfected individuals and in infected pregnant women.
J Med Virol 60:48–55.

183. Jones LP, Erdman DD, Anderson LJ. 1999. Prevalence of
antibodies to human parvovirus B19 nonstructural protein in
persons with various clinical outcomes following B19 infec-
tion. J Infect Dis 180:500–504.

184. von Poblotzki A, Hemauer A, Gigler A, Puchhammer-
Stöckl E, Heinz FX, Pont J, Laczika K, Wolf H, Modrow S.
1995. Antibodies to the nonstructural protein of parvovirus
B19 in persistently infected patients: implications for patho-
genesis. J Infect Dis 172:1356–1359.

185. Franssila R, Hokynar K, Hedman K. 2001. T helper cell-
mediated in vitro responses of recently and remotely infected
subjects to a candidate recombinant vaccine for human par-
vovirus B19. J Infect Dis 183:805–809.

186. Franssila R, Auramo J, Modrow S, Möbs M, Oker-Blom C,
Käpylä P, Söderlund-VenermoM, Hedman K. 2005. T helper
cell-mediated interferon-gamma expression after human par-
vovirus B19 infection: persisting VP2-specific and transient
VP1u-specific activity. Clin Exp Immunol 142:53–61.

187. Isa A, Kasprowicz V, Norbeck O, Loughry A, Jeffery K,
Broliden K, Klenerman P, Tolfvenstam T, Bowness P. 2005.
Prolonged activation of virus-specific CD8+T cells after acute
B19 infection. PLoS Med 2:e343.

188. Isa A, Norbeck O, Hirbod T, Lundqvist A, Kasprowicz V,
Bowness P, Klenerman P, Broliden K, Tolfvenstam T. 2006.
Aberrant cellular immune responses in humans infected per-
sistently with parvovirus B19. J Med Virol 78:129–133.

189. Kasprowicz V, Isa A, Tolfvenstam T, Jeffery K, Bowness P,
Klenerman P. 2006. Tracking of peptide-specific CD4+ T-cell
responses after an acute resolving viral infection: a study of
parvovirus B19. J Virol 80:11209–11217.

190. Norbeck O, Isa A, Pöhlmann C, Broliden K, Kasprowicz V,
Bowness P, Klenerman P, Tolfvenstam T. 2005. Sustained
CD8+ T-cell responses induced after acute parvovirus B19
infection in humans. J Virol 79:12117–12121.

191. von Poblotzki A, Gerdes C, Reischl U, Wolf H, Modrow S.
1996. Lymphoproliferative responses after infection with hu-
man parvovirus B19. J Virol 70:7327–7330.

192. Kantola K, Hedman L, Allander T, Jartti T, Lehtinen P,
Ruuskanen O, Hedman K, Söderlund-Venermo M. 2008.
Serodiagnosis of human bocavirus infection. Clin Infect Dis
46:540–546.

193. Lindner J, Karalar L, Zehentmeier S, Plentz A, Pfister H,
Struff W, Kertai M, Segerer H, Modrow S. 2008. Humoral
immune response against human bocavirus VP2 virus-like
particles. Viral Immunol 21:443–449.

30. Human Parvoviruses - 695



194. Calcedo R, Wilson JM. 2013. Humoral immune response to
AAV. Front Immunol 4:341 (1–7).

195. Chen J, Wu Q, Yang P, Hsu HC, Mountz JD. 2006. Deter-
mination of specific CD4 and CD8 T cell epitopes af-
ter AAV2- and AAV8-hF.IX gene therapy. Mol Ther 13:
260–269.

196. Sharp CP, Lail A, Donfield S, Gomperts ED, Simmonds P.
2012. Virologic and clinical features of primary infection with
human parvovirus 4 in subjects with hemophilia: frequent
transmission by virally inactivated clotting factor concen-
trates. Transfusion 52:1482–1489.

197. Simmons R, Sharp C, Sims S, Kloverpris H, Goulder P,
Simmonds P, Bowness P, Klenerman P. 2011. High frequency,
sustained T cell responses to PARV4 suggest viral persistence
in vivo. J Infect Dis 203:1378–1387.

198. Ager EA, Chin TDY, Poland JD. 1966. Epidemic erythema
infectiosum. N Engl J Med 275:1326–1331.

199. Pattison JR, Jones SE, Hodgson J, Davis LR, White JM,
Stroud CE, Murtaza L. 1981. Parvovirus infections and
hypoplastic crisis in sickle-cell anaemia. Lancet 1:664–665.

200. Saarinen UM, Chorba TL, Tattersall P, Young NS, Ander-
son LJ, Palmer E, Coccia PF. 1986. Human parvovirus
B19-induced epidemic acute red cell aplasia in patients with
hereditary hemolytic anemia. Blood 67:1411–1417.

201. Serjeant GR, Serjeant BE, Thomas PW, Anderson MJ, Pa-
tou G, Pattison JR. 1993. Human parvovirus infection in
homozygous sickle cell disease. Lancet 341:1237–1240.

202. Frickhofen N, Young NS. 1989. Persistent parvovirus B19
infections in humans. Microb Pathog 7:319–327.

203. Kurtzman G, Frickhofen N, Kimball J, Jenkins DW, Nien-
huis AW, Young NS. 1989. Pure red-cell aplasia of 10 years’
duration due to persistent parvovirus B19 infection and its
cure with immunoglobulin therapy. N Engl J Med 321:519–
523.

204. Kurtzman GJ, Cohen BJ, Field AM, Oseas R, Blaese RM,
Young NS. 1989b. Immune response to B19 parvovirus and an
antibody defect in persistent viral infection. J Clin Invest 84:
1114–1123.

205. Forestier F, Tissot J-D, Vial Y, Daffos F, Hohlfeld P. 1999.
Haematological parameters of parvovirus B19 infection in 13
fetuses with hydrops foetalis. Br J Haematol 104:925–927.

206. Török TJ, Wang Q-Y, Gary GW Jr, Yang C-F, Finch TM,
Anderson LJ. 1992. Prenatal diagnosis of intrauterine infec-
tion with parvovirus B19 by the polymerase chain reaction
technique. Clin Infect Dis 14:149–155.

207. Ismail KM, Martin WL, Ghosh S, Whittle MJ, Kilby MD.
2001. Etiology and outcome of hydrops fetalis. J Matern Fetal
Med 10:175–181.

208. Nagel HT, de Haan TR, Vandenbussche FP, Oepkes D,
Walther FJ. 2007. Long-term outcome after fetal transfusion
for hydrops associated with parvovirus B19 infection. Obstet
Gynecol 109:42–47.

209. Enders M, Weidner A, Zoellner I, Searle K, Enders G. 2004.
Fetal morbidity and mortality after acute human parvovirus
B19 infection in pregnancy: prospective evaluation of 1018
cases. Prenat Diagn 24:513–518.

210. Rodis JF, Rodner C, Hansen AA, Borgida AF, Deoliveira I,
Shulman Rosengren S. 1998. Long-term outcome of children
following maternal human parvovirus B19 infection. Obstet
Gynecol 91:125–128.

211. Ergaz Z, Ornoy A. 2006. Parvovirus B19 in pregnancy. Reprod
Toxicol 21:421–435.

212. Essary LR, Vnencak-Jones CL, Manning SS, Olson SJ,
Johnson JE. 1998. Frequency of parvovirus B19 infection in
nonimmune hydrops fetalis and utility of three diagnostic
methods. Hum Pathol 29:696–701.

213. Centers for Disease Control (CDC). 1989. Risks associated
with human parvovirus B19 infection. MMWR Morb Mortal
Wkly Rep 38:81–88, 93–97.

214. Enders M, Klingel K, Weidner A, Baisch C, Kandolf R,
Schalasta G, Enders G. 2010. Risk of fetal hydrops and non-
hydropic late intrauterine fetal death after gestational parvo-
virus B19 infection. J Clin Virol 49:163–168.

215. Chisaka H, Ito K, Niikura H, Sugawara J, Takano T, Mur-
akami T, Terada Y, Okamura K, Shiroishi H, Sugamura K,
Yaegashi N. 2006. Clinical manifestations and outcomes of
parvovirus B19 infection during pregnancy in Japan. Tohoku J
Exp Med 209:277–283.

216. Harger JH, Adler SP, Koch WC, Harger GF. 1998. Pro-
spective evaluation of 618 pregnant women exposed to par-
vovirus B19: risks and symptoms. Obstet Gynecol 91:413–420.

217. Schmid S, Bossart W, Michel BA, Brühlmann P. 2007.
Outcome of patients with arthritis and parvovirus B19 DNA
in synovial membranes. Rheumatol Int 27:747–751.

218. Lehmann HW, Knöll A, Küster RM, Modrow S. 2003.
Frequent infection with a viral pathogen, parvovirus B19, in
rheumatic diseases of childhood. Arthritis Rheum 48:1631–
1638.

219. Lehmann HW, Plentz A, von Landenberg P, Kuster RM,
Modrow S. 2008. Different patterns of disease manifestations
of parvovirus B19-associated reactive juvenile arthritis and the
induction of antiphospholipid-antibodies. Clin Rheumatol 27:
333–338.

220. Naides SJ, Scharosch LL, Foto F, Howard EJ, Initial
Two-Year Clinical Experience. 1990. Rheumatologic mani-
festations of human parvovirus B19 infection in adults. Initial
two-year clinical experience. Arthritis Rheum 33:1297–1309.

221. Aletaha D, Neogi T, Silman AJ, Funovits J, Felson DT,
Bingham CO III, BirnbaumNS, Burmester GR, Bykerk VP,
Cohen MD, Combe B, Costenbader KH, Dougados M,
Emery P, Ferraccioli G, Hazes JM, Hobbs K, Huizinga TW,
Kavanaugh A, Kay J, Kvien TK, Laing T, Mease P, Ménard
HA, Moreland LW, Naden RL, Pincus T, Smolen JS,
Stanislawska-Biernat E, Symmons D, Tak PP, Upchurch
KS, Vencovský J, Wolfe F, Hawker G. 2010. 2010 Rheu-
matoid arthritis classification criteria: an American College of
Rheumatology/European League Against Rheumatism col-
laborative initiative. Arthritis Rheum 62:2569–2581.

222. Chia JK, Jackson B. 1996. Myopericarditis due to parvovirus
B19 in an adult. Clin Infect Dis 23:200–201.

223. Enders G, Dötsch J, Bauer J, Nützenadel W, Hengel H,
Haffner D, Schalasta G, Searle K, Brown KE. 1998. Life-
threatening parvovirus B19-associated myocarditis and cardiac
transplantation as possible therapy: two case reports. Clin In-
fect Dis 26:355–358.

224. Naides SJ, Weiner CP. 1989. Antenatal diagnosis and palli-
ative treatment of non-immune hydrops fetalis secondary to
fetal parvovirus B19 infection. Prenat Diagn 9:105–114.

225. Morey AL, Keeling JW, Porter HJ, Fleming KA. 1992.
Clinical and histopathological features of parvovirus B19 in-
fection in the human fetus. Br J Obstet Gynaecol 99:566–574.

226. Escher F, Modrow S, Sabi T, Kühl U, Lassner D, Schultheiss
HP, Noutsias M. 2008. Parvovirus B19 profiles in patients
presenting with acute myocarditis and chronic dilated car-
diomyopathy. Med Sci Monit 14:CR589–CR597.

227. Kuethe F, Lindner J, Matschke K, Wenzel JJ, Norja P,
Ploetze K, Schaal S, Kamvissi V, Bornstein SR, Schwane-
beck U, Modrow S. 2009. Prevalence of parvovirus B19 and
human bocavirus DNA in the heart of patients with no evi-
dence of dilated cardiomyopathy or myocarditis. Clin Infect Dis
49:1660–1666.

228. Hatakka A, Klein J, He R, Piper J, Tam E, Walkty A. 2011.
Acute hepatitis as a manifestation of parvovirus B19 infection.
J Clin Microbiol 49:3422–3424.

229. Yoto Y, Kudoh T, Haseyama K, Suzuki N, Chiba S. 1996.
Human parvovirus B19 infection associated with acute hepa-
titis. Lancet 347:868–869.

230. Weinberg JM, Wolfe JT, Frattali AL, Werth VP, Naides SJ,
Spiers EM. 1996. Parvovirus B19 infection associated with
acute hepatitis, arthralgias, and rash. J Clin Rheumatol 2:
85–88.

231. Sun L, Zhang JC, Jia ZS. 2011. Association of parvovirus
B19 infection with acute icteric hepatitis in adults. Scand
J Infect Dis 43:547–549.

232. Hsu TC, Chen TY, Lin MC, Tzang BS, Tsay GJ. 2005.
Human parvovirus B19 infection in patients with chronic

696 - THE AGENTS—PART A: DNA VIRUSES



hepatitis B or hepatitis C infection. J Gastroenterol Hepatol 20:
733–738.

233. Lee WM, Brown KE, Young NS, Dawson GJ, Schlauder
GG, Gutierrez RA, Fontana R, Rossaro L, Davern T, Lalani
E, Acute Liver Failure Study Group. 2006. Brief report: no
evidence for parvovirus B19 or hepatitis E virus as a cause of
acute liver failure. Dig Dis Sci 51:1712–1715.

234. Ieiri N, Hotta O, Taguma Y. 2005. Characteristics of acute
glomerulonephritis associated with human parvovirus B19
infection. Clin Nephrol 64:249–257.

235. Török TJ. 1997. Unusual clinical manifestations reported
in patients with parvovirus B19 infection. Monogr Virol 20:
61–92.

236. Takeda S, Takaeda C, Takazakura E, Haratake J. 2001. Re-
nal involvement induced by human parvovirus B19 infection.
Nephron 89:280–285.

237. Maple PA, Hedman L, Dhanilall P, Kantola K, Nurmi V,
Söderlund-Venermo M, Brown KE, Hedman K. 2014.
Identification of past and recent parvovirus B19 infection in
immunocompetent individuals by quantitative PCR and en-
zyme immunoassays: a dual-laboratory study. J Clin Microbiol
52:947–956.

238. Reiner AP, Spivak JL. 1988. Hematophagic histiocytosis. A
report of 23 new patients and a review of the literature.
Medicine (Baltimore) 67:369–388.

239. Risdall RJ, McKenna RW, Nesbit ME, Krivit W, Balfour HH
Jr, Simmons RL, Brunning RD. 1979. Virus-associated he-
mophagocytic syndrome: a benign histiocytic proliferation
distinct from malignant histiocytosis. Cancer 44:993–1002.

240. Shirono K, Tsuda H. 1995. Parvovirus B19-associated hae-
mophagocytic syndrome in healthy adults. Br J Haematol 89:
923–926.

241. Carrascosa JM, Just M, Ribera M, Ferrándiz C. 1998. Papular
acrodermatitis of childhood related to poxvirus and parvovirus
B19 infection. Cutis 61:265–267.

242. Dereure O, Montes B, Guilhou JJ. 1995. Acute generalized
livedo reticularis with myasthenialike syndrome revealing
parvovirus B19 primary infection. Arch Dermatol 131:744–
745.

243. Harel L, Straussberg I, Zeharia A, Praiss D, Amir J. 2002.
Papular purpuric rash due to parvovirus B19 with distribution
on the distal extremities and the face. Clin Infect Dis 35:1558–
1561.

244. McNeely M, Friedman J, Pope E. 2005. Generalized petechial
eruption induced by parvovirus B19 infection. J Am Acad
Dermatol 52(Suppl 1):S109–S113.

245. Barah F, Whiteside S, Batista S, Morris J. 2014. Neurological
aspects of human parvovirus B19 infection: a systematic re-
view. Rev Med Virol 24:154–168.

246. Laurenz M, Winkelmann B, Roigas J, Zimmering M, Quer-
feld U, Müller D. 2006. Severe parvovirus B19 encephalitis
after renal transplantation. Pediatr Transplant 10:978–981.

247. Isumi H, Nunoue T, Nishida A, Takashima S. 1999. Fetal
brain infection with human parvovirus B19. Pediatr Neurol
21:661–663.

248. Mitui MT, Tabib SM, Matsumoto T, Khanam W, Ahmed S,
Mori D, Akhter N, Yamada K, Kabir L, Nishizono A,
Söderlund-VenermoM, Ahmed K. 2012. Detection of human
bocavirus in the cerebrospinal fluid of children with enceph-
alitis. Clin Infect Dis 54:964–967.

249. Ur�si�c T, Krivec U, Kalan G, Petrovec M. 2015. Fatal human
bocavirus infection in an 18-month-old child with chronic
lung disease of prematurity. Pediatr Infect Dis J 34:111–112.

250. Edner N, Castillo-Rodas P, Falk L, Hedman K, Söderlund-
Venermo M, Allander T. 2012. Life-threatening respiratory
tract disease with human bocavirus-1 infection in a 4-year-old
child. J Clin Microbiol 50:531–532.

251. Allander T, Jartti T, Gupta S, Niesters HG, Lehtinen P,
Osterback R, Vuorinen T, Waris M, Bjerkner A, Tiveljung-
Lindell A, van den Hoogen BG, Hyypiä T, Ruuskanen O.
2007. Human bocavirus and acute wheezing in children. Clin
Infect Dis 44:904–910.

252. Qu XW, Duan ZJ, Qi ZY, Xie ZP, Gao HC, Liu WP, Huang
CP, Peng FW, Zheng LS, Hou YD. 2007. Human bocavirus
infection, People’s Republic of China. Emerg Infect Dis 13:
165–168.

253. Jartti L, Langen H, Söderlund-Venermo M, Vuorinen T,
Ruuskanen O, Jartti T. 2011. New respiratory viruses and the
elderly. Open Respir Med J 5:61–69.

254. Manning A, Russell V, Eastick K, Leadbetter GH, Hallam
N, Templeton K, Simmonds P. 2006. Epidemiological profile
and clinical associations of human bocavirus and other human
parvoviruses. J Infect Dis 194:1283–1290.

255. Vallet C, Pons-Catalano C, Mandelcwajg A, Wang A, Ray-
mond J, Lebon P, Gendrel D. 2009. Human bocavirus: a cause
of severe asthma exacerbation in children. J Pediatr 155:286–
288.

256. Hindiyeh MY, Keller N, Mandelboim M, Ram D, Rubinov J,
Regev L, Levy V, Orzitzer S, Shaharabani H, Azar R,
Mendelson E, Grossman Z. 2008. High rate of human boca-
virus and adenovirus coinfection in hospitalized Israeli chil-
dren. J Clin Microbiol 46:334–337.

257. Pozo F, García-García ML, Calvo C, Cuesta I, Pérez-Breña
P, Casas I. 2007. High incidence of human bocavirus infection
in children in Spain. J Clin Virol 40:224–228.

258. Christensen A, Døllner H, Skanke LH, Krokstad S, Moe N,
Nordbø SA. 2013. Detection of spliced mRNA from human
bocavirus 1 in clinical samples from children with respiratory
tract infections. Emerg Infect Dis 19:574–580.

259. Don M, Söderlund-Venermo M, Valent F, Lahtinen A,
Hedman L, Canciani M, Hedman K, Korppi M. 2010. Se-
rologically verified human bocavirus pneumonia in children.
Pediatr Pulmonol 45:120–126.

260. Christensen A, Nordbø SA, Krokstad S, Rognlien AG,
Døllner H. 2010. Human bocavirus in children: mono-
detection, high viral load and viraemia are associated with
respiratory tract infection. J Clin Virol 49:158–162.

261. Moesker FM, van Kampen JJ, van der Eijk AA, van Rossum
AM, de Hoog M, Schutten M, Smits SL, Bodewes R, Os-
terhaus AD, Fraaij PL. 2015. Human bocavirus infection as a
cause of severe acute respiratory tract infection in children.
Clin Microbiol Infect 21:964.e1–964.e8.

262. Lee JI, Chung JY, Han TH, Song MO, Hwang ES. 2007.
Detection of human bocavirus in children hospitalized because
of acute gastroenteritis. J Infect Dis 196:994–997.

263. Paloniemi M, Lappalainen S, Salminen M, Kätkä M, Kantola
K, Hedman L, Hedman K, Söderlund-Venermo M, Vesikari
T. 2014. Human bocaviruses are commonly found in stools of
hospitalized children without causal association to acute gas-
troenteritis. Eur J Pediatr 173:1051–1057.

264. Vicente D, Cilla G, Montes M, Pérez-Yarza EG, Pérez-
Trallero E. 2007. Human bocavirus, a respiratory and enteric
virus. Emerg Infect Dis 13:636–637.

265. de Vries JJC, Bredius RGM, van Rheenen PF, Smiers FJW,
Schölvinck EH, Vossen ACTM, Claas ECJ, Niesters HGM.
2009. Human bocavirus in an immunocompromised child
presenting with severe diarrhea. J Clin Microbiol 47:1241–
1243.

266. Windisch W, Schildgen V, Malecki M, Lenz J, Brockmann
M, Karagiannidis C, Schildgen O. 2013. Detection of HBoV
DNA in idiopathic lung fibrosis, Cologne, Germany. J Clin
Virol 58:325–327.

267. Sadeghi M, Kantola K, Finnegan DPJ, McCaughey C,
Hedman L, Söderlund-Venermo M, Hedman K. 2013. Pos-
sible involvement of human bocavirus 1 in the death of a
middle-aged immunosuppressed patient. J Clin Microbiol 51:
3461–3463.

268. Costa C, Bergallo M, Cavallo R. 2009. Detection of human
bocavirus in bronchoalveolar lavage from Italian adult pa-
tients. J Clin Virol 45:81–82.

269. Garbino J, Soccal PM, Aubert JD, Rochat T, Meylan P,
Thomas Y, Tapparel C, Bridevaux PO, Kaiser L. 2009.
Respiratory viruses in bronchoalveolar lavage: a hospital-based
cohort study in adults. Thorax 64:399–404.

30. Human Parvoviruses - 697



270. Kantola K, Sadeghi M, Antikainen J, Kirveskari J, Delwart
E, Hedman K, Söderlund-Venermo M. 2010. Real-time
quantitative PCR detection of four human bocaviruses. J Clin
Microbiol 48:4044–4050.

271. Jin Y, Cheng WX, Xu ZQ, Liu N, Yu JM, Li HY, Jin M, Li
DD, Zhang Q, Duan ZJ. 2011. High prevalence of human
bocavirus 2 and its role in childhood acute gastroenteritis in
China. J Clin Virol 52:251–253.

272. Brebion A, Vanlieferinghen P, Déchelotte P, Boutry M,
Peigue-Lafeuille H, Henquell C. 2014. Fatal subacute myo-
carditis associated with human bocavirus 2 in a 13-month-old
child. J Clin Microbiol 52:1006–1008.

273. Chieochansin T, Vutithanachot V, Theamboonlers A,
Poovorawan Y. 2015. Bufavirus in fecal specimens of pa-
tients with and without diarrhea in Thailand. Arch Virol
160:1781–1784.

274. Hedman L, Söderlund-Venermo M, Jartti T, Ruuskanen O,
Hedman K. 2010. Dating of human bocavirus infection with
protein-denaturing IgG-avidity assays—secondary immune ac-
tivations are ubiquitous in immunocompetent adults. J Clin
Virol 48:44–48.

275. Söderlund M, Brown CS, Cohen BJ, Hedman K. 1995.
Accurate serodiagnosis of B19 parvovirus infections by mea-
surement of IgG avidity. J Infect Dis 171:710–713.

276. Anderson LJ, Tsou C, Parker RA, Chorba TL, Wulff H,
Tattersall P, Mortimer PP. 1986. Detection of antibodies and
antigens of human parvovirus B19 by enzyme-linked immu-
nosorbent assay. J Clin Microbiol 24:522–526.

277. Cohen BJ, Mortimer PP, Pereira MS. 1983. Diagnostic assays
with monoclonal antibodies for the human serum parvovirus-
like virus (SPLV). J Hyg (Lond) 91:113–130.

278. Sakata H, Ihara H, Sato S, Kato T, Ikeda H, Sekiguchi S.
1999. Efficiency of donor screening for human parvovirus B19
by the receptor-mediated hemagglutination assay method. Vox
Sang 77:197–203.

279. Koskinen JO, Vainionpää R, Meltola NJ, Soukka J, Hän-
ninen PE, Soini AE. 2007. Rapid method for detection of
influenza A and B virus antigens by use of a two-photon ex-
citation assay technique and dry-chemistry reagents. J Clin
Microbiol 45:3581–3588.

280. Gunell M, Antikainen P, Porjo N, Irjala K, Vakkila J, Ho-
takainen K, Kaukoranta SS, Hirvonen JJ, Saha K, Manninen
R, Forsblom B, Rantakokko-Jalava K, Peltola V, Koskinen
JO, Huovinen P. 2016. Comprehensive real-time epidemio-
logical data from respiratory infections in Finland between
2010 and 2014 obtained from an automated and multianalyte
mariPOC� respiratory pathogen test. Eur J Clin Microbiol In-
fect Dis 35:405–413; Epub ahead of print.

281. Bruning AHL, Susi P, Toivola H, Christensen A,
Söderlund-Venermo M, Hedman K, Aatola H, Zvirbliene A,
Koskinen JO. 2016. Detection and monitoring of human
bocavirus 1 infection by a new rapid antigen test. New Mi-
crobes New Infect 11:17–19.

282. Buller RS, Storch G. 2004. Evaluation of a real-time PCR
assay using the LightCycler system for detection of parvovirus
B19 DNA. J Clin Microbiol 42:3326–3328.

283. Hokynar K, Norja P, Laitinen H, Palomäki P, Garbarg-
Chenon A, Ranki A, Hedman K, Söderlund-Venermo M.
2004. Detection and differentiation of human parvovirus
variants by commercial quantitative real-time PCR tests. J Clin
Microbiol 42:2013–2019.

284. Baylis SA, Shah N, Minor PD. 2004. Evaluation of different
assays for the detection of parvovirus B19 DNA in human
plasma. J Virol Methods 121:7–16.

285. Baylis SA, Ma L, Padley DJ, Heath AB, Yu MW, Collabo-
rative Study Group. 2012. Collaborative study to establish a
World Health Organization International genotype panel for
parvovirus B19 DNA nucleic acid amplification technology
(NAT)-based assays. Vox Sang 102:204–211.

286. Bostic JR, Brown KE, Young NS, Koenig S. 1999. Quanti-
tative analysis of neutralizing immune responses to human
parvovirus B19 using a novel reverse transcriptase-polymerase
chain reaction–based assay. J Infect Dis 179:619–626.

287. Lu X, Chittaganpitch M, Olsen SJ, Mackay IM, Sloots TP,
Fry AM, Erdman DD. 2006. Real-time PCR assays for de-
tection of bocavirus in human specimens. J Clin Microbiol 44:
3231–3235.

288. Erdman DD, Usher MJ, Tsou C, Caul EO, Gary GW, Ka-
jigaya S, Young NS, Anderson LJ. 1991. Human parvovirus
B19 specific IgG, IgA, and IgM antibodies and DNA in serum
specimens from persons with erythema infectiosum. J Med
Virol 35:110–115.

289. Bruu A-L, Nordbø SA. 1995. Evaluation of five commercial
tests for detection of immunoglobulin M antibodies to human
parvovirus B19. J Clin Microbiol 33:1363–1365.

290. Schwarz TF, Jäger G, Gilch S. 1997. Comparison of seven
commercial tests for the detection of parvovirus B19-specific
IgM. Zentralbl Bakteriol 285:525–530.

291. Gray JJ, Cohen BJ, Desselberger U. 1993. Detection of hu-
man parvovirus B19-specific IgM and IgG antibodies using a
recombinant viral VP1 antigen expressed in insect cells and
estimation of time of infection by testing for antibody avidity.
J Virol Methods 44:11–23.

292. Azzi A, Manaresi E, Zakrzewska K, DeSantis R, Musiani M,
Zerbini M. 2004. Antibody response to B19 parvovirus VP1
and VP2 linear epitopes in patients with haemophilic arthritis.
J Med Virol 72:679–682.

293. Endo R, Ishiguro N, Kikuta H, Teramoto S, Shirkoohi R,
Ma X, Ebihara T, Ishiko H, Ariga T. 2007. Seroepidemiology
of human bocavirus in Hokkaido prefecture, Japan. J Clin
Microbiol 45:3218–3223.

294. Lin F, Guan W, Cheng F, Yang N, Pintel D, Qiu J. 2008.
ELISAs using human bocavirus VP2 virus-like particles for
detection of antibodies against HBoV. J Virol Methods 149:
110–117.

295. Kahn JS, Kesebir D, Cotmore SF, D’Abramo A Jr, Cosby C,
Weibel C, Tattersall P. 2008. Seroepidemiology of human
bocavirus defined using recombinant virus-like particles. J
Infect Dis 198:41–50.

296. Karalar L, Lindner J, Schimanski S, Kertai M, Segerer H,
Modrow S. 2010. Prevalence and clinical aspects of human
bocavirus infection in children. Clin Microbiol Infect 16:633–
639.

297. Wang K, Wang W, Yan H, Ren P, Zhang J, Shen J, Deubel V.
2010. Correlation between bocavirus infection and humoral re-
sponse, and co-infection with other respiratory viruses in children
with acute respiratory infection. J Clin Virol 47:148–155.

298. Guo L, Wang Y, Zhou H, Wu C, Song J, Li J, Paranhos-
Baccalà G, Vernet G, Wang J, Hung T. 2012. Differential
seroprevalence of human bocavirus species 1–4 in Beijing,
China. PLoS One 7:e39644.

299. Calcedo R, Vandenberghe LH, Gao G, Lin J, Wilson JM.
2009. Worldwide epidemiology of neutralizing antibodies to
adeno-associated viruses. J Infect Dis 199:381–390.

300. Ballou WR, Reed JL, Noble W, Young NS, Koenig S. 2003.
Safety and immunogenicity of a recombinant parvovirus B19
vaccine formulated with MF59C.1. J Infect Dis 187:675–678.

301. Bernstein DI, El Sahly HM, Keitel WA,Wolff M, Simone G,
Segawa C, Wong S, Shelly D, Young NS, Dempsey W. 2011.
Safety and immunogenicity of a candidate parvovirus B19
vaccine. Vaccine 29:7357–7363.

302. Chandramouli S, Medina-Selby A, Coit D, Schaefer
M, Spencer T, Brito LA, Zhang P, Otten G, Mandl CW,
Mason PW, Dormitzer PR, Settembre EC. 2013. Generation of
a parvovirus B19 vaccine candidate. Vaccine 31:3872–3878.

303. Goldstein AR, Anderson MJ, Serjeant GR. 1987. Parvovirus
associated aplastic crisis in homozygous sickle cell disease.Arch
Dis Child 62:585–588.

304. Modrof J, Berting A, Tille B, Klotz A, Forstner C, Rieger S,
Aberham C, Gessner M, Kreil TR. 2008. Neutralization of
human parvovirus B19 by plasma and intravenous immuno-
globulins. Transfusion 48:178–186.

305. Crabol Y, Terrier B, Rozenberg F, Pestre V, Legendre C,
Hermine O, Montagnier-Petrissans C, Guillevin L, Mouth-
on L, Loic G, Annette B, Alain F, Bertrand F, Bertrand
G, Amelie L, Isabelle L, Catherine M-P, Luc M, Eric O,

698 - THE AGENTS—PART A: DNA VIRUSES



Nathalie P, Helene S, Tarek S, Hopital Ambroise P, Jean-
Marie LP, Bruno F, Bernard C, Thomas P, Francois D, Loic
G, Zora M, Olivier H, Christophe L, Philippe L, Olivier L,
Jean-Charles P, Norbert-Claude G, Jean-Paul F, Eric O, Guy L,
Hopital B, Hopital N, Amina B, Groupe d’experts de l’Assis-
tance Publique-Hôpitaux de Paris. 2013. Intravenous immu-
noglobulin therapy for pure red cell aplasia related to human
parvovirus B19 infection: a retrospective study of 10 patients
and review of the literature. Clin Infect Dis 56:968–977.

306. Saag KG, True CA, Naides SJ. 1993. Intravenous immuno-
globulin treatment of chronic parvovirus B19 arthropathy.
Arthritis Rheum 36(Suppl):S67.

307. Fairley CK, Smoleniec JS, Caul OE, Miller E. 1995. Ob-
servational study of effect of intrauterine transfusions on out-
come of fetal hydrops after parvovirus B19 infection. Lancet
346:1335–1337.

308. Garabedian C, Rakza T, Thomas D, Wibaut B, Vaast P,
Subtil D, Houfflin-Debarge V. 2015. Neonatal outcome after
fetal anemia managed by intrauterine transfusion. Eur J Pediatr
174:1535–1539; Epub ahead of print.

309. Kempe A, Rösing B, Berg C, Kamil D, Heep A, Gembruch
U, Geipel A. 2007. First-trimester treatment of fetal anemia
secondary to parvovirus B19 infection. Ultrasound Obstet Gy-
necol 29:226–228.

30. Human Parvoviruses - 699





Anelloviridae
PETER SIMMONDS AND COLIN P. SHARP

31
The family Anelloviridae includes the human torque teno
virus (TTV) and related small nonenveloped viruses with
circular single-stranded DNA genomes. Viruses of this fam-
ily frequently or ubiquitously infect humans and a range
of other mammalian species. Infections are characterized
by their lifelong persistence and great genetic variability.
Despite the original claimed association between anellovirus
infection and hepatitis in humans when first discovered in
1997, no evidence convincingly links infections with anel-
loviruses to clinical disease.

VIROLOGY
Discovery
TTV was identified in the plasma of an individual who
developed non-A to E hepatitis after blood transfusion, us-
ing representational different analysis (RDA). RDA pro-
vided the method for the specific amplification of nucleic
acid sequences present in the plasma of the individual
(initials “TT”) during the period of his acute hepatitis but
absent before transfusion (1). The cloning of the newly chris-
tened “TT” virus provided nucleotide sequences that
allowed the development of methods for its detection by
PCR. The original PCR method used primers from the
“N22” region (a part of the gene encoding the TTV struc-
tural protein; see Composition) and were used to investigate
other cases of posttransfusion hepatitis and other liver dis-
eases of unexplained etiology (see Pathogenesis).

The cloning of the N22 region allowed the sequence of
the rest of the TTV genome to be determined and its ge-
nome organization to be characterized (2, 3). The genome is
comprised of single-stranded DNAwith coding sequences on
the antigenomic strand. The length of the genome of the
originally described (prototype) isolate of TTV (TA278) was
3,853 bases in length, forming a covalently closed circle (2).
This genomic configuration is most similar to that of the
animal virus, the chicken anemia virus (CAV), with some
similarities in its arrangement of coding sequences.

In the years following the discovery of TTV, further
highly divergent groups of TTV-like viruses have been found
in humans, in nonhuman primates, and in a variety of other
mammalian species. Independently, a virus also having a
claimed association with posttransfusion and other forms
of hepatitis was discovered by RDA. Initially described as

SEN virus (SENV) after the initials of the infected patient
(4), it became apparent that it represented a different ge-
notype of TTV (see Genetic Variability). More divergent
human viruses include the TTV-like minivirus (TTMV) and
the TTV-like midivirus (TTMDV). TTMV was accidentally
discovered by PCR of human plasma samples using TTV-
specific primers that matched homologous sequences in
TTMV but generated a noticeably shorter amplicon than
expected for TTV (5). Its overall genome length was addi-
tionally much shorter than TTV (approximately 2.8 kilo-
bases). Further TTV-like variants, initially described as
small anellovirus types 1 and 2 (SAV-1 and SAV-2) because
of their shorter genome lengths than TTV and TTMV, were
cloned from a plasma sample of an individual at high risk
for human immunodeficiency virus (HIV) infection (6).
Subsequent findings indicated that the originally published
SAV-1 and SAV-2 sequences were incomplete (7) and, given
their finally determined sizes of 3.2 kilobases, these were
renamed the TTMDVs.

A large number of anellovirus species have subsequently
been reported in wild and domesticated animals, including
pigs, wild boar, camels, cats, dogs, pine martens, badgers,
sea lions, and a number of nonhuman primates (8–23).
Many of the initial discoveries were made using PCR with
highly conserved primers from the untranslated region, but
novel species are increasingly being identified using se-
quence independent methods involving rolling circle am-
plification followed by random cloning or high throughput
sequencing.

Classification
TTV and related viruses are currently classified in the re-
cently created family Anelloviridae containing 11 officially
recognized genera and 66 species (24, 25). The human
viruses TTV, TTMV, and TTMDV (along with phyloge-
netically interspersed viruses of nonhuman primate origin)
comprise the Alphatorquevirus, the Betatorquevirus, and
the Gammatorquevirus genera, respectively. The remaining
genera (Deltatorquevirus, Epsilontorquevirus, Zetatorquevirus,
Etatorquevirus, Thetatorquevirus, Lambdatorquevirus, Iotator-
quevirus, and Kappatorquevirus) contain viruses identified in
tupaias, tamarins, douroucoulis, cats, dogs, sea lions, and two
viral genera in pigs, respectively (Fig. 1). The highly diverse
range of genome sizes of anelloviruses (from approximately 2
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to approximately 4 kilobases) renders reliable taxonomic
classification based on full-length sequences impossible, and
classification is currently based on the analysis of the full-
length ORF1 at the nucleotide level. Given the relatively
high sequence variability in these viruses, the divergence
cut-off value for genera is greater than 56%, and for species
it is greater than 35%. With the rapid discovery of novel
anellovirus or anellovirus-like sequences in a wide range of
species, the number of officially recognized genera is likely to
increase substantially in the future.

Genetic Variability
Anelloviruses are characterized by extreme genetic diversity
(Fig. 1). Not only does this create considerable problems for
the classification of human TTV variants, but it also ham-
pers the development of methods for anellovirus screening,

genetic characterization, and genotype identification. The
situation has been made more complex by the discovery of
TTMV and TTMDV that contain their own sets of geno-
types and genetic groups and subsequently by the existence
of a wide range of homologues of TTV and TTMV in
nonhuman primates, as well as even more divergent viruses
in other mammalian species (Fig. 1) (8, 11–23, 26, 27).
Although the phylogenetic tree in Fig. 1 is based on the
majority of publicly available complete anellovirus genome
sequences, it likely only depicts a small subset of these
viruses present in nature. The most conserved region of
genome between all anelloviruses is in the untranslated re-
gion (UTR) (Fig. 2). PCR using primers from this region can
amplify each of the five main genetic groups of human TTV,
as well as TTMV, TTMDV variants, primate TTV-like
viruses, and the majority of other related mammalian viruses.

FIGURE 1 Diversity of anelloviruses infecting humans, nonhuman primates, and other mammalian species. Sequence divergence of
different anellovirus genera in the ORF1 protein-coding sequence. An alignment of ORF1-coding sequences between positions 1–862
(numbered from the start of the reading frame of the TA278 [NC_002076] reference sequence) was created using MUSCLE, and a maximum
likelihood phylogenetic tree was constructed using the optimal model (LG distances + F + G). The tree was bootstrap resampled to indicate
robustness of groupings; values of greater than or equal to 70% are shown. Genera have been labelled according to the current International
Committee on Taxonomy of Viruses (ICTV) classification, although several sequences currently classified as members of Alphatorquevirus do
not cluster phylogenetically with other members of this genus (indicated by the dotted line). Sequences from nonhuman primates, such as the
chimpanzee and monkey species (�, A), were frequently interspersed within the human-derived variants, while those from nonprimate
mammalian species (e.g., pig, cat, dog, and rodent) formed separate groupings.
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Among nonhuman primates, TTV variants are species
specific; for example, chimpanzees harbor a range of TTV
genotypes distinct from those infecting humans, although
they generally fall within the genetic groups of human
viruses (Fig. 1). TTV sequences from primates more dis-
tantly related to humans such as macaques and the New
World tamarins and owl monkeys are increasingly divergent
from TTV variants infecting humans (Fig. 1) (22). TTMV
infection has been detected in chimpanzees, with some re-
ports showing genotypes interspersed with human genotypes
(13, 16) and another finding phylogenetically distinct se-
quences (28). A complication of primate studies is the cross-
species transmission of TTV genotypes; for example, it is
known that human TTV variants can infect chimpanzees
and macaques (29, 30). Cross-species transmission may
occur in captivity or through the administration of human
plasma-derived blood products containing infectious anel-
loviruses, which frequently occurs in experimental animals.

In the future, samples should ideally be collected from
animals in the wild to investigate further their species
specificity.

Composition
Anelloviruses are nonenveloped small viruses with a diam-
eter measured by electron microscopy of 30 to 32 nanome-
ters. The density of TTV in plasma on sucrose gradients
ranged from 1.31 to 1.34 grams per cubic centimeter, al-
though it was slightly higher for TTV virions excreted in
feces (1.34 to 1.35 grams per cubic centimeter) (31). TTV
purified from the plasma of infected individuals was found to
be frequently immune complexed with IgG (31). The virion
is likely composed of copies of only a single viral protein.
TTV and related viruses are stable in the environment and
can be detected following nanofiltration of blood products
spiked with positive sera (32). Infectious TTV can be re-
covered from human feces (33), and frequent fecal shedding

FIGURE 2 Alignment of sequences from the untranslated region of anelloviruses infecting humans and other species. Alignment of
nucleotide sequences from the UTR of classified anelloviruses. Highly conserved regions are indicated in gray-shaded boxes, including the
putative TATA box at position 85 in the prototype TTV sequence, TA278 (NC_002076). Symbols: “.”: sequence identity with prototype
TTV sequence; “-”: gap introduced to preserve alignment of homologous nucleotide sites.
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even from healthy individuals has been reported (34). Based
on the ubiquity of the virus in waste and its stability, the
detection of anellovirus DNA has been proposed as a more
appropriate biomarker for viral pathogen contamination of
water sources (35, 36), hospital surfaces, and even air (37,
38) than currently used indicator systems based on the de-
tection of coliform bacteria.

The genomes of anelloviruses contain several open
reading frames (ORFs) that code for several putative viral
proteins from either spliced or unspliced mRNA transcripts
(Fig. 3). In the case of TTV, the antigenomic sequence
ranges from 3,750 to 3,900 bases in length, in which a total
of four gene sequences can be consistently identified among
the different genetic groups. The largest open reading frame
(ORF1) potentially encodes a protein of 770 amino acids in
the TTV prototype strain TA278, while homologous pro-
teins in related TTMV and TTMDV human viruses are
shorter at 673 and 663 in prototype strains (Fig. 3). Based on
an analogy with CAV, the ORF1 product is likely to form the
replication-associated protein as well as the nucleocapsid

(39), with perhaps the amino terminus being responsible for
binding, encapsidation, and nuclear targeting of genomic
DNA. ORF2 sequences are also observed in all anelloviruses,
and their translation is predicated to occur through the use
of an initiating methionine upstream of ORF1.

The presence and nomenclature of other predicted ORFs
in other anelloviruses is less conserved, and their translation
requires the splicing of viral mRNAs. In the case of TTV,
three main species of mRNA of sizes 2.8, 1.2, and 1 kilobases
have been detected after in vitro transfection of TTV DNA
(40) and in bone marrow and liver tissues in vivo (41). All
mRNAs share common 5’ and 3’ ends (Fig. 3); for the large
transcript, splicing removes an intron between positions 185
and 277, leaving the entire coding sequences of ORF1 and
ORF2. For the shorter 1.3-kilobase mRNA, splicing removes
the sequence between positions 771 and 2374 to join the
coding sequence ORF2 with that of ORF4. The 1-kilobase
transcript is generated by the removal of an intron from 771
to 2564 or 2567 to join ORF2 to ORF5. Each transcript can
be translated from initiating methionines at positions 354 or

FIGURE 3 Genome organization of anelloviruses. Genome organization of representative anelloviruses showing arrangement of genes on
the antigenomic strand. Closed arrows represent the principal open reading frames in each virus. The genome organizations of two other small
circular ssDNA viruses (chicken anemia virus and porcine circovirus 2) are shown for comparison.
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581; thus, a total of six distinct proteins can be expressed
during replication (42). TTMVand TTMDV show the same
arrangement of ORFs as TTV, and it is therefore likely that
nonstructural proteins comparable to those from ORF2/
ORF4 and ORF2/ORF5 would be produced, as well as the
structural protein from ORF1.

The UTR of the TTV genome contains conserved pro-
moter sites, a TATA box, and cap sites consistent with the
transcription of mRNAs from position 98 and termination
around the polyadenylation signals at position 3073. The re-
gion contains a number of transcription promoters and reg-
ulatory elements responsible for transcriptional control (43).
Although the nucleotide sequences of the UTRs of other
anelloviruses are distinct, there are some restricted regions of
sequence identity or close sequence similarity interspersed
with more variable regions (Fig. 2). These regions of clear
sequence homology are conserved between human TTVand
the more divergent human and animal anelloviruses and can
even be found in the otherwise dissimilar UTR of CAV.
Apart from the TATA box, the functional constraints that
have retained this sequence similarity are uncertain.

Replication
Anelloviruses are likely to replicate in the nucleus of the
infected cell, using host polymerases. The replication of
small DNA viruses, such as the parvoviruses, is cell cycle
dependent, and their replication is confined to rapidly di-
viding cells, such as those found in the bone marrow, the gut,
and fetal tissue. It is unknown whether the replication of
anelloviruses is restricted in a similar way or whether anel-
loviruses encode proteins with transforming activity, perhaps
corresponding to the T antigens of the polyomaviruses that
drive cells into division.

TTV can be cultured in the laboratory by the inoculation
of plasma-derived virus onto Chang liver cells (44) or
stimulated peripheral blood mononuclear cells (PBMCs)
(45, 46). However, in contrast to the relative ease of virus
culture of CAV and circoviruses, TTV replication in vitro
occurs at low levels, and serial passage of virus is rarely
achieved. Cloned TTV genomic DNA can also be replicated
in vitro in cells engineered to express the SV40 large T an-
tigen, but the ability of different isolates to propagate in-
fection is highly variable (47). Replication in this system
was also found to result in the production of replication-
competent subviral genomes akin to those detected in sera
from pregnant mothers whose children later developed
childhood leukemia (48).

Anellovirus infections in vivo are characterized by per-
sistent lifelong viremia, with circulating TTV levels typi-
cally ranging from 104 to 106 DNA copies per milliliter
detected in humans and nonhuman primates (49, 50).
Levels of viremia reflect the balance between virus produc-
tion and clearance from the circulation by the immune-
complex formation and the destruction of virus-infected
cells; it has been estimated that a daily production rate
greater than 1010 virions per day is required to maintain
observed levels of viremia (51).

The sites of this in vivo replication remain a debated
topic. Initial investigations concentrated on the liver, given
the originally described association of TTV infection with
posttransfusion hepatitis, and in situ hybridization or quan-
titative PCR have provided evidence for replication of TTV
in the liver (52–54), a conclusion corroborated by the de-
tection of double-stranded replicative intermediates in this
tissue (55) and high levels of TTV excreted in bile (33, 56,
57). The latter may be the main source of TTV in the gas-

trointestinal (GI) tract and its excretion in feces. TTV DNA
has been detected in virtually all other tissues tested (58–
60). Double-stranded, presumed replicative intermediates of
DNA have been detected not only in liver but also in
stimulated PBMCs, lung, lymph node, thyroid gland, spleen,
pancreas, kidney, and bone marrow (46, 58, 61). Further
supporting the role of other tissues as sites of viral replica-
tion, viral mRNA has been detected in bone marrow and
PBMCs and lung, muscle, pancreas, kidney, colon, thyroid
gland, gallbladder, omentum, and breast tissue (41, 46, 58,
60). Additionally, replication in the respiratory tract was
suggested by the detection of high levels of TTV DNA in
respiratory secretions (62–66).

In the lymphoid compartment, TTV shows a very broad
cellular tropism as viral DNA can be detected in T and B
lymphocytes, monocytes, and NK cells (45, 67–69). TTV
tropism extends to granulocytes and other polymorphonu-
clear cells (45, 68). A recent study of the kinetics of TTV
viremia following the administration of antilymphocyte
immunosuppressive agents supports the hypothesis of T
lymphocytes being the major site of replication (70).

EPIDEMIOLOGY
Distribution and Geography
Anelloviruses are widely distributed in both human and
other mammalian populations throughout the world. The
original surveys used detection methods based on primers
that amplified the variable N22 region so that sequences
similar to the prototype strain (TA278, genotype 1) are
vastly overrepresented in the database of published se-
quences. Using primers based upon the conserved sequences
in the UTR (Fig. 2), greater than 80% frequencies of viremia
with TTV or related viruses have been found in virtually
every population studied (49, 71–77). With the use of
primers specific for individual genotypes or genogroups of
TTVor those that differentiate TTV from TTMV sequences,
high frequencies of coinfection with multiple variants of
TTV have been described. In surveys of coinfections (78,
79), 84% to 89% of study populations (generally healthy
adults) were viremic for TTVor TTMV, with coinfections of
TTVand TTMV in 44% and frequencies of coinfection with
multiple genotypes of TTV or TTMV of 40% to 70%.
Infection with TTV-like viruses in pigs was similarly highly
prevalent (33% to 100%) (10, 26, 27, 80–82).

Because of the near ubiquity of anelloviruses, the large
number of genogroups and genotypes, and the difficulty in
detecting coinfections, it is premature to conclude any-
thing from previous investigations of possible geographical
or risk group associations of genetic variants of these viruses.

Transmission
The detection of greater than 80% frequencies of viremia
in adult populations indicates a considerable incidence of
infection early in life. Infection with TTV occurs in the
perinatal period; samples collected at birth are generally
PCR-negative, with a rapidly rising prevalence of infection
over subsequent months (83–87). Recent work with broader
spectrum PCR assays (74, 77) and high throughput se-
quencing (66) demonstrate increasing detection frequencies
of all three genera of human viruses in the early months and
years of life. However, there are also conflicting reports of
the detection of TTV DNA in cord blood, implying in utero
infection (88, 89), a route that has also been suggested for
porcine anellovirus transmission (90). During close follow-
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up of a newborn child (91), high levels of TTV DNA were
detected in the saliva from days 4 to 9 after birth, a period
that coincided with a mild rhinitis. The TTV variant in-
fecting the neonate was genetically identical to that present
in the maternal saliva during the neonatal period. Although
anecdotal, these findings are consistent with findings from
other studies indicating the rapid acquisition of TTV in-
fections around the time of birth. Anelloviruses are present
at high concentrations in saliva (62–64) and other respira-
tory specimens (66) and are even detectable in exhaled
breath (92). They may therefore be transmissible by kissing
or other close contact between the child and parents or
siblings.

There are likely other sources of anellovirus infection.
Viruses are present in peripheral blood and have been dem-
onstrated to be transmissible by parenteral routes such as
blood transfusion (1, 93). However, this route is probably
insignificant when compared to the rapid acquisition of
anelloviruses in the perinatal period. Infectious virus (33)
can be recovered from feces, and persistent shedding from
this route has been documented (34), providing an addi-
tional potential source of oral transmission. The likely great
stability of anelloviruses may lead to general environmental
contamination.

PATHOGENESIS AND CLINICAL
MANIFESTATIONS
Pathology
No specific pathology has been attributed to the replication
of human anelloviruses in bone marrow, liver, or lymphoid
tissue. The current best evidence of any pathological
changes following primary infection with an anellovirus has
come from experimental infections of pigs with torque teno
sus virus (TTSuV). The inoculation of gnotobiotic piglets
with plasma containing TTSuV1 resulted in transient thy-
mic atrophy, membranous glomerulonephropathy, modest
lymphohistiocytic infiltrates in the liver, and mild interstitial
pneumonia (94). Similar results were observed following the
infection of specific pathogen-free piglets with TTSuV2-
containing liver homogenates, where the predominant
pathological changes were interstitial pneumonia, membra-
nous glomerulonephropathy, and inflammatory cell infil-
tration in portal areas of the liver (95).

The importance of viral genotype in relation to disease is
poorly understood, and it may be that certain genotypes or
species possess a greater pathogenic potential. While there is
no current evidence to support this hypothesis in human
infections, studies in pigs (96, 97) have suggested that in-
fection with members of the TTSuV2 (genus Kappatorque-
virus) may be more readily associated with pathology and
coinfections than TTSuV1 (genus Iotatorquevirus) infec-
tions. Comparable examples of differences in disease asso-
ciations of anelloviruses in humans may emerge in the
future.

Immune Responses
Anellovirus infection is likely to be acquired around the
time of birth (see Transmission), and this may lead to sub-
stantial immune tolerance as described for other viruses such
as hepatitis B (HBV). Immunopathologic changes such as
inflammation and lymphocyte infiltration are not observed
in tissues where TTV replication occurs. The hypothesis that
TTV and related viruses escape immunological detection is
supported by the persistent nature of infection and the

presence of multiple circulating genetic variants in plasma
(see Genetic Variability) that may represent repeated rounds
of reinfection. However, antibody reactivity to whole virions
(98) or recombinant proteins expressed from ORF1 (99,
100) is frequently found in viremic and nonviremic indi-
viduals, and virions purified from plasma are often immune
complexed with IgG (31). Despite this, there is no evidence
at present for an association with or presence of persistent
anellovirus infection in immune-complex deposition dis-
eases such as glomerulonephritis.

Elevated TTV viral loads are routinely detected in pa-
tients with chronic congenital, acquired, or iatrogenic im-
munosuppression, indicating a potential role of the immune
system in controlling viral replication (70, 101–111). In
subjects undergoing immunosuppressive treatment for idio-
pathic pulmonary fibrosis (101) or following solid organ
transplant (70, 103, 105, 106), a significant correlation be-
tween the degree of immunosuppression and the serum TTV
titers was observed. However, one study demonstrated that
the administration of a single immunosuppressant medica-
tion was sufficient to increase the TTV load significantly,
and the addition of other immunosuppressive drugs did not
further significantly increase the TTV load (102). In pa-
tients coinfected with HIV, viral loads of TTV (109–111)
and TTMV (107) have been shown to have a significant
negative correlation with CD4+ T-cell count despite the
potential role of these cells as a major site of viral replication
(70). Conversely, HIV-infected patients receiving highly
active antiretroviral therapy (HAART) show a significant
decrease in TTV vial loads following treatment (112, 113)
as well as a decrease in the number of coinfecting TTV
genogroups (114). Given this close correlation, the mea-
surement of TTV viral load to be used as a clinical biomarker
for immunosuppression has been suggested (115), although
the clinical impact and usefulness of this approach remains
to be determined.

Of great theoretical interest are the mechanisms of
immune evasion that have evolved in TTV to establish
persistent infection in immunocompetent individuals. One
proposed mechanism of immune evasion is through the
proinflammatory nuclear factor-kappaB (NF-kappaB) sig-
naling pathway. Interactions between the ORF2 protein of
a TTV isolate and subunits of the NF-kappaB signaling
complex were shown to prevent nuclear entry of the p50 and
p65 subunits, resulting in downstream inhibition of proin-
flammatory gene transcription (116). Predicted microRNAs
(miRNAs) have been identified in a number of the available
TTV sequences, although in none of the available TTMVor
TTMDV genomes (117). Experimentally, the production
of the miRNA encoded by the TTV-tth8 strain has been
confirmed in vitro, and this has been shown to target the
interferon-stimulated gene N-myc (and STAT) interactor
(NMI), resulting in an inhibition of interferon signaling
(117). Determining the function and targets of other
anellovirus-encoded proteins and noncoding transcripts in
the future could greatly enhance our current understanding
of viral immune evasion and replication.

Disease Associations
As anellovirus infections are almost universally present in
human populations, it is unlikely that any of these viruses are
pathogenic per se. Based on the initial discovery of TTV in a
posttransfusion hepatitis patient, the potential pathogenic
role of this virus has been most extensively studied in rela-
tion to hepatic diseases. While some early studies suggested
that the presence or viral load of TTV is related to various
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hepatic disorders (118–124), numerous reports have been
unable to substantiate these findings (125–129). Studies on
the association of TTV with hepatitis are often complicated
by coinfection with known hepatitis viruses (commonly
HBV and hepatitis C [HCV]) or HIV. In light of the afore-
mentioned correlation between viremia and immuno-
suppression, it is likely that a large proportion of reported
increases in TTV prevalence or viral titer are a consequence
rather than a cause of disease, and the presence of con-
comitant TTV infection has been shown to have no effect
on the response of HCV infection to interferon treatment
(130). Following interferon therapy, decreased TTV and
SENV detection frequencies have been reported (131), al-
though others have found that the decreases seen in TTV
and TTMV titers following interferon (132) or TTV de-
tection following combined interferon-ribavirin treatment
(133) were transient.

Other investigations have concentrated on the potential
roles of anelloviruses in childhood respiratory disease. High
levels of TTV DNA are found in respiratory secretions and
saliva (62–66), and the respiratory tract may thus be a major
site of TTV replication. Infection with TTV coincided with
a mild rhinitis in a neonate (91), and children hospitalized
with acute respiratory disease showed higher TTV viral loads
than controls (65, 73). Higher TTV viral loads were asso-
ciated with impairment of lung function among asthmatic
children, although frequencies of detection and viral loads
were comparable to those of children without asthma (134).
TTV titers have also been studied in other chronic lung
diseases and have been correlated with airflow limitation in
children with bronchiectasis (135) as well as in idiopathic
pulmonary fibrosis (IPF) with primary lung cancer, where
titers greater than IPF of lung cancer alone were seen (136).
Again, whether these increases in viral titer are a result of
disease progression or treatment rather than causal remains
to be determined.

High levels of TTV replication in bone marrow have
been suggested as being responsible for an otherwise unex-
plained case of aplastic anemia (137). Interestingly, the in-
fection of chickens with the related CAV is associated with
anemia and lymphopenia that is generally only clinically
apparent in association with other viral coinfections, such as
the Marek’s disease virus. Interactions between TTV and
herpesviruses have also been suggested in humans. The
presence of TTV DNA in the skin of people with Kaposi’s
sarcoma lesions but not controls (138) suggests that the virus
may be a cofactor in Kaposi’s sarcoma-associated herpesvirus
infections. It has also been reported that TTV isolates show
significantly enhanced replication in Epstein-Barr virus
(EBV)-converted Burkitt’s lymphoma cell lines compared to
EBV-negative controls (139).

LABORATORY DIAGNOSIS
PCR is the principal method used for the detection of an-
ellovirus DNA in clinical specimens. Methods that use
heminested or fully nested primers are capable of extremely
high sensitivity and specificity. The UTR of TTV is much
more conserved than coding regions and therefore more
appropriate as a target sequence for PCR (60, 140, 141).
PCR based on primers from regions around the transcription
start site (Fig. 2) indicated that frequencies of anellovirus
infections were close to universal, not only in humans but
also in a range of nonhuman primates and other mammalian
species (see Distribution and Epidemiology).

Because of the great genetic variability of anelloviruses, it
has not been possible to date to develop effective genotyping
assays for these viruses. A number of more recent methods
employing rolling circle amplification have been reported.
The use of these methods has allowed for greater sensitiv-
ity than PCR alone (142), and they have routinely been
used for the generation of complete genome sequences in
combination with random cloning or PCR using inverted
primers designed within previously determined short se-
quences (12, 20, 143).

PREVENTION AND TREATMENT
As anellovirus infection is ubiquitous and still not con-
vincingly associated with any clinical manifestations, mea-
sures to prevent transmission are unwarranted. Similarly,
there is no current indication to treat infected individuals,
although the treatment of coinfecting HIV or HCV infec-
tions has been shown to have an effect on anellovirus titers
12–114, 130–132).
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It has been over 40 years since the discovery of the hepatitis
B virus (HBV), and yet the disease it causes remains a major
public health challenge. Worldwide, over 240 million peo-
ple have chronic hepatitis B (CHB), with the majority being
in the Asia-Pacific region, and there are almost 800,000
deaths each year as a direct consequence of infection (2).
HBV infection is the ninth leading cause of death world-
wide. The main public health strategy to control hepatitis B
infection for the last 30 years has been primary prevention
through vaccination. According to WHO, as of 2013, more
than 180 countries have now adopted a national policy of
immunizing all infants with hepatitis B vaccine. However, a
strategy of secondary prevention is clearly necessary to re-
duce the risk of long-term complications (cirrhosis, liver
failure, and hepatocellular carcinoma) in those individuals
who have CHB. The risk of these complications is strongly
associated with persistent high-level HBV replication (3–5).
Antiviral agents active against HBV are available. The long-
term suppression of HBV replication has been shown to
prevent progression to cirrhosis and reduce the risk of he-
patocellular carcinoma (HCC) and liver-related deaths.
However, currently available treatments fail to eradicate the
virus in most of those treated, necessitating potentially
lifelong treatment. WHO has set targets for both morbidity
and mortality. A cure for CHB remains elusive, and a sig-
nificant research effort is now being directed toward this
goal.

VIROLOGY
Classification
The HBV is an enveloped 3.2-kb double-stranded DNA
virus and prototypical member of the family Hepadnaviridae.
HBV can be classified into ten major genotypes (A to J)
based on nucleotide (nt) diversity of 8% or more over the
entire genome (6–10). These genotypes show distinct geo-
graphical distributions (Table 1). As genotype designation is
now based on the entire genomic sequence, it is a more
reliable classification than the earlier serological subtype
nomenclature (adw, adr, ayw, and ayn) used previously,
which was based on the immunoreactivity of particular
antibodies to a limited number of amino acids in the enve-
lope protein. Particular HBV genotypes have unique inser-
tions or deletions. For example, HBV genotype Avaries from

the other genotypes by an insertion of six nucleotides at the
C-terminus of the core gene (11). HBV genotype D has a 33-
nt deletion at the N-terminus of the Pre-S1 region (11).
HBV genotypes E and G have a 3-nt deletion also in the N-
terminus of the Pre-S1 region. HBV genotype G also has a
36-nt insertion in the N-terminus of the core gene (8), and
the precore/core region has two translational stop codons at
positions 2 and 28 and results in a HBeAg-negative phe-
notype. A very large number of subgenotypes (of < 8% but
greater than 4% nt diversity) have been described in a
number of these genotypes (A, B, C, D, and F), and re-
combination between two HBV genotypes has also been
reported for genotypes B and C (12) and genotypes A and D
(13), generating even more diversity.

Important pathogenic and therapeutic differences appear
to exist among HBV genotypes (14, 15), including signifi-
cant differences in intra- and extracellular expression of viral
DNA and antigens (16). Genotype C is associated with
more severe liver disease than is genotype B in Taiwan, while
in India, genotype D is associated with more severe liver
disease than is genotype A (17–20).

Virus Structure: Virion and Subviral Particles
Three types of virus-associated particles are typically pres-
ent in the blood of HBV-infected persons. The com-
plete infectious virus is spherical with a diameter of 42 nm.
Negative-staining electron microscopy usually reveals a
double-shelled structure (Fig 1A). The outer shell, or en-
velope, is formed by hepatitis B surface antigen (HBsAg)
proteins, while the inner shell with a diameter of 27 to
32 nm is the viral nucleocapsid or hepatitis B core antigen
(HBcAg). The viral nucleocapsid encloses the viral DNA
and endogenous DNA polymerase. The sera of viremic pa-
tients also contain large numbers of two types of noninfec-
tious particles: spherical particles 17 to 25 nm in diameter
and filamentous forms 20 nm in diameter with a variable
length. Both types of subviral particles are composed of
HBsAg and are not infectious.

Genome Organization and Viral Proteins
The genome of HBV is a circular, partially double-stranded
relaxed circular (21) (RC) DNA molecule. The two linear
DNA strands are held in a circular configuration by a 226-
base-pair (bp) cohesive overlap between the 5¢ ends of the
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two DNA strands that contain 11-nt direct repeats called
DR1 and DR2 (22). All known complete HBV genomes are
gapped and circular (Fig 1B), comprising between 3181 and
3221 bases depending on the genotype (Table 1). The minus
strand is not a closed circle and has a gap between its 3¢ and
5¢ ends. The viral polymerase is covalently bound to the 5¢
end of the minus strand. The 5¢ end of the plus strand
contains an 18-base-long oligoribonucleotide, which is
capped in the same manner as mRNA (23). The 3¢ end of
the plus strand is not at a fixed position, so most viral ge-
nomes contain a single-stranded gap region of variable
length ranging from 20 to 80% of genomic length that can
be filled in by the endogenous viral DNA polymerase.

The minus strand encodes four open reading frames
(ORF), the longest of which encodes the viral polymerase
(Pol ORF) (Fig 1B). The envelope ORF (Pre-S1, Pre-S2,
and S) is located within the Pol ORF while the precore/core
(Pre-C/C) and the X ORFs overlap partially with it. The
ORFs overlap in a frameshifted manner and so the virus
strand is read one and one-half times. The transcriptional
template of the virus is the covalently closed circular (ccc)
DNA, which exists in the cell nucleus as a viral mini-
chromosome. From this template four major RNA species,
the 3.5-, 2.4-, 2.1-, and 0.7- kb viral RNA, are transcribed
(Fig 2A). The enhancer II/basal core, large surface antigen
(Pre-S1), major surface antigen (S), and enhancer I/X gene
promoters direct the expression of these four transcripts,
respectively (22).

Pol ORF
The Pol gene is the longest ORF, spanning almost 80% of the
genome and overlapping the other three ORFs. The Pol
protein is translated from pregenomic RNA (Fig 2B). The
834 to 845 codons found in the Pol ORF have sequence
homology to reverse transcriptases (22), and most parts of
the ORF are essential for viral replication. The 90-kDa
product of the Pol ORF is a multifunctional protein that has
at least four domains (22) (Fig 2B). The N-terminal domain
encodes the terminal protein that is covalently linked to the
5¢ end of the minus strand of virion DNA. This part of Pol
ORF is necessary for priming of minus-strand synthesis. An
intervening domain with no specific recognized function is
referred to as the spacer or tether region. The third domain
encodes the RNA- and DNA-dependent DNA polymerase
activities; that is, the reverse transcriptase. The C-terminal
domain encodes ribonuclease (RNase) H activity that
cleaves the RNA in the RNA-DNA hybrids during reverse
transcription.

The terminal protein’s role in priming reverse transcrip-
tion includes the provision of the substrate tyrosine at amino
acid 63 of the HBV Pol for the formation of the covalent
bond between the enzyme and the first nucleotide (G) of the
minus-strand DNA (24). The DNA polymerase domain
contains the sequence motif tyrosine-methionine-aspartate-
aspartate (YMDD), which is essential for reverse transcrip-
tase activity (25) (Fig 2B). The RNase H domain, besides
degrading the RNA template, also plays a role in viral RNA

TABLE 1 Overview of the ten genotypes of HBV

Genotype Subtype Genome length (nt)
Frequency of mutation1

Global distributionPC BCP

A A1 3221 Uncommon Common Africa, Asia
A2 Northern Europe, North America

B B1 3215 Common Uncommon Japan
B2 Rest of Asia
B3 Indonesia, China
B4 Vietnam, Cambodia

C C1 3215 Common Common Far East
C2 Far East
C3 Polynesia
C4 Australian Indigenous Population
C5 Philippines

D D1 3182 Common Common Europe, Middle East, Egypt, India, Asia
D2 Europe, Japan
D3 Europe, Asia, South Africa, USA
D4 Australia, Japan, Papua New Guinea

E 3212 ND ND Sub-Saharan Africa, UK, France
F F1 3215 Uncommon ND Central and South America, Bolivia

F2 Brazil, Venezuela, Nicaragua
F3 Venezuela, Panama, Columbia
F4 Argentina, Bolivia, France

G 3248 Very common ND USA, Germany, Japan, France
H 3215 ND ND USA, Japan, Nicaragua
I 3215 - - Vietnam, Cambodia
J 3182 - - Japan

Adapted from Locarnini et al. (650).
Note that genotype J has yet to be verified, as only one case has been isolated.
1PC, Precore mutations such as G1896A; BCP, basal core promoter mutations such as A1762T, G1764A; very common (most isolates); common (up to 50% of

isolates); uncommon (less than 10% of isolates); ND, not described.
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packaging, in optimizing priming of minus-strand DNA
synthesis and in elongation of the minus-strand viral DNA.

The Pol encodes at least two T-cell epitopes within its
catalytic domains at amino acid residues 107 to 115 and 227
to 235 (26). Changes in these epitopes have been related to
successful interferon-a therapy and viral clearance during
acute infection (27).

Pre-C/C ORF
The Pre-C/C ORF encodes the core protein P21, which is
the major polypeptide of the nucleocapsid and expresses the
HBcAg. The HBc protein is 183, 185, or 195 amino acids
long, depending on the genotype of the virus (Table 1). ORF
C is preceded by a short, upstream, in-phase ORF called the
Pre-core region from which the soluble hepatitis B early
antigen (HBeAg) is made (22).

HBc Protein
The HBc protein has two distinct domains with amino

acid residues 1 to 144 required for the assembly of the 32-nm
nucleocapsid, while the arginine-rich, C-terminal residues
from around 140 onward form a protamine-like domain that
mediates nucleic acid binding and is involved in viral en-
capsidation and DNA replication (22). This arginine-rich
region contains four clusters and includes a potential nuclear
localization sequence. The core protein contains many hy-
drophilic and charged amino acids, and, when expressed, it
becomes phosphorylated (8). Phosphorylation of serine 170
to 172, between arginine clusters 3 and 4, appears to block
nucleic acid binding and may negatively regulate nuclear
localization of the core protein (8). The HBc protein is also
translated from pregenomic RNA (Fig 2A) and carries
the hepatitis B core antigen (HBcAg) epitopes, which are
cross-reactive with the HBeAg epitopes (discussed below)
(Fig 2C).

Aside from the function of HBcAg in the construction of
the viral nucleocapsid, HBcAg may play an active role in
regulating viral transcription. This was first suggested fol-
lowing experiments that demonstrated HBcAg aggregating
in different cellular compartments depending on the phase
of infection (28) (see Laboratory Diagnosis). The immu-
notolerant phase, in which high HBV-DNA levels are seen,
is associated with a predominant nuclear distribution of
HBcAg. In the immune clearance phase, HBcAg becomes
predominantly cytoplasmic, in conjunction with decreasing
viral load. HBcAg becomes undetectable in the immune
control phase. HBcAg exhibits preferential binding for
HBV-covalently closed circular DNA (cccDNA), modulat-
ing its transcription by altering nucleosomal packaging (29).
These studies demonstrate the multifunctional nature of
HBV proteins.

HBe Protein
The HBeAg is essentially a soluble secretory form of the

HBc protein and is considered an accessory protein of the
virus. The Pre-C sequence is upstream of core, and transla-
tion initiating from the Precore initiation codon produces
the Pre-core protein that contains the entire Core protein
sequence plus an additional 29 amino acids at the N-terminal
end (P25) (22). The Precore protein is translated from the
Pre-C/C mRNA (Fig 2A). The first 19 amino acids of
the Precore protein form a secretion signal that allows the
translocation of the Precore protein into the lumen of the
endoplasmic reticulum (ER). These 19 amino acids are
cleaved by a host-cell signal peptidase, leaving the Precore
protein derivative P22. The P22 is then secreted through the
ER and Golgi apparatus and further modified by C-terminal
cleavage of up to 34 amino acids, resulting in the secretion of
a heterogeneous population of proteins of approximately
17 kDa, serologically defined as HBeAg (22) (Fig 2A). Thus,
HBe protein differs in almost all aspects from HBc protein,
although the primary sequences of these two molecules are
almost identical. Some of the HBe protein does not reach

FIGURE 1A Electron micrography of the various forms found in
the blood of HBV-infected persons. The 42-nm virions, both full
and empty, can be seen.Within the empty particles, the 27 to 32 nm
core structure can be visualized. The excess 22 nm subviral particles
and filamentous forms of HBsAg are also present.
FIGURE 1B The circular double-stranded DNA genome of
HBV showing the four main open reading frames (ORFs). The
minus (-) and plus (+) DNA strands are marked. The HBV Pol and
capped mRNA oligomer at the 5¢ end of the (-) and (+) strands,
respectively, as well as DR-1 and DR-2 are shown. The space be-
tween DR-1 and DR-2 is the “cohesive overlap region.” The plus
strand is typically incomplete.
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FIGURE 2A Biosynthesis of the precore/core, polymerase, envelope, and X proteins from the various HBV transcripts. The two major
genomic 3.5-kb transcripts are the larger Precore mRNA, from which the Precore protein (HBeAg) is made, and the smaller pregenomic
mRNA that encodes the core and polymerase and is the template for reverse transcription. The single 2.4-kb RNA makes LHBs, while the
various 2.1-kb mRNAs translate MHBs and SHBs. The HBx protein is translated from the 0.7-kb mRNA.
FIGURE 2B The functional domains of the polymerase-reverse transcriptase of HBV See Bartholomeusz et al. (475) for a more detailed
discussion.
FIGURE 2C Linear, schematic representation of the core protein amino acid residues and the immunodominant B cell and Tcell epitopes.
See text for details.
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the ER lumen and is not cleaved at all. The P25 HBe protein
also expresses a nuclear transport signal (8). Thus, HBe
proteins of variable length are found in practically all com-
partments of the cell, as well as being secreted.

The HBe protein is essential for establishing persistent
infection. Mutants of HBV without a functional Pre-C se-
quence and HBe protein are found commonly during
chronic infection. An HBeAg-negative mutant of the
woodchuck HBV is infectious for newborn woodchucks but
is unable to establish persistent infection (30). Similar sce-
narios have been described for HBV (31), suggesting that
the HBe protein may suppress the immune elimination of
HBV-infected hepatocytes. It certainly can function as a
tolerogen in vivo (32). HBeAg has been shown to slow HBV-
DNA replication in vitro by reducing HBcAg dimerization,
thereby reducing encapsidation of pgRNA (33). The
HBeAg is not essential for HBV replication but is absolutely
required for the establishment of persistent infection (34,
35). Expression of the precore protein has been shown to
have anti-apoptotic properties in vitro (36), and in vivo it can
act as an immune tolerogen (32). Thus, the HBeAg is an
important accessory protein in the life cycle of HBV. Two
major groups of mutations have been identified, which result
in reduced or blocked HBeAg expression.

The first group of mutations affects the basal core pro-
moter (BCP), typically at nt 1762 and nt 1764, resulting in a
transcriptional reduction of the Pre-C/C mRNA (35).
Mutations in the BCP, such as A1762T plus G1764A, may
be found in isolation or in conjunction with precore muta-
tions (see below), depending on the HBV genotype (Table 1).
The double mutation of A1762T plus G1764A results in a
significant decrease in HBeAg levels and has been associated
with an increase in viral load. This pattern of mutation is

found in genotype A-infected individuals as the major cause
of HBeAg loss (35) and typically in association with the
precore mutations in the other HBV genotypes (37).
Importantly, these BCP mutations do not affect the tran-
scription of HBV pgRNA or the translation of the core or
polymerase protein. Thus, by removing the inhibitory effect
of the precore protein on HBV replication, the BCP muta-
tions appear to enhance viral replication by suppressing Pre-
C/C mRNA relative to pregenomic RNA (35).

The second group of mutations includes HBV mutants
with a translational stop-codon mutation at nt position 1896
(codon 28: TGG; tryptophan) of the precore gene. The
single base substitution (G-to-A) at nt 1896 gives rise to a
translational stop codon (TGG to TAG; TAG = stop co-
don) in the second last codon (codon 28) of the precore
gene located within the structure of pgRNA. The nt G1896
forms a base pair with nt 1858 at the base of the stem loop. In
HBV genotypes B, D, E, G, and some strains of genotype C,
the nt 1858 is thymidine (T). Thus, the stop codon muta-
tion created by G1896A (T-A) stabilizes the structure based
on conventional Watson-Crick pairing (Fig 3). In contrast,
the precore stop codon mutation is rarely detected in HBV
genotype A, F, and some strains of HBV genotype C, as the
nt at position 1858 is cytidine (C), maintaining the pre-
ferred Watson-Crick (G-C) base pairing. Other mutations
have been found within the precore transcript that block
HBeAg production, including abolition of the methionine
initiation codon (37), and the stop codons within the
precore/core region of genotype G.

The HBeAg has two B cell epitopes, one of which is linear
(HBe1) and the other (HBe2) conformational. The HBe1
epitope is found at core amino acid positions 76 to 89, and
the HBe2 epitope is at positions 130 to 138 (38) (Fig 2C).

FIGURE 3 Diagrammatic representation of the epsilon (E) stem-loop structure of HBV. This is a highly conserved structure within the 10
genotypes of HBV, and the positions of base changes for genotype A2 are shown, as are the common translational precore mutations at
G1896A (precore stop codon: UAG) and G1899A.
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Two immunodominant core epitopes (HBc), localized be-
tween residues 74 and 83 (HBc1) (38), are colinear with
HBe1 and to residues 107 to 118 (HBc2) (39). Not sur-
prisingly, HBcAg and HBeAg are highly cross-reactive at the
T cell level (26, 40) (Fig 2C). Two cytotoxic T lymphocyte
(CTL) epitopes of HBc can be mapped to residues 18 to 27
(human leukocyte antigen HLA-A2 restricted) (41) and
residues 141 to 151 (HLA-A31 and HLA-Aw68 restricted)
(42). Three T-helper cell (TH) epitopes have been found on
the core protein at amino acid residues 1 to 20, 50 to 69, and
117 to 131 (43).

Pre-S/S ORF
The HBsAg contains small (SHBs), medium (MHBs), and
large (LHBs) proteins, all of which exist in two forms dif-
fering in the extent of glycosylation (Fig 2A). N-linked
glycosylation and glucosidase processing are necessary for
virion, but not subviral particle, secretion (8). The filaments
consist of the same ratio of surface proteins as the virion
envelope.

SHBs
The SHBs domain is 226 amino acids long and is the

most abundant protein of all three HBV-associated particles.
The SHBs is found in a glycosylated and a nonglycosylated
form. It contains a high number of cysteine residues that
cross-link with each other, forming a conformational loop
that is the major antigenic determinant of HBsAg, the “a”
determinant or antigenic loop (AGL) (44). The AGL is
responsible for initiating viral entry to target hepatocytes by
initially interacting with cell-surface heparan sulfate pro-
teoglycans (HSPG) (45), which likely explains its presence
on all known HBsAg isolates in a highly conserved fashion.
The AGL has the subdeterminants “d” or “y” and “w” or “r.”
Determinant d has a lysine at position 122, and y is repre-
sented by an arginine; likewise, determinant w has a lysine at
position 160 and r has an arginine (46). These antigenic
subtypes elicit cross-protecting anti-HBs following immu-
nization. The “a” determinant has been renamed the major
hydrophilic region (MHR), spanning amino acids 99 to 169,
and is considered the major neutralization domain for anti-
HBs.

MHBs
The MHBs Pre-S2 domain is a minor component of

the virion or HBs particle and consists of the S and a 55-
amino-acid N-terminal extension (22). It is either singly- or
doubly-glycosylated but is not essential for virus assembly
and release. The immunogenic epitopes are not confor-
mationally dependent, as is the case for SHBs.

The central part of the Pre-S2 domain carries the major
antigenic epitope, and the region between amino acids 3 and
16 has the ability to bind polymerized human serum albumin
(8). The significance of this interaction is unknown, but
many utilize albumin as an acting co-receptor or to mask the
immunogenicity of this epitope (47). The MHBs is consid-
erably more immunogenic than SHBs at the B cell level
(48), and Pre-S2-containing HBs particles generated from
animal cell lines have been used in some countries as a
prophylactic vaccine (49).

LHBs
The LHBs contains a further N-terminal extension to the

M protein of 108 or 119 amino acids (depending on the
subtype/genotype) (Table 1) and is more prevalent than

MHBs in virions and filaments but less prevalent in HBs
spheres. Thus, the LHBs contains three domains, Pre-S1,
Pre-S2, and S, and is glycosylated. In mature virions and
HBs particles, the Pre-S1 domains are exposed on the sur-
face, and both the S domains and parts of the Pre-S2 se-
quence are covered by the Pre-S1 sequence of LHBs (8). In
contrast to MHBs, the LHBs is essential for infection and
viral morphogenesis, as the Pre-S1 region encodes the
NTCP-binding domain (see Viral Attachment) (50, 51).
The N-terminal end of the Pre-S1 domain is myristoylated at
glycine 2, a function that is not required for virion formation
and release but is essential for the ability of the virus particle
to interact with the cellular plasma membrane (51). Amino
acids 2 to 48 of the Pre-S1 sequence specifically interact
with NTCP and contain a highly conserved motif [9-
NPLGF(F/L)P-15] that is crucial for binding (Fig 2A).
Residues 49 to 75 are also required for infection, but the
precise function of this region is not known (51).

The LHBs has important antigenic sites for both B and T
cells that appear to play critical roles in recovery from viral
infection or protection from infection (52). The major im-
munogenic epitopes within the Pre-S1 coding region are at
amino acids 27 to 35, 72 to 78, and 95 to 107. LHBs is also
highly immunogenic for T cells in humans, at residues 21 to
48 as well as 81 to 108.

X ORF
The X ORF encodes a 154-amino-acid polypeptide (HBx) of
17 kDa (Fig 2A). This second accessory protein of HBV is
conserved in a similar form across all the mammalian
hepadnaviruses. The expression of full-length HBx protein is
dispensable for virus replication in vitro but is a critical
component of the infectivity process in vivo (53). HBx be-
haves as a transcriptional transactivator of a number of viral
and cellular gene promoters through direct interaction with
transcription factors, such as the RPB5 subunit of RNA
polymerase II, TATA-binding protein, and the ATB domain,
and is also involved in the activation of signal-transduction
pathways, such as the Ras/Raf/MAP kinase cascade (8). HBx
also increases the transcription of the cccDNA template by
modifying its epigenetic regulation (54). In brief, epigenetic
modification controls how tightly wound chromatin is to
structural histone proteins. More tightly wound chromatin is
not translated, whereas the converse is true; histone acety-
lation loosens chromatin but methylation tightens it. HBx
recruits histone acetyltransferase and deacetylase enzymes in
a fashion designed to prevent hypoacetylation (55). On the
other hand, HBx in vitro inhibits protein arginine methyl-
transferase 1 (PRMT1), which functions to increase histone
methylation (56).

Another important target of HBx is the ubiquitin-
proteasome system (UPS), which is a conserved cellular
pathway involved in protein ubiquitination and proteolysis
(57). Many enzymes and proteins contribute to the function
of this pathway, but of interest in the context of HBx is the
damaged DNA binding protein-1 (DDB1) and the Cullin4
(CUL4) protein. HBx has been shown to bind DDB1, in-
tegrating itself into the DDB1-CUL4 complex, thus allow-
ing regulation of its function (58). The importance of this
interaction with regards to HBV replication has been dem-
onstrated in vitro and in woodchuck hepatitis virus (WHV)
models (59–61), but other consequences are as yet un-
known.

The HBx protein also has a role as a cofactor in HBV-
mediated carcinogenesis (62). The exact mechanism(s)
whereby HBx contributes to the development of HCC is
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unknown, although HBx-associated transactivation activity
leads to alterations in cellular gene expression that con-
tributes to transformation (63). Findings in support of this
hypothesis include:
� HBx suppression of p53-mediated upregulation of
microRNA pathways that enhance the growth and met-
astatic potential of tumors in a mouse HCC model (64).

� Studies of epigenetic changes show that HBx induces
hypermethylation of genes with tumor suppressing ac-
tivity (65).

� Disruption of signaling pathways critical to maintenance
of cellular homeostasis (66).

� Abrogation of p53-dependent apoptosis and cell cycle
checkpoint deregulation (67).

� HBx targeting of the 26S proteasome complex has also
been implicated in hepatic carcinogenesis (57, 68, 69),
suppressing viral antigen processing, and, consequently,
presentation, thereby assisting evasion of immune de-
tection (70).

Viral Replication
The replication cycle of HBV revolves around two key
processes:

1. Generation of HBV cccDNA from genomic RC DNA
and its subsequent processing by host enzymes to pro-
duce viral RNA; and

2. Reverse transcription of the pregenomic (pg)RNA
within the viral nucleocapsid to form RC DNA,
completing the cycle (Fig 4). Earlier and later events
are described below in the context of these two pro-
cesses. The detailed molecular biology of HBV repli-
cation has been thoroughly detailed previously (71)
and will not be repeated here.

Attachment and Penetration
The first stage of infection is attachment to a susceptible
hepatocyte and penetration of HBV into the cell cytoplasm
following the binding of the HBV envelope to its specific
cellular receptors. The “a” determinant region of the LHBs
component of the HBsAg attaches to hepatocyte-associated
heparan sulfate proteoglycans (HSPG) as the initial step in
cellular entry (Fig 4) (72). This facilitates the next binding
step of LHBs to the protein complex that forms the receptor
for HBV, the sodium taurocholate cotransporting polypep-
tide (NTCP), which normally functions to maintain bile
acid homeostasis via the enterohepatic circulation (50, 73).
NTCP is encoded by the human SLC10A1 gene, which is
found on the long arm of chromosome 14. The pre-S1 do-
main of the HBV envelope protein contains two regions
within the 75 amino acids at the N-terminal end, which are
responsible for binding to NTCP (50). Myristoylation of
these sequences is essential for virion infectivity (74, 75).
Subsequent receptor-mediated endocytosis is responsible for
the delivery of viral nucleocapsids into the cytoplasm. The
possibility of utilizing drug therapy to block viral entry has
been demonstrated in vitro using natural substrates of NTCP
to inhibit viral infection of cell lines (50, 76, 77) (see Novel
Therapeutic Strategies).

Conversion of Genomic RC DNA into cccDNA and
Transcription of the Viral Minichromosome
Intracellular viral nucleocapsids are transported to the nu-
clear membrane where they uncoat (78) and deliver their

genetic load into the nucleus. The genomic RC DNA is
released and then converted into cccDNA using host cell
enzymes resulting in the formation of the viral minichromo-
some, the template of HBV that is used for the transcription
of all the viral mRNAs (79, 80) (Fig 4). The first step in
this conversion, the release of the Pol protein from the 5¢ end
of the minus strand is achieved by utilizing the host DNA
repair enzyme tyrosyl-DNA-phosphodiesterase 2 (TDP2)
(81). The subsequent steps in cccDNA generation are yet to
be elucidated.

Two classes of transcripts are synthesized from the HBV
minichromosome utilizing host cell RNA polymerase II,
genomic length and subgenomic length (22). Both classes
contain heterogeneous transcripts that are of positive ori-
entation, are capped at the 5¢ end, and polyadenylated at the
3¢ end. The subgenomic transcripts function exclusively as
mRNAs for translation of the envelope (Pre-S1, Pre-S2, and
S proteins) and X proteins. The two genomic transcripts are
longer than genomic length and encode the Pre-C, Core,
and Pol ORF. Generation of the Pre-C/C mRNA is an early
transcription/translation event and functions in translation
of the precore protein, which is processed and then secreted
as HBeAg (22). The Pre-C/C mRNA is not involved in
reverse transcription. In contrast, the pregenomic RNA is
multifunctional, serving as the template for reverse tran-
scription into the viral (-) DNA strand and for translation of
both HBcAg and HBV Pol.

HBV Genomic Replication via Reverse
Transcription
HBV genomic replication is initiated with packaging of the
pgRNA and the newly translated viral polymerase/reverse
transcriptase (HBV Pol) into subviral core particles, forming
replication complexes. Reverse transcription occurs within
the HBV nucleocapsid. As the HBV Pol is being translated
off the same pgRNA molecule that will be packaged, the N-
terminal region (terminal protein) specifically binds to the
“bulge” region of a unique RNA stem loop structure, known
as epsilon (E), at 5¢ end of the pgRNA (82) (Fig 3). This
RNA structure also acts as the encapsidation signal around
which cytoplasmic core protein dimers assemble into nu-
cleocapsids. The HBV Pol undergoes a conformational
change, which results in enzymatic activation, with the
terminal protein domain priming DNA synthesis (24). This
Pol-oligonucleotide (Pol-G-A-A) complex then translocates
to the complementary sequences of a direct repeat (DR-1)
region located at the 3¢ end of the pgRNA. Minus (-) DNA
strand synthesis then continues until it reaches the 5¢ end of
the pgRNA molecule (23), generating a short terminal re-
dundancy of approximately 8 to 9 nt. While reverse tran-
scription is proceeding, the pgRNA is degraded by the
RNaseH activity of the HBV Pol, except for the 5¢-capped
terminal 18 nt fragment that contains the DR-1 sequence
(22). This fragment includes a 6-nt homology to the direct
repeat sequence, which allows circularization of the (-) DNA
strand. The 18-nt capped RNA structure is then translocated
to a second DR sequence (DR-2) on the 5¢-end of the newly
made (-) DNA strand, where it acts as primer for (+) strand
synthesis, using the (-) strand as a template (23) (Fig 4).
Synthesis of the (+) strand DNA continues until it reaches
about 50 to 70% of the length of the (-) strand.

Virion Assembly and Release
The viral envelope, the small particles, and filaments are
synthesized and assembled at the ER membranes and then
bud into its lumen. The HBc protein is synthesized in the
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cytosol and assembled independently of the envelope pro-
teins (22). Immature nucleocapsids containing pgRNA-Pol
can only commence envelopment once the nucleocapsid is
phosphorylated. This latter process is coupled to the initia-
tion of (-) strand synthesis (22). The assembled nucleo-
capsids containing genomic RC DNA are then selectively
enveloped before exiting the cell (22). A further bias exists
in favor of the export of genomes that have completed (-)
strand DNA synthesis and at least started (+) strand syn-
thesis (22). Correct assembly of replicating cores with the
viral envelopes requires a critical relative molar ratio of Pre-
S1 to S. Insufficient S or excessive Pre-S1 production results
in abnormal assembly and release (22). As with many other

enveloped viruses, HBV usurps the endosomal sorting
complex required for transport (ESCRT) network of pro-
teins (Fig 4), which is a cellular network normally involved
in the formation of multivesicular bodies and daughter cell
cytokinesis (83–85). Various components of this system
have important roles in the HBV replication cycle. In par-
ticular, the formation of mature nucleocapsids requires the
ESCRT-II protein (83), and virion budding and egress re-
quire ESCRT-III and the VPS4 ATPase (85).

Variant Viruses
The replication strategy of HBV is essentially error prone.
This poor fidelity is a result of two factors. First, there is a

FIGURE 4 Life cycle of HBV. Following attachment, penetration, and uncoating, the viral nucleocapsid is released into the cytosol and
transported to the nuclear pore. The relaxed circular DNA is delivered into the nucleus where it is converted into cccDNA, and the viral
minichromosome is generated. Transcription of the viral minichromosome produces the genomic and subgenomic HBV mRNA transcripts.
Translation of the pregenomic RNA in the cytosol produces the Core and Pol proteins, and, in association with Hsp-60, all are selectively
packaged into a replication complex. Within the nucleocapsid, reverse transcription begins. Synthesis of the (+) DNA strand proceeds from
the RNA primer to the 5¢ end of the (-) DNA strand (23). The short terminal redundancy of the (-) DNA strand permits the transfer of the 3¢
end of the growing short (+) strand from the protein-linked 5¢ end to the 3¢ end of the minus strand, thereby circularizing the genome and
allowing continuation of DNA synthesis, generating the genomic RC DNA molecule with the HBV Pol covalently attached to the 5¢ end of
the (-) DNA strand. The envelope proteins Pre-S1, Pre-S2, and S are translated at the rough endoplasmic reticulum (ER) and then bud into
the lumen of the intermediate compartment. Approximately 50% of the Pre-S1-enriched ER-membrane areas envelope core particles. The
HBV virions and subviral particles are then secreted into the extracellular space by usurping the cellular ESCRT pathway. The nucleocapsids
can also be transported to the nucleus via an intracellular conversion pathway, thereby increasing the number of nuclear cccDNA molecules.
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lack of a proofreading or editing mechanism for the HBV
Pol. Secondly, all reverse transcription processes have an
intrinsic G-to-A hypermutation rate largely attributable to
host APOBEC enzymes, and hepatitis B is no exception
(86). Up to 107 base-pairing errors may occur each day (87).
The rate of HBV virion production is approximately 1011
virions per day. The error rate of the HBV Pol has been
calculated as 10 - 7 per nucleotide per day (88). Therefore,
each day, 1014 nucleotides (1011 virions x 103 nt) are rep-
licated with potentially 107 base pairing errors (87). Thus
there is the potential for every nucleotide in the genome to
be substituted daily. Although mutations can occur ran-
domly along the HBV genome, the overlapping open read-
ing frames constrain the evolution rate, limiting the number
and location of viable mutations. Because chronic HBV
infection frequently persists for decades, many variants exist
within the one host at any given time; HBV therefore exists
as a quasispecies, with one variant typically dominating.
There are three forms of variant HBV that are encountered
commonly in clinical practice:

a. Precore and basal-core promoter variants, which have
an HBeAg-negative phenotype, typically emerge after
HBeAg seroconversion and are the most common
cause of HBeAg-negative CHB (discussed above).

b. Envelopemutants that have been selected by hepatitis B
immunoglobulin therapy in the posttransplantation
setting or by vaccines following prophylactic immuni-
zation.

c. Antiviral resistant polymerase mutants that emerge in
the setting of nucleos(t)ide analogue (NA) therapy are
responsible for virological breakthrough and treatment
failure (discussed below).

Envelope Gene Mutations
Viral genomes that cannot synthesize Pre-S1 and Pre-S2
proteins have been found to occur frequently and are often the
dominant virus populations in patients with CHB (89). Pre-
S1 mutants are associated with intracellular retention of the

viral envelope proteins and the classical histological appear-
ance of type I ground glass hepatocytes (GGH) (90). Type II
GGH indicates the presence of Pre-S2 mutants. The Pre-S2
region overlaps the spacer region of the Pol protein, which is
not essential for enzyme activity; thus both envelope mutants
replicate in their infected host but with differing histopath-
ological sequelae. Presence of GGH has been associated with
increased hepatocarcinogenic potential, in part, attributable
to a cellular growth advantage conferred by enhanced ex-
pression of vascular endothelial growth factor-A (91).

Current hepatitis B vaccine contains the major HBsAg.
The subsequent anti-HBs response to the major hydrophilic
region (MHR) of HBsAg between residues 137 and 148
induces protective immunity (51). Mutations within this
epitope have been selected during prophylactic vaccination
(44) and following treatment of liver transplant recipients
with hepatitis B immune globulin (HBIG) prophylaxis (92).
Most vaccine-HBIG escape isolates have a mutation from
glycine to arginine at residue 145 of HBsAg (sG145R) or
aspartate to alanine at residue 144 (sD144A). The sG145R
mutation has been associated with vaccine failure (44) and
has been transmitted, resulting in persistent infection and
disease. Other important mutations have been found at a
MHC class I-restricted T-cell epitope in HBsAg between
codons 28 and 51 (93).

EPIDEMIOLOGY
Incidence/Prevalence
Approximately 240 million people have CHB (2). HBV is
endemic in Asia, sub-Saharan Africa, Micronesia, and
Polynesia, as well as in indigenous populations in Alaska,
Northern Canada, Greenland, Australia, New Zealand,
and within population groups in South America and the
Middle East (94–96) (Fig 5). In developed countries, CHB is
also seen in specific groups with percutaneous and sexual-
transmission risk factors. These include injecting drug
users, dialysis patients (3% to 10%), men who have sex with

FIGURE 5 Global prevalence of HBsAg, WHO clarifies areas of high, medium, or low endemicity for HBV if the prevalence rates of
HBsAg are ‡ 8%, 2 to 7%, or < 2% respectively. (Adapted with permission from Ott et al. [649]).
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men (6%), and people with multiple sexual partners. In
low-prevalence countries, such as the USA, Canada, and
Northern Europe, the prevalence of HBV infection is 0.1%
to 2%. In intermediate prevalence countries (Mediterra-
nean, Central and South America, Japan, and the Middle
East) 3 to 5% of the population is infected and a 10-to-20%
infection rate in high prevalence regions, such as Southeast
Asia, Africa, China, and sub-Saharan Africa (95).

The prevalence of HBeAg-negative CHB is increasing
worldwide. Rates of 50 to 80% in India and the Mediterra-
nean area (Italy, Greece, and Israel) and 40 to 55% in East
Asia (Hong Kong, Taiwan, and Japan) have been reported
(34,97–102).

Transmission
HBVantigens can be detected in almost all secretions (103–
105), but only blood, saliva, and semen have been shown to
be infectious (106, 107). The virus can be transmitted by
perinatal, percutaneous, and sexual exposure or via close
person-to-person contact in the presence of open cuts and
sores (a common transmission method in children). How-
ever, the commonest route of transmission worldwide is
perinatal infection (108).

The mode of transmission of HBV infection varies geo-
graphically. In high-prevalence areas, such as Southeast Asia
and China, perinatal and early childhood horizontal trans-
mission are the most common, resulting in high levels of
chronicity (95% perinatal, 30% before 5 years). Perinatal
transmission is likely to occur at birth or in the neonatal
period; given the efficacy of neonatal vaccination, in utero
infection is rare. The primary determinants of transmission
are HBeAg status and HBV DNA level in the mother. The
vertical transmission rate in HBeAg-positive women is 90%
without intervention, compared to 32% for HBeAg-negative
women (109). The failure rate of immunoprophylaxis in
infants born to HBeAg-positive women approaches 10%
when the HBV DNA level is > 108 IU/ml (> 7 log10 copies/
ml) but is about 3% when the HBV DNA level is below this
threshold (1).

In low prevalence areas, including the United States,
Canada, Australia, and western Europe, sexual and percu-
taneous spread (primarily injecting drug use) is also seen.
Limited data are available to describe risk per exposure;
however, it has been observed that heterosexual partners of
HBsAg positive individuals have a 25 to 59% seroprevalence
rate (110). In the setting of needlestick injury sustained by
healthcare workers, the occurrence of HBV transmission is
rare since the implementation of universal vaccination in
this special risk population (111).

In the setting of exposure during adulthood, HBV in-
fection typically manifests as acute hepatitis (see below).
The progression to chronic hepatitis is rare in the immu-
nocompetent adult, occurring in < 1% of individuals (112).
Patients already infected with HIV, or immunosuppressed for
other reasons, are at increased risk of chronicity after acute
hepatitis B (113). The natural history of adult-acquired
chronic infection differs from perinatal disease, with a higher
rate of spontaneous and treatment-induced HBsAg sero-
conversion and lower rates of progression. However, the
largest disease burden in most developed countries remains
perinatal or childhood-acquired disease in immigrants from
endemic areas (114).

Uncommon Modes of Transmission
Transfusion-related hepatitis B is now uncommon in coun-
tries where blood is obtained from unpaid donors screened

for HBsAg and anti-HBc, with an estimated risk in the US of
1 per 3.2 million donors (115).

Nosocomial HBV transmission still occurs despite the
availability of vaccination and postexposure prophylaxis,
although HBV infection in healthcare workers (HCW) has
declined dramatically in countries with HCW vaccination
programs (111). Transmission from HCW to patient is rare
but reported. The commonest situations are patient-to-
patient or patient to HCW via needlestick injuries (syringe,
suture needles) or scalpel. Nurses, dialysis staff, surgeons,
dentists, and their assistants are at highest risk. Incomplete
vaccination of staff, failure to apply universal precautions,
and incorrect needle disposal technique are the commonest
reasons for transmission. HBeAg positivity is associated with
a higher risk of transmission, although transmission has been
reported from HBeAg-negative individuals (116), confirm-
ing that HBV DNA levels are a better marker of infectivity.

Transmission from any organ donated by HBsAg positive
donors is well recognized, and all donors are screened for
HBsAg. Anti-HBc-positive liver donors can also transmit
infection. This is less common in renal and other transplants
(117).

PATHOGENESIS
HBV is generally noncytopathic, and the liver inflammation
and secondary fibrosis that complicate infection are pri-
marily immune-mediated. The complex interplay that oc-
curs between the host and pathogen in the setting of HBV
infection is now starting to be unraveled (Fig 6). The ex-
perimental study of HBV immunopathogenesis has been
limited by the absence of suitable animal models and in vitro
cell lines permissive for HBV infection. HBV can infect
chimpanzees but typically causes a self-limiting acute hepa-
titis, different in severity and outcome to human disease.
This model is resource intensive and no longer ethically
permitted. Surrogate small animal models include the in-
fection of ducks with duck hepatitis B virus (DHBV) and the
woodchuck with woodchuck hepatitis B virus (WHBV).
These models have been useful for studies of molecular vi-
rology but less so for pathogenesis work. Transgenic mouse
models have allowed for a better understanding of the role of
cytokines and noncytolytic viral clearance in the patho-
genesis of HBV but not the humoral immune response.

Acute Infection
In contrast to hepatitis C virus, HBV does not start to rep-
licate efficiently immediately post inoculation (118).
Instead, experimental data, mainly from animal models, but
also in humans, show that a “lag period” of 4 to 7 weeks is
observed before HBV DNA and HBV antigens become de-
tectable in the serum or liver. The explanation for this lag
phase remains unclear. In acute HBV infection of chim-
panzees, gene-array studies (119) found that no interferon-
related genes were activated within the liver during the lag
phase, despite a subsequent adaptive immune response then
clearing HBV in all animals. While this work suggested that
HBV might be a stealth virus that evades early innate im-
munity, increasing evidence suggests that HBV may be
detected by the innate immune system almost immedi-
ately, which suppresses viral replication early after infection.
This suppressive response includes the recruitment of NK/
NKT cells (118), secretion of cytokines IFNg and TNFa,
interleukin-6, -8, and -1b from Kupffer cells (120), and Toll-
like receptor (TLR) signaling, especially within the hepa-
tocyte, in early HBV infection (121–123). However, HBV

722 - THE AGENTS—PART A: DNA VIRUSES



has evolved to respond by downregulating host innate im-
mune responses at the IFNa level (124).

Once HBV DNA becomes detectable, replication in-
creases exponentially to peak at levels of 108 to 109 copies/ml
(125). In adults who can control the virus, viral replica-
tion then declines, preceding the onset of clinical hepatitis
(126). Acutely infected chimpanzees also experience a rapid
drop in viral replication before any detectable cellular in-
filtration or liver injury occurs (127). This phenomenon is
explained by a process of noncytolytic clearance, involving
cytokine-mediated inhibition of HBV replication without
the direct destruction of infected cells. The cells that me-
diate these early antiviral effects have not yet been identified
in human infection. However, studies in chimpanzee and
transgenic mouse models have shown that HBV-specific
CD8+ T cells (cytotoxic T lymphocytes or CTLs) are im-
portant. In the chimpanzee model, monoclonal antibody-
mediated depletion of CD8+ T cells at the peak of viremia
delays viral clearance until the antibody levels wane and
virus-specific T cells return to the liver (128). When
HBsAg-specific CD8+ T cells are adoptively transferred to
HBV transgenic mice, they recognize their cognate antigen,
lyse a small number of local hepatocytes, and, concurrently,
produce cytokines that downregulate HBV replication
throughout the liver (129–131). HBV-specific CTLs are
important effector cells involved in HBV clearance. Intra-
vascular CD8+ effector Tcells play a diapedesis-independent
immunosurveillance role in the liver, extending cytoplasmic

protrusions through endothelial fenestrae to trigger effector
function following hepatocellular antigen. This process is
inhibited by the sinusoidal defenestration and capillarization
characteristic of progressive liver fibrosis, suggesting a
mechanism for immune dysregulation in the setting of cir-
rhosis (132).

The disappearance of most of the HBV DNA from the
blood and the liver is followed by the development of
clinically apparent hepatitis, with peak alanine transaminase
(ALT) levels and maximal CD4+ and CD8+ T-cell re-
sponses in the blood (119, 127, 128). Massive chemokine-
mediated recruitment of intrahepatic inflammatory cells
occurs, including HBV-specific and nonspecific T cells
(“bystander lymphocytes”), neutrophils, NK cells, and
monocytes/macrophages (126, 133). Much of the hepato-
cellular damage occurring during acute hepatitis therefore
results from secondary, antigen nonspecific, inflammatory
responses set in motion by earlier HBV-specific CTL re-
sponse. Likely, the combination of cytolytic and non-
cytolytic mechanisms is required to prevent infection of new
hepatocytes and clear infected hepatocytes.

Humoral responses are also critical for controlling HBV.
HBV clearance is associated with the production of anti-HBs
antibodies, and sera with high levels of anti-HBs can control
or prevent HBV infection (134). The protective role of
antibodies directed against the nonenvelope proteins is not
clear; anti-HBc does not confer virus-neutralizing activity.
Chimpanzees receiving infusions of anti-HBc and anti-HBe

FIGURE 6 The host immune response directed against HBV requires coordinated action of both innate immunity and cellular
and humoral adaptive immunity to affect both noncytolytic and cytolytic activity. The pathways of noncytolytic clearance are highlighted
(see section “Pathogenesis”).
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antibodies both pre- and postinfection with HBV demon-
strated markedly prolonged incubation periods not present
when anti-HBc alone was infused, suggesting a possible but
undefined role for anti-HBe (135).

The integrated activation of both the cellular and hu-
moral arms of the adaptive immune response is therefore
required for clearance of acute HBV infection. HBV-specific
antibodies, together with HBV-specific memory Tcells, then
provide protective immunity against future infections.

Noncytolytic Clearance and the Transgenic Mouse
Model
Important insights into the molecular mechanisms of
noncytolytic clearance have been obtained from the
HBV transgenic mouse model (70) (Fig 6). Key roles for
the cytokines IFNg, TNFa, and IFNa/b have been re-
vealed (70). HBV is inhibited by any stimulus that induces
these cytokines in the liver, including injection of IL-12
(136), anti-CD40 mAb (137), IL-18 (138), IL-2 (139),
a-galactosylceramide (which activates NKT cells) (123),
CD4+ T cells (140), other hepatotropic viral (adenovirus,
LCMV, MCMV) (141), or parasitic infections (schistoso-
miasis, malaria) (142, 143). TLR signaling has also inhibits
HBV replication in the transgenic mouse model via a type 1
IFN-mediated mechanism (122).

Adoptively transferred HBV-specific CTLs abolish HBV
gene expression and replication in the liver of transgenic
mice without killing the hepatocytes. This antiviral function
is mediated by IFNg and TNFa secreted either by the CTL
or by the antigen-nonspecific macrophages and T cells that
they activate following antigen recognition (130). These
cytokines activate two independent virocidal pathways. The
first pathway eliminates HBV nucleocapsid particles and
their cargo of replicating viral genomes by preventing
replication-competent capsid assembly (136, 144) in a pro-
teasome- (145) and kinase-dependent manner (146) (Fig 6).
The second pathway destabilizes the viral RNA (130) by an
SSB/La-dependent mechanism (147–149). The La auto-
antigen normally binds a predicted stem-loop structure of
the 5¢ end of the posttranscriptional regulatory element of
HBV RNA to protect several endoribonuclease cleavage
sites from cellular RNases. IFNg and TNFa induce proteo-
lytic cleavage of the La autoantigen, thereby allowing de-
stabilization of HBV RNA (147) (Fig 6).

Type 1 IFNs (IFNa/b) also inhibit HBV replication at
both pre- and posttranscriptional levels. Transcription of the
cccDNA minichromosome is inhibited via epigenetic mod-
ification, thus reducing pgRNA levels (150). IFN also acti-
vates hepatocellular mechanisms that prevent the formation
of replication-competent HBV capsids (144). The molecular
mechanism(s) that mediate this inhibition have not yet been
defined, but the antiviral activities of double-stranded RNA-
dependent protein kinase (PKR) and interferon-regulatory
factor 1 (IRF-1) have been implicated (151).

The key role of TNFa was recently highlighted using a
murine model of HBV infection with tail vein injection. The
cellular inhibitor of apoptosis protein (cIAPs) was shown to
attenuate TNFa signaling and restrict the death of infected
hepatocytes, allowing viral persistence. Mice with a liver-
specific cIAP1- and total cIAP2-deficiency efficiently con-
trolled HBV infection compared with wild type mice.
Pharmacological inhibitors of cIAPs were subsequently
shown to promote the clearance of HBV infection in
the mouse model, emulating the effect of experimentally
induced cIAP deficiency (152). Birinapant, a cIAP inhibitor

developed for cancer therapeutics, has now entered phase I
clinical development.

Chronic Infection
The mechanism of HBV persistence is not fully understood
but is likely multifactorial, including strategies of HBV-
specific immune suppression and evasion, developmental-
dependent and genetic host immunocompetence, and the
persistence of stable forms of the HBV genome, such as
cccDNA in the form of the minichromosome. Persistent
infection is more likely to occur following perinatal trans-
mission or after early horizontal transmission to children or
immunocompromised adults. The dose and HBeAg pheno-
type of viral inoculum may also influence the outcome when
a mature immune system is exposed (153).

The most important predictors of persistence appear to be
1) the maturity of the host immune system at the time of
infection, as the majority of the world’s CHB infections in
endemic areas occur between the neonatal period and 5
years of age, and 2) the HBeAg phenotype of the HBV.
However, unlike previously thought, the high rate of chro-
nicity is not due to evasion of the immature immune system
or induction of immune defects. The dogma that there is an
absent or impaired immune response to HBV is at odds with
the efficacy of HBV vaccination in infants born to mothers
with HBV. The concept of “trained immunity” in infants
born to HBV-infected mothers describes a phenomenon in
which the functional maturation of neonatal immunity is
modulated by extrinsic factors, such as live vaccination,
which can subsequently protect newborns against unrelated
pathogens by increasing the efficiency of innate immune
function (154). One cohort of infants born to HBV-infected
mothers, as compared to nonexposed controls, showed en-
hanced innate immune-cell maturation and Th1 develop-
ment and ex vivo responses to unrelated pathogens (155).
Rather than being defective, the immune system of a new-
born, it appears, is less likely than that of an adult to trigger a
pro-inflammatory reaction, which is possibly an evolution-
ary adaptation to avoid dangerous immune reactions in the
developing fetus (156). Further challenging current “im-
mune tolerant” models, chronically infected adolescents,
considered to be in the traditional “immune tolerant” phase,
do not exhibit a tolerogenic T-cell profile (157).

Viral Mechanisms of Persistence
All of the major proteins produced by HBV have been im-
plicated in the development of chronicity. The surges in
viral load associated with disease flares have been correlated
with elevations in IL-10, an immunosuppressive cytokine
(158). Elevated IL-10 induces hyporesponsiveness in NK,
CTLs, and T helper cells. Additionally, at levels of viremia
> 7 log10 copies/ml, almost no circulating HBV-specific
CTLs can be detected (159).

The continuous production of both HBsAg and HBeAg
in concentrations at least 1000-fold higher than that of
whole virions is associated with immunological alterations
(160). HBeAg is not required for infection or replication, yet
it is absolutely required for the development of chronicity.
Viral mutants, defective for HBeAg production, may cause
acute, even fulminant, hepatitis but not chronic hepatitis B.
In murine models HBeAg has a “tolerizing effect” on CTL-
mediated clearance of HBcAg-positive hepatocytes
(32,161–163), and it likely contributes to the poor core-
specific T-cell responses present in patients with HBeAg-
positive CHB. HBeAg may generate this tolerance via
modulation of various immune components:
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� TLR2 expression is downregulated on peripheral mono-
cytes, Kupffer cells and hepatocytes from patients with
HBeAg-positive disease but upregulated in HBeAg-
negative disease (121). When patient PBMCs are stim-
ulated with the specific TLR2 ligand Pam-2-Cys, reduced
TNFa induction is noted in the HBeAg-positive group,
confirming functional significance.

� In vitro experiments have shown that HBeAg selectively
and specifically binds several proteins involved in
downstream TLR signaling pathways, thereby down-
regulating NFkB and IFNb promoter activity (164, 165).
This also suppresses NK cell secretion of IFNg, normally
stimulated by IL-18 (166).

� HBeAg is also associated with downregulation of the
costimulatory molecule CD28 on HBV-specific CTLs
(167).

The excessive numbers of produced particles that are not
infectious may act as a decoy for HBV-specific humoral
immunity and also promote a state of T-cell anergy and
deletion. In murine and cell line experiments, HBsAg may
directly modulate innate immune-signaling pathways,
namely NFkB and MAPK, suppressing inflammatory cyto-
kines and interferon gene transcription normally upregu-
lated by TLR signaling (165,168–170).

The HBx protein may contribute to establishing persis-
tent infection by inhibiting proteasome-based degradation of
viral protein to reduce HBV antigen presentation (70).
Additionally, in vitro HBx binds the b-interferon-promoter
stimulator-1 (IPS-1), enhancing its degradation (171), and
also disrupting signaling pathways responsible for IFNb gene
transcription (172, 173). HBx has also been associated with
alterations in the balance of pro- and anti-inflammatory
cytokines, but the biologic significance of these alterations is
yet to be defined in human infection (174, 175).

The HBV Pol protein suppresses the production of the
MyD88 adaptor protein, which is central to TLR function
(176), by downregulation of the STAT-1 nuclear transcrip-
tion factor via 1) competitive binding of importin-a5 (the
nuclear entry transporter for STAT-1) by the RNaseH do-
main (177), and 2) inhibition of protein kinase C-d, re-
sponsible for STAT-1 phosphorylation, by the TP-domain
(177, 178). The biologic effect of this pathway has been
demonstrated in murine models (179). Pol also blocks IRF-3
phosphorylation, which is part of the TLR-3 signaling
pathway to produce IFNb (173, 180).

Selection of mutations in the HBcAg by immune pressure
may result in T-cell anergy. Analysis of HBcAg epitopes in
chronically infected patients identified novel mutations that,
when presented, resulted in antagonism of the T-cell receptor
and functional inactivation (181). These mutations were
HLA-A2 restricted and located in the major HBcAg epitope
between residues 21 and 27. The significance of these mu-
tants in a larger population has not been determined.

Immune Defects in Chronic Infection
The immune dysfunction present in individuals with CHB
manifests in the effector cells of both the innate and adap-
tive arms and may occur as a consequence of chronic im-
mune stimulation. HBV-specific CD4+ and CD8+ T-cell
responses are significantly diminished relative to individuals
with resolved infection. The frequency and function of both
intrahepatic and peripheral HBV-specific T cells are in-
versely proportional to the level of circulating HBV DNA in
CHB (159), and, in animal models, the sustained presence
of viral antigens may lead to progressive anergy and ulti-

mately deletion of T cells (182, 183). The mechanisms that
may contribute to this are discussed below.

Molecular Markers of Exhaustion
Exhaustion of immune effector cells is a known con-

sequence of chronic viral infections; upregulation of mole-
cules responsible for suppressing CTL function has been
observed in both animal models and patients with CHB. The
programmed death-1 receptor (PD-1) is overexpressed on
HBV-specific CTLs in patients with CHB (184–186) with a
corresponding increased expression of the PD-1 ligand on the
surface of dendritic cells (DCs) in response to IFNa and IFNg
(187). Activation of PD-1 by its ligand increases the sensi-
tivity of a cell to apoptosis. Inhibition of PD-1 expression and
signaling is now being evaluated as a possible therapeutic
strategy to reverse the immune exhaustion associated with
CHB.

T-cell immunoglobulin domain and mucin domain-
containing molecule-3 (Tim-3) is also upregulated on the
surface of both CD4+ and CD8+ T cells in CHB patients
(188). Tim-3 activates cellular pathways responsible for
functional inactivation and apoptosis. Consequently, Tim-3
upregulation results in impaired cellular proliferation and
cytokine production (189). In vitro blockade of Tim-3 can
restore cellular immune function (190). The natural ligand
for Tim-3 has been shown to be galectin-9, levels of which
are elevated in CHB patients (189). The source of galectin-9
has not been determined.

The exhaustion profile of both CD4+ and CD8+ HBV-
specific T cells also includes overexpression of the NK cell
receptor 2B4 (NK2B4) (191) and Bcl-2-interacting mediator
(Bim) (192), which are involved in cytokine production and
apoptosis, respectively. The inhibitory costimulatory mole-
cule CTLA4 is also upregulated on CD8+ Tcells (193), and
the positive costimulatory ligand of CD40 is downregulated
on CD4+ T cells (194). These changes result in suppression
of signaling molecules associated with CD4+ cellular prolif-
eration (195) and increased production of IL-10 (194).

Innate Immune Dysfunction
The innate immune system is implicated in the patho-

genesis of CHB. Type 1/3 IFN induction is triggered by TLR
signaling in response to viral pathogen-associated molecular
patterns (PAMPs), and TLR-7 ligands have now entered
clinical development for HBV (see below). Dysregulation of
TLR signaling contributes to immune evasion in CHB and
impaired expression of TLR-3 and 9, as well as of TLR-2,
and downstream signaling pathways have been described
(196–198). More recently, miRNAs have been proposed to
negatively regulate TLR signaling in the setting of CHB,
specifically targeting TRAF6 and other key effectors of TLR
signaling, including STAT-1 (199, 200). miR-146a is over-
expressed by both CD4+ and CD8+ Tcells in CHB patients,
and ex vivo experiments reveal its overproduction in re-
sponse to PBMC stimulation by HBV antigens, TNFa, and
IFNa (200). Blockade of miR-146a in vitro restored HBV-
specific CTL responses. miRNA may also directly regulate
HBV replication and has been implicated in the pathogen-
esis of HBV-related HCC.

Regulatory T Cells
The T-cell subset characterized by CD4+CD25+FoxP3+

expression, known as regulatory T cells, or Tregs, are known
tomodulate the immune system tomaintain tolerance to self-
antigens and to abrogate autoimmune disease. Some patho-
gens can manipulate Tregs to selectively immunosuppress
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host immunity and promote persistence. Intrahepatic levels
of Tregs are elevated in patients with chronicHBV (186,201–
203), and their frequency correlates with both viral load and
inflammatory activity (201, 204). Ex vivo experiments
demonstrate the suppressive effect of Tregs on HBV-specific
CD4+ and CD8+ Tcells from patients with CHB (201, 205).
Tregs may contribute to a proviral intrahepatic cytokine
environment. Intrahepatic Tregs are increased in wood-
chucks chronically infected with WHV and have been as-
sociated with IL-12 nonresponse (202).

Adaptive Immune Dysfunction
Chronic hepatitis B is characterized by a failure to mount

an efficient adaptive immune response. In addition to cel-
lular exhaustion detailed above, gd-T cells (gdTC), have
been implicated in an immunosuppressive role in CHB. In
vitro these cells from CHB patients can dampen the pro-
duction of inflammatory cytokines by inhibiting their
production from Th17 cells and CTLs (206, 207). The fre-
quency of gdTC production is increased in immune-tolerant
patients (207). These cells also liberate cytokines that re-
cruit intrahepatic myeloid-derived suppressor cells, which
also lead to CTL suppression (208). In addition, the dying
hepatocyte releases large quantities of arginase into the cir-
culation. Arginase enzymatically degrades the amino acid
l-arginine, which is essential for the function of the intracel-
lular signaling zeta (z) domain of the T-cell receptor (TCR).
The CTLs of CHB patients downregulate TCRz, with the
functional consequence of impaired IL-2 secretion (209).
Overall this results in reduced antiviral function (210).

Humoral Immunity
B cells and humoral immunity play a critical role in

CHB. HBV-vaccinated individuals have anti-HBs antibodies
that are 95% protective against initial infection (211).
Treatment with specific anti-B cell therapy (rituximab, ofa-
tumumab) confers a 30 to 60% risk of viral reactivation. This
risk persists even in those patients who have achieved
HBsAg seroconversion and is much higher than if patients
were treated with traditional immunosuppressive agents
(212–215). Additionally, a new subset of B cells, called
regulatory B cells, is characterized by the ability to secrete the
potent immunosuppressive cytokine IL-10 (216). The full
functions of this B cell subset, which is rare in the peripheral
circulation, are yet to be elucidated, but their frequency in-
creases in proportion to disease flares in CHB. This results in
increased IL-10 secretion and subsequent CTL suppression
(217).

Host Genomic Factors
Genetic predisposition to the development of chronic HBV
infection has not been studied extensively. A genome-wide
association study in Japanese patients identified 11 single
nucleotide polymorphisms associated with CHB risk that
were localized to the HLA-DP locus, thus implicating MHC
class II antigen presentation as a possible factor (218).
Reinforcing the role of the HLA-DP locus, a separate study
identified other polymorphisms that were associated with an
increased chance of spontaneous HBsAg clearance at a
younger age (219).

IL-28B genotyping, which is predictive of interferon-
based treatment responses in chronic hepatitis C infection,
may also influence the development of chronic hepatitis B
infection, as well as the response to both IFN- and lamivu-
dine (LMV)-based therapy (219–223). IL28B genotyping
has been linked to rates of HBsAg loss following long-term
IFN-a therapy (224).

CLINICAL MANIFESTATIONS
Acute Hepatitis B
The incubation period of acute hepatitis B varies from 1 to 4
months postinfection. Clinical presentation varies from
asymptomatic infection in two-thirds of patients to frank
icteric hepatitis and, rarely, fulminant liver failure. A serum
sickness-like illness, characterized by fever, arthralgias, and
rash, may develop in the prodromal period, followed by
constitutional symptoms, anorexia, nausea, jaundice, and
right upper-quadrant discomfort. Clinical symptoms coincide
with the biochemical abnormalities that develop on liver
function testing. The biochemical diagnosis of acute hepa-
titis is characterized by elevations in the concentration of
serum ALT and bilirubin. ALT values in AH-B are usually
greater than 500IU/ml, with ALT being higher than AST.
Elevations in bilirubin are usually modest, 5 to 10 mg/dl (85
to 170 umol/l). The symptoms and jaundice generally dis-
appear after 1 to 3 months, although fatigue may persist in
some patients even after normalization of liver function tests.

Fulminant Hepatic Failure
The most serious complication of HBV infection is fulminant
hepatic failure (FHF). This is unusual, occurring in < 0.5%
of patients and is defined as the onset of hepatic encepha-
lopathy within 8 weeks of the development of jaundice. The
risk of FHF may be higher in patients acutely infected with
basal core promoter or precore variants (225), coinfected
with other hepatitis viruses, or with underlying liver disease.
The development of coagulopathy (marked by an interna-
tional normalized ratio [INR] > 1.6) should raise concern
about the risk of development of FHF and warrants consul-
tation with a liver transplant center as the prognosis is poor,
carrying an 80% mortality rate, if left untreated. Prompt
institution of nucleos(t)ide therapy to reduce viral load has
reduced the mortality rate to 20% in some series (226).

Chronic Hepatitis B
Most cases of CHB occur in endemic populations as the
result of perinatal or early childhood horizontal transmis-
sion. The natural course of disease is determined by the
interplay between virus replication and the host immune
response and may be divided into four phases: 1) the im-
mune tolerance phase; 2) the immune elimination phase; 3)
the immune control phase; 4) HBeAg-negative CHB or
immune escape phase (Fig 7).

The immune-tolerance phase is characterized by high
levels of viral replication, with HBV viral load up to 1012 IU/
ml and HBeAg detectable, but no evidence of active liver
disease as manifested by lack of symptoms, normal serum
ALT measurement, and minimal changes on liver biopsy.
HBV-specific T-cell responses are weak or undetectable in
this phase (159, 227). The immune-tolerant phase usually
lasts 10 to 30 years, during which time there is a very low rate
of spontaneous HBeAg clearance, reported to be only 15%
after 20 years of infection (228, 229).

Transition from the immune-tolerance to the immune-
elimination phase typically occurs during the second and
third decades of life. This transition is marked by increased
HBV-specific T-cell immunity, falling HBV-DNA titers, in-
creased serum ALT, and necro-inflammatory histological
changes. Immune pressure drives an increase in viral quasi-
species diversity. The immune-elimination phase may last
for years, during which time disease activity fluctuates and
progressive liver damage accumulates. The most important
factor influencing prognosis appears to be prolonged viral
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replication at levels > 2000 IU/ml. In a small percentage of
patients, severe ALT flares result in hepatic decompensation
and, rarely, death from hepatic failure. Spontaneous HBeAg
seroconversion, the serological marker of the end of the
immune-elimination phase, increases to an annual rate of 10
to 20 percent during the immune-elimination phase (228,
229). HBeAg seroconversion correlates with a significant
drop in viral load, often to undetectable levels, and histo-
logical arrest or improvement. HBV is not cleared from the
liver, however, and the nuclear cccDNA reservoir persists.

Patients in the low or nonreplicative phase are HBeAg-
negative and anti-HBe positive. A serum HBV-DNA
threshold, below which HBV replication is not thought to
be clinically significant, has been set at 2,000 IU/ml (230).
In some patients, serum HBV DNA is no longer detectable.
Liver disease remits as evidenced by normal serum ALT
concentrations and resolution of necroinflammation in liver
biopsies. HBV-specific T-cell reactivity is high and thought
to maintain viral suppression (231). The remaining HBV
population is genetically diverse, with positive selection of
viral variants defective for HBeAg production that are able
to persist but at the cost of a reduced replication phenotype
(232, 233). The annual rate of delayed clearance of HBsAg
has been estimated to be 0.5 to 2% in Western patients and
much lower (0.1 to 0.8%) in Asian countries (234, 235).

HBsAg seroconversion is regarded as a functional “cure” and
is associated with a good prognosis. However, it is unlikely
that HBV DNA is ever completely cleared from the liver,
and a small risk of reactivation persists in the setting of
potent immune suppression (e.g., allogeneic bone marrow
transplantation or B-cell depletion using therapeutic
monoclonal antibodies).

A percentage of patients continue to have moderate
levels of HBV replication and active liver disease (elevated
serum ALT and chronic inflammation on liver biopsies) but
remain HBeAg-negative. This typically occurs following the
emergence of variants of HBV that are phenotypically
HBeAg-negative and genotypically include PC or BCP
mutants. It remains unclear whether this occurs as a smooth
transition from the HBeAg-positive immune-elimination
phase or as reactivation from the low-replicative phase.

In adult-acquired CHB, the immune-tolerance phase is
typically absent, with disease progressing immediately to the
immune-elimination phase. Some patients will be im-
munosuppressed, and, in this setting, the disease course may
be more aggressive. HIV coinfection is associated with an
increased risk of cirrhosis and liver-related morbidity (236).

CHB affects nearly 10% of HIV-infected patients. HIV
directly impacts the outcome of HBV infection, complicat-
ing its natural history, diagnosis, and management. In the

FIGURE 7 The natural history of chronic hepatitis B, showing relationships between serology, biochemistry, molecular virology (serum
and liver compartment), as well as immunological parameters of the innate and adaptive arms.
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setting of HIV and HBV coinfection, levels of serum HBV
DNA tend to be higher, and spontaneous HBeAg serocon-
version occurs at a lower rate. For reasons that remain un-
clear, liver damage, especially fibrosis, progresses at a higher
rate than in HBV monoinfection, despite hepatic necroin-
flammation typically being less severe. With improved
control of HIV disease with highly active antiretroviral
therapy (HAART), liver disease has emerged as one of the
leading causes of death in patients with HIV (236). There-
fore, all patients with HIV should be screened for HBV
infection. It is recommended that testing for both anti-HBc
and HBsAg be performed, as patients with HIV can have
occult HBV. Similarly, all HBV patients should undergo
HIV testing (230).

Complications of Chronic Hepatitis B
The major complications of CHB are cirrhosis, hepatic de-
compensation, and HCC. Between 15 and 40% of individ-
uals with CHB will develop at least one of these sequelae
during their lifetime, with the highest risk in men (237,
238). CHB has a variable natural history, and accurately
predicting prognosis in an individual patient is difficult.
A key role has, however, been identified for viral load
104 copies/ml (> 2,000 IU/ml), and age greater than 30
years, as risk factors for clinical progression to cirrhosis and
HCC (3, 4).

Cirrhosis
The current challenge in CHB is to identify patients at risk
for progressive liver disease so that therapy may be offered
early to alter the natural history. The major risk factors for
progression to cirrhosis are viral load, the presence of fibrosis
on liver biopsy, and elevated serum ALT. Other factors that
influence progression to cirrhosis include viral genotype,
HBeAg positive disease, level of HBsAg, coinfection with
other viruses, such as hepatitis D virus (HDV) and HIV, and
alcohol consumption.

In patients with CHB, the strongest independent pre-
dictor of progression to cirrhosis is HBV viral load. In a
prospective study of 3582 community-based HBsAg-positive
Taiwanese nationals, followed for a mean of 11 years, the risk
of cirrhosis increased significantly as baseline viral load in-
creased (3). A critical-threshold viral load of 104 copies/ml
(2,000 IU/ml) was identified (Table 2 and Fig 8A). The
effect of viral load was independent of age, sex, cigarette
smoking, alcohol consumption, HBeAg status, and alanine
transaminase level. On multivariate analysis male sex, older
age, HBeAg-positivity, and 45 IU/ml ALT at the time of
study entry were also identified as independent predictors for
cirrhosis. The annual incidence of cirrhosis was 0.9%, con-
sistent with the 0.7% reported by a previous study of
asymptomatic HBV carriers (239), but lower than the
reported rate of 2 to 7% observed in tertiary referral-center
populations (240–242). It is likely that the risk associated
with absolute viral load at entry reflects duration of viremia
and older age. High viral load in younger patients may not
have the same prognostic implications, particularly for those
still in the immunotolerant phase of disease. Whether the
same risk applies to HBsAg carriers in Western countries
with adult-acquired HBV infection also remains unclear.

A second prospective study conducted in mainland
China has confirmed these data (243). A high baseline viral
load (105 copies/ml or 20,000 IU/ml) predicted severe liver
disease and HCC 11 years later, in comparison to HBsAg-
positive individuals with a baseline undetectable viral load.
Furthermore, high viral load at baseline predicted liver-

associated mortality. Mortality was substantial, with more
than 20% of individuals with a high viral load at baseline
dying of chronic liver disease or hepatocellular carcinoma by
the end of follow-up. A more detailed stratification of viral
load in this study was limited by sample size.

Although elevated serum ALT, especially frequent ALT
flares, is a risk factor for progressive disease (241, 242, 244,
245), mild elevations of serum ALT are not necessarily
reassuring. Hong Kong patients with serum ALTin the range
of 1 to 2 times the upper limit of normal (ULN) have a
greater risk of clinical complications than patients with
serum ALT 2 times the ULN (246). Furthermore, serum
ALT 0.5 to 1 times the ULN was associated with a greater
risk of complications than a low-normal serum ALT
(< 0.5xULN). Hence, patients with minimal enzyme ele-
vations may have progressive disease. Studies that have
considered ALTover time have suggested that progression of
fibrosis in patients with normal ALT may be limited to those
patients who subsequently develop ALT elevation (247).

Measurement of quantitative HBsAg levels is becoming
more widespread and useful in cirrhosis risk prediction (248).
Hazard ratios of 1.96 (CI: 1.32–2.90) and 3.60 (CI: 2.54–
5.10) were found for HBsAg levels of 100 to 999 IU/ml, and
‡ 1000 IU/ml, respectively, in progression to cirrhosis.

TABLE 2 Risk scores assigned to predictors of liver cirrhosis
and HCC determined from a large, longitudinal Asian cohort
of CHB patients, used in the developed risk nomograms
shown in Figure 8

Baseline Predictor

Risk Score
for Liver
Cirrhosis

Risk
Score
for

HCC

Age (each 5 years increment) 1 1
Sex

Female 0 0
Male 4 2

Levels of ALT (IU/l)
< 15 0 0
15–44 1 1
‡ 45 3 2

HBeAg | HBV DNA | HBsAg | Genotype
Negative | < 104 | < 100 | Any type 0 0
Negative | < 104 | 100–999 | Any type 3 2
Negative | < 104 | ‡ 1000 | Any type 4 2
Negative | 104 – 106 | < 100 | Any type 5 3
Negative | 104 – 106 | 100–999 |
Any type

5 3

Negative | 104 – 106 | ‡ 1000 |
Any type

7 4

Negative | ‡ 106 | Any level |
B or B + C

7 5

Negative | ‡ 106 | Any level | C 13 7
Positive | Any level |
Any level | B or B + C

7 6

Positive | Any level | Any level | C 10 7
Family History of Hepatocellular Carcinoma
No - 0
Yes - 2

(Adapted with permission from Lee et al. [248]).
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Liver biopsy remains a useful clinical tool with prognostic
significance. The probability of evolution to cirrhosis is
significantly higher in patients with moderate-to-severe in-
flammatory changes, particularly if bridging hepatic necrosis
is present (241, 242,249–252). Advanced fibrosis (Scheuer
score 2/3) is also a risk factor for the development of cirrhosis
(244). The combination of aggressive inflammation and fi-
brosis has also been linked to survival (253). Liver histology

can also worsen rapidly in patients who have recurrent ex-
acerbations or reactivations of hepatitis (230).

Viral factors, including both HBV genotype as well as
common HBV variants, have been shown to influence the
risk of disease progression. In Asian countries, where geno-
types B and C predominate, more rapid and frequent pro-
gression to cirrhosis has been noted in patients with
genotype-C disease (254–258). Much of this risk is

FIGURE 8 Nomograms for the predicted risk of (A) liver cirrhosis (low risk < 11; moderate risk 11 to 16; high risk ‡ 17), and (B) HCC
(low risk < 9; moderate risk 9 to 12; high risk ‡ 13). These have been developed using identified virologic and host factors that increase risk of
complications. The scoring system is outlined in Table 2. Reproduced with permission from Lee et al. (248).
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explained by the observation that genotype-C patients dis-
play more active hepatitis, and a later age of seroconversion,
compared to genotype-B patients, confirming the critical
role of prolonged viremia and inflammation in the devel-
opment of clinical complications. Genotype A and D are
more common in Western populations. Genotype-D infec-
tion has been associated with more advanced disease (259).
There are no natural history studies that compare all 4 of the
major genotypes. In one Japanese study, genotype A was
associated with milder disease than genotypes B and C
(260).

Among common viral mutants, the BCP mutation ap-
pears to be a risk factor for cirrhosis (261–265). The role of
the PC variant, the most common variant associated with
HBeAg-negative disease, remains unclear. Loss of HBeAg
and emergence of the PC variant are now recognized to
occur with increasing duration of disease, typically in the
third or fourth decade. In treatment-naïve patients in
France, advanced fibrosis tended to be higher in patients
with PC mutant-positive and BCP mutant-negative infec-
tion (266). However, the advanced disease seen in patients
in these selected cross-sectional studies may simply reflect
persistent, long-standing viremia rather than a pathogenic
role for precore mutants. Both genotype and BCP variants
have also been linked to the development of HCC.

Several large Asian studies have demonstrated an in-
creased risk of cirrhosis in CHB patients with comorbid
metabolic syndrome or diabetes mellitus. One prospective
study of 1466 CHB patients characterized their metabolic
risk profile and liver fibrosis stage by transient elastography
(TE), with a 10% subset undergoing formal liver biopsy,
demonstrating good correlation between TE and histology.
The presence of features of metabolic syndrome, including
type II diabetes mellitus, hypertension, dyslipidemia, and
central obesity, was associated with a higher risk of cirrho-
sis on multivariate analysis, independent of the traditional
risk factors outlined above (267). A longitudinal follow-up
study of this cohort identified an increased risk for liver
fibrosis progression in patients with metabolic syndrome
(odds ratio of 2.0 [CI: 1.1–3.5] for fibrosis progression, de-
fined as an increase in liver transient elastography mea-
surement of ‡ 30% [268]).

Other risk factors associated with increased rates of cir-
rhosis include habitual alcohol consumption and concurrent
infection with HCV, HDV, or HIV (269, 270).

Although, intuitively, the conclusion that long-term vi-
ral suppression will prevent the development of cirrhosis
remains unproven. However, two prospective studies of
CHB patients achieving several years of sustained virologic
suppression using either entecavir (ETV) or tenofovir have
demonstrated regression of advanced fibrosis or cirrhosis
(271, 272). Additionally, studies of the older antiviral drugs
have shown improvement in histologic fibrosis scores (273).

Hepatic Decompensation
Decompensated liver disease develops as a complication of
cirrhosis. The estimated 5-year risk of progression in CHB to
decompensation is 20 to 23% (274). Risk factors for de-
compensation include persistent viremia, age, and markers
of impaired synthetic function (including low albumin, low
platelets, high bilirubin, and ascites) (275–277). Once de-
compensation occurs, the estimated 5-year survival is 14 to
35%, compared to 80 to 85% for compensated patients. The
advent of antiviral therapy has had a dramatic impact on this
natural history, again emphasizing the critical role viral
replication plays in disease progression.

Hepatocellular Carcinoma
Seropositivity for HBsAg is one of the most important risk
factors for the development of HCC. The relative risk of
developing HCC, if HBsAg-positive, has been found to vary
from 7-fold in Japan to 60- to 98-fold inTaiwan, likely varying
with the population attributable risks of 10% and 94%, re-
spectively (278, 279). More important for clinical practice is
population stratification for individual patients with CHB.

HBV viral load has a profound impact on the develop-
ment of HCC (Table 2 and Fig 8B), and a biological gradient
of risk has been seen according to HBV viral load (4). The
cumulative incidence of HCC over 13 years of follow-up was
1.3 versus 14.9 percent for baseline HBV DNA levels of
< 300 and > 106 copies/ml (< 60 and > 200,000 IU/ml),
respectively. The impact of persistent viremia was assessed by
measuring viral load at last follow-up (the median time be-
tween samples was 10 years). Individuals were at highest risk
if the viral load was > 105 copies/ml ( > 20,000 IU/ml) both
at baseline and follow-up. Conversely, a significant reduc-
tion in HCC risk was observed in those who had a high entry
viral load at baseline, but in whom viral load was signifi-
cantly reduced at follow-up. Of known covariates, cirrhosis
at baseline, male sex, older age, alcohol consumption, and
HBeAg-positivity were identified as independent risk fac-
tors. The presence of baseline cirrhosis was associated with
the highest hazard ratio (HR) for development of HCC (HR
9.1, 95% CI 5.9—13.9).

The importance of viral load in hepatic carcinogenesis is
further emphasized by the findings of an association between
effective viral suppression using NA and reduced risk of
HCC over time. Importantly, all studies have shown that the
HCC risk is not completely eliminated, especially in cir-
rhosis, and lifelong surveillance for HCC continues to be
recommended. It should be noted that the most robust data
are available only for Asian populations. There are no
comparative studies in Caucasian or African patients.

The risk of HCC has been independently associated with
HBsAg levels in the Risk Evaluation of Viral Load Elevation
and Associated Liver Disease/Cancer-Hepatitis B Virus
(REVEAL) cohort, particularly at levels > 1000 IU/ml
(248). A separate study, also performed in a large population
from Taiwan, demonstrated a 13-fold increase in risk asso-
ciated with HBsAg > 1000 IU/ml in HBeAg-negative pa-
tients classified as inactive carriers (i.e., HBV viral load
< 2000 IU/ml) (5). This suggests a clinical use for quanti-
tative HBsAg measurement with regards to HCC risk
stratification. The applicability of these results to Western
populations is again uncertain.

Asian studies have identified viral factors that are asso-
ciated with the development of HCC. Genotype C is asso-
ciated with increased risk compared to genotype B (248, 280,
281) and genotypes A and D (282). Mutations in the viral
genome have also been linked to hepatic carcinogenesis, in
particular those located in the BCP and Pre-S regions (283).
Of these, BCP mutations are the most strongly associated,
conveying an almost 4-fold increase in HCC risk compared
to wild type virus (17, 283). Interestingly, no increase in risk
has been associated with precore mutant virus (283).

Extrahepatic Manifestations
Chronic HBV infection is associated with several extrahe-
patic manifestations that are thought to be mediated by
circulating immune complexes. These include the serum
sickness-like prodrome of acute HBV infection, polyarteritis
nodosa, HBV-associated glomerulonephritis, mixed essential
cryoglobulinemia, and neurological manifestations (284).
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A serum sickness-like prodrome precedes clinical hepa-
titis by 1 to 6 weeks in 10 to 30% of those acquiring acute
HBV infection. Also known as the “arthritis-dermatitis”
syndrome, it is characterized by a symmetrical generalized
inflammatory arthritis, typically involving the small joints of
the hands and feet, which may be indistinguishable from
acute rheumatoid arthritis. The joint lesions are nonde-
structive, however. Skin manifestations are variable, occur-
ring in more than 50% at the time of, or shortly after, the
joint symptoms. Lesions described include maculopapular,
petechial or purpuric rash, palpable purpura, Henoch-
Schönlein-type purpura, erythema multiforme, toxic ery-
thema, lichenoid dermatitis, and urticaria. Fever is common.
Renal involvement with proteinuria or hematuria is much
less common. Angioneurotic edema may rarely occur.

Polyarteritis nodosa (PAN) is a rare but serious compli-
cation of chronic HBV infection. The syndrome normally
presents within 4 months of the clinical onset of HBV in-
fection, with abdominal pain due to arteritis of medium-sized
vessels causing ischemia of the intestine and gallbladder.
The finding of microaneurysms of blood vessels in the renal,
hepatic, or mesenteric circulations on angiography is virtu-
ally pathognomonic. Tissue biopsy of affected organs re-
vealing inflammation of the medium-sized arteries confirms
the diagnosis. Treatment involves antiviral therapy, immu-
nosuppression, and plasma exchange. The prognosis is poor
without treatment, with a mortality of up to 50%.

Glomerulonephritis (GN) is more commonly associated
with CHB. The most common presentation is nephrotic
syndrome. A number of patterns of glomerular injury have
been described, including membranoproliferative GN,
membranous GN, and rarely mesangial proliferative GN. In
children the disease is usually self-limited; however, in
adults, progression to renal failure has been described.

Other manifestations of HBV-related vasculitis include
mononeuritis multiplex and polyneuropathy. Guillain-Barré
syndrome has been reported. Associations with polymyalgia
rheumatica, polymyositis, and HLA-B27-positive ankylosing
spondylitis have also been reported, although a causative
link remains controversial.

Occult HBV Infection (OBI)
Of patients who have achieved HBsAg loss or seroconver-
sion, following either acute or chronic HBV infection, an
unknown proportion will have detectable HBV DNA in the
liver. In this situation, viral DNA may or may not be de-
tectable in the serum (285). When detectable, the serum
viral load is low (often < 200 IU/ml). This distinguishes true
OBI from “false OBI” where the viral load is high but HBsAg
is negative, an uncommon situation that is due to viral
variants that produce an antigenically modified HBV S
protein not detectable using commercial HBsAg assays, or
carry mutations that inhibit S gene expression (286). Occult
expression results from strong immune control of viral gene
expression (287), and the molecular basis of OBI is related to
long-lasting persistence of cccDNA within hepatocyte nu-
clei (288). The epidemiology of occult HBV remains poorly
defined, but it has a worldwide incidence and appears to be
more common in endemic areas, in the setting of coinfection
with HCV and HIV, in patients with a history of injecting
drug use, in hemophiliacs, and in patients on hemodialysis
(286). It remains rare in developed countries.

Occult HBV carriers may be a source of HBV transmis-
sion in the case of blood donation (289), although the in-
cidence of this has been reduced significantly due to the
widespread adoption of nucleic acid testing of donations

rather than reliance on serologic markers (288). There is
a risk of viral reactivation in OBI patients who are immu-
nosuppressed (290, 291). OBI may be linked with the de-
velopment of HCC. In one study of a cohort of 69 HCC
patients, 75.5% of tumors from the OBI group (HBsAg
negative, but HBV DNA detected in tumor tissue) had HBV
DNA integrated into host chromosomes (292). This was
comparable to the 80% of HBsAg positive groups and in
contrast to 0% of the controls. A similar association was
found in patients classified as having a cryptogenic cause of
HCC (293). OBI might also be a cofactor in the develop-
ment of HCV-related HCC (294).

LABORATORY DIAGNOSIS
HBV infection is usually diagnosed by serological assays to
detect specific antigens (HBsAg, HBcAg, and HBeAg) and
corresponding antibodies (anti-HBs, anti-HBc, and anti-
HBe). The assays for serum HBsAg and its resultant antibody
are critically important because the persistence of HBsAg for
longer than 6 months defines chronic infection, and the
presence of anti-HBs indicates disease resolution or immu-
nity after vaccination. Beyond diagnosis, novel quantitative
assays for HBeAg and HBsAg and ultrasensitive assays for
anti-HBe and anti-HBs are providing new insights into the
dynamics of humoral immunity in the setting of CHB. The
quantification of HBV DNA has recently become a primary
tool in the management of CHB. Data are emerging on the
relationship between the magnitude of HBV DNA load and
the relative risk of developing liver disease (3, 4). Conse-
quently, HBV DNA now plays a central role in defining
antiviral treatment eligibility and efficacy. The development
of resistance can also be identified by an increase in the level
of HBV DNA, generally considered to be a greater than one
log10 increase from nadir in an adherent patient (295).
Recent advances in molecular diagnostics allow analysis of
intrahepatic HBV replicative intermediates, such that
comparison of the peripheral serum compartment to the
liver compartment is possible.

Serological Markers of Infection

Acute Hepatitis B
Of the serological markers associated with acute infection
(Table 3), HBsAg is typically the first to become detectable
(296). It appears early, usually some 6 to 12 weeks after
exposure, and is present before the onset of symptoms.
HBeAg appears soon after HBsAg and is a useful marker of
replication activity. As the antigen titers peak, the serum
alanine aminotransferase (ALT) levels begin to rise and
symptoms first become apparent. Antibodies to the antigens
begin to appear during this symptomatic phase. The first
antibody raised is IgM directed against the core antigen,
anti-HBc IgM (296). In combination with the presence of
HBsAg, anti-HBc IgM is the best indicator of acute infec-
tion. Anti-HBc IgM peaks in early convalescence before
gradually declining over 3 to 12 months, irrespective of
whether or not the disease becomes self-limiting or pro-
gresses to chronic disease. As the HBc IgM titer falls, a
corresponding increase in titer of anti-HBc IgG occurs,
which typically remains detectable for life (296). Anti-HBe
is either detected concurrently with, or soon after, the ap-
pearance of anti-HBc IgM, and its appearance is associated
with the rapid clearance of HBeAg. The seroconversion of
HBeAg to anti-HBe coincides with a dramatic increase in
ALT, reflecting the increased immune-mediated lysis of
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infected hepatocytes (297). Often anti-HBe will persist for
years, but in the absence of any active viral replication, the
titer declines. Finally, anti-HBs appears, although it may not
be detectable for 3 to 6 months. Anti-HBs is the neutralizing
antibody and a marker of disease resolution. In some pa-
tients, there may be a “window period” when HBsAg cannot
be detected and anti-HBs has not yet appeared; however,
anti-HBc IgM is usually found at this time. Anti-HBs is also
the marker for confirming successful vaccination, should be
the only hepatitis B antibody found (Table 3), and provides
protective immunity.

There is no major role for the detection of HBV DNA for
the diagnosis of acute infection, as the “window period” is
typically asymptomatic and patients will not present for
clinical testing. The use of DNA amplification techniques,
such as the polymerase chain reaction (PCR), allows de-
tection of HBV DNA in the serum a few weeks after in-
fection, but there is little advantage over the newer, more
sensitive HBsAg detection assays (70, 298, 299).

Chronic Hepatitis B
The persistence of high levels of HBsAg for > 6 months
following acute hepatitis indicates the development of
chronic infection (Table 3) (211). The serological profile
correlates with acute infection, but as the levels of ALT and
anti-HBc IgM decline, HBsAg remains. In the early stages of
chronic infection, ongoing replication is indicated by the
presence of HBsAg, HBeAg, and HBV DNA. The antibody
response consists mostly of anti-HBc IgG, measured as total
anti-HBc, with minimal contribution from anti-HBc IgM.
HBeAg titers may decline over time, with eventual sero-
conversion of HBeAg to anti-HBe. High levels of secreted
HBe protein are found in the so-called tolerant phase of
chronic infection and are associated with very high viral
loads and near-normal liver histology. Hepatitic flares, pro-
duced as a consequence of heightened immune reactivity to
virus-infected hepatocytes, usually accompany elimination
of HBeAg. The viral load drops significantly during these
flares, presumably as a consequence of the antiviral activity
of the host’s immune response.

This HBeAg seroconversion occurs at a rate of 5 to 20%
per year in adults, and the flare in disease activity at this time
is known as the seroconversion illness. A number of abortive
flares of active hepatitis may occur over several years before
final anti-HBe seroconversion. In most cases, the loss of
HBeAg is associated with a decrease in circulating levels of
HBV DNA (which may become undetectable), normaliza-
tion of ALT levels, and a significant clinical improvement
despite the lasting presence of HBsAg. It is increasingly
recognized, however, that HBV DNA may remain detect-
able, and disease progresses as HBeAg-negative CHB.

Viral Load Assays
HBV DNA detection and quantification is a key prognostic
marker and, as such, provides an important parameter for
determining eligibility for antiviral therapy. Serial viral load
measurements are now the standard of care for monitoring
patients on therapy, both for efficacy and the development
of drug resistance. Additionally, mathematical modeling of
the kinetics of the decline in viral load has allowed the
efficacy of antiviral drugs to be compared and the potential
additive or synergistic effects of drug combinations to be
examined (300, 301). Current commercial assays utilize real-
time PCR, with wider dynamic ranges and lower limits of
detection, that overcome problems with quality control,
lack of standardization, and limitations in sensitivity of prior
assays.

Quantitative HBsAg Assays
First described in 2004, a number of commercially available
ELISA assays are available for quantitative HBsAg titer
(302–307). HBsAg assays detect virion-associated envelope
protein as well as subviral particles. HBsAg levels may
therefore reflect hepatocyte cccDNA level and cccDNA
transcriptional activity, as well as integrated HBV sequence
meaning that the clinical utility of measuring HBsAg levels
may relate to a semi-quantitative measure of overall liver
“HBV load” (308). During the natural history of hepatitis B,
HBsAg level is highest during the immune-tolerant phase
and declines through the immune-clearance and immune-
control phases (309). In this context, HBsAg level has been
evaluated as a biomarker for the natural history of disease,
with a specific focus on risk of disease progression.

The level of HBsAg may differentiate the risk of immune
escape among patients in the immune-control phase of
CHB. In one cohort of 209 genotype-D patients with in-
active hepatitis B (310), a combination of HBsAg less than
1000 IU/ml and HBV DNA less than 2000 IU/ml predicted
maintenance of an inactive carrier state at 3 years with an
87.9% positive predictive value. This finding has been val-
idated in a Taiwanese study of genotype-B and -C patients
(311).

Low levels of HBsAg in the immune-control phase of
CHB have also been linked to likelihood of HBsAg ser-
oclearance. The Elucidation of Risk Factors for Disease
Control or Advancement in Taiwanese Hepatitis B Carriers
(ERADICATE-B) study identified HBsAg levels that
strongly predicted HBsAg loss over time (312). Among 688
HBeAg-negative patients, with an HBV DNA less than
2000 IU/ml at baseline, HBsAg clearance occurred at a rate
of 1.6% per year. An HBsAg level of less than 10 IU/ml was
associated with an annual clearance rate of 7%, 13.2 times
that of patients with a baseline HBsAg over 10,000 IU/ml.

TABLE 3 Profile of the serological markers for hepatitis B virus infection

Incubation
Period

Acute
Hepatitis

Recovery
Period Immunity

Vaccine
Immunity

Chronic
Infection

Occult
Infection

HBsAg – + – - - + -
Anti-HBs - - - + + - –
HBeAg – - - - - – -
Anti-HBe - + + + - – –
Anti-HBc IgM - – - - - - -
Anti-HBc total - – + + - + –
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HBsAg levels were more useful for predicting long-term
HBsAg seroclearance than were HBV DNA levels.

HBsAg levels have been associated with risk of
HCC development. Data from 3411 HBV carriers in the
REVEAL study showed that both HBsAg and HBV-DNA
levels were independent predictors of HCC development.
The multivariate-adjusted hazards ratio for HCC develop-
ment increased from 1.0 (reference) for serum levels of
HBV-DNA/HBsAg of < 2000/ < 100 IU/ml to 9.22 (95%
CI: 4.34–19.58) for serum levels of HBV-DNA/HBsAg of
‡ 2000/ ‡ 100 IU/ml (313). Among 2688 noncirrhotic CHB
individuals, followed for a mean of 14.7 years, the inde-
pendent predictors of HCC risk were HBV DNA level (HR:
4.7; 95% CI: 2.2–10.0), increased quantitative HBsAg (HR:
7.2; 95% CI: 1.8–28.6), and elevated ALT level (HR: 6.6;
95% CI: 2.2–19.8) (311). HBsAg levels were most useful in
patients with an HBV-DNA level < 2000 IU/ml; the risk of
HCC for individuals with HBV DNA < 2000 IU/ml and
HBsAg ‡ 1000 IU/ml was much higher than those with
HBV-DNA < 2000 IU/ml and HBsAg < 1000 IU/ml (HR:
13.7; 95% CI: 4.8–39.3) (311).

HBsAg levels have also been proposed as a biomarker for
responsiveness to peginterferon treatment (see the Treat-
ment section). The value of HBsAg levels for decision-
making in the context of peginterferon therapy has recently
been acknowledged in clinical guidelines (314).

Novel Diagnostic Tests

Quantitative HBeAg Assays
One of the drawbacks to measuring intrahepatic HBV in-
termediates is the requirement to use liver tissue. However, a
correlation exists between the levels of circulating HBsAg
and the levels of intrahepatic HBV cccDNA (315). Sensi-
tive quantitative assays for HBsAg, as well as HBeAg, have
been developed to study CHB patients (302,316–318), and
much more relevant data can be obtained than is suggested
by standard qualitative serology. The use of these assays may
allow fine-tuning of treatment protocols, particularly with
regard to interferon-based therapy (see below).

The therapeutic endpoint for HBeAg-positive CHB is
HBeAg seroconversion. A potential role for quantitative
HBeAg titer in guiding management algorithms is emerging.
A large study using pegylated interferon-a for the treatment
of HBeAg-positive CHB found that seroconversion was
more likely to occur in the setting of a low HBeAg titer
pretreatment, or if there was a rapid decline of HBeAg titer
on therapy pretreatment (319). Conversely, the failure of
HBeAg levels to fall on treatment predicted nonresponse. In
this study the predictive power of HBeAg titer was greater
than for HBV viral load, measured using a sensitive PCR
assay. Beyond interferon-based therapy, there may be a par-
ticular application of HBeAg titer during nucleos(t)ide an-
alogue (NA) therapy, both for predicting seroconversion
early, as well as for monitoring patient response. NA therapy
rapidly suppresses HBV viral load to undetectable levels,
decreasing the utility of HBV DNA as a monitoring tool for
HBeAg seroconversion. HBeAg titer has been shown to
predict both seroconversion and nonresponse during LMV
therapy (316, 317,320–324). In one study HBeAg titer was
also observed to predict LMV resistance prior to virological
breakthrough (322). The clinical utility of quantitative
HBeAg measurements may be greatest when used in con-
junction with virological sequencing of the HBV precore/
basal core promoter region. Both basal core promoter and
precore variants, which occur as quasispecies in HBeAg-

positive CHB, are associated with lower HBeAg titer, and
stratification according to the dominant virus may be useful.
Quantitative HBeAg serology remains a research tool,
however, modeled after the method of Perrillo et al. (320),
with the level expressed by establishing a standard curve
using the Paul Ehrlich HBeAg reference standard.

Assays for Intrahepatic HBV Replicative
Intermediates
Assays to quantify the various intrahepatic HBV replicative
forms, in particular the HBV cccDNA, total intrahepatic
HBV DNA (RC DNA), and pregenomic RNA (pgRNA),
could provide insights into the natural history of HBV in-
fection and therapeutic response.

Patients with HBeAg-negative CHB have lower levels of
cccDNA than their HBeAg-positive counterparts (303, 304,
325, 326). Further, virion productivity, defined as the ratio
of RC DNA to cccDNA, is reduced in HBeAg-negative
CHB (Fig 7). This reduced replicative activity is associated
with lower levels of pgRNA, implying transcriptional
downregulation. In the context of antiviral therapy, pre-
liminary data suggest that cccDNA level pretreatment may
predict antiviral response and that significant decline of
cccDNA to low end-of-treatment levels may predict durable
off-treatment viral suppression, indicating clearance of
infected cells (327, 328).

Eradication of HBV cccDNA may not be necessary to
control chronic hepatitis B if its replicative activity, as
measured by the pgRNA level, is low or quiescent. At
present these assays remain in the research domain.

Hepatitis B Core-Related Antigens (HBcrAg)
In an effort to design a simple monitoring tool for patients on
antiviral therapy for HBV, a sensitive enzyme immunoassay
was developed to detect hepatitis B core-related antigens
(HBcrAg) (329), defined as the protein products of precore/
core transcription, namely HBeAg and HBcAg. The
HBcrAg assay correlates with serum HBV viral load (329,
330). Using this investigative assay, the levels of HBcrAg
correlate with viral intrahepatic replicative intermediates
(331, 332). If further validated, the HBcrAg assay may
provide a simple tool to monitor the level of viral replication
in the liver without the need for a liver biopsy.

Ultrasensitive Immunoassays for Anti-HBs
and Anti-HBe
The presence of large amounts of HBsAg and HBeAg in the
serum may affect the ability to detect circulating antibodies
and may obscure the onset of seroconversion. The available
commercial assays usually detect anti-HBs and anti-HBe
antibodies only after the respective antigens have been
cleared from the serum. More sensitive immunoassays can
detect antibody in the presence of excess serum antigen
(333). Such approaches identified serological responses in
the context of active viral replication. For example, all pa-
tients with “active” CHB and the majority of patients with
immunotolerant CHB demonstrate ongoing humoral
immune responses, including anti-HBe and anti-surface an-
tibody (anti-HBs) production. In fact, anti-HBe serocon-
version can occur many years (up to 6 years) before the actual
loss of HBeAg or onset of liver injury. Similarly, anti-HBs
may coexist with virions and subviral HBsAg particles for
many years before viral clearance and loss of HBsAg. A small
study utilizing a novel assay to detect HBsAg/anti-HBs
complexes demonstrates this coexistence and a possible use
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in predicting on-treatment response (334). The concept of a
relatively nonoverlapping seroconversion from HBeAg-
positive to anti-HBe positive status during CHB may need
reconsideration (Fig 7).

HBV RNA Assays
It has been known for some time that HBV RNA is found in
the circulation of CHB patients (335). How RNA enters the
serum compartment, and its biologic function, if any, is
unknown. The utility of HBV-RNA measurement as a pre-
dictive tool for HBeAg seroconversion while the patient
is on nucleos(t)ide therapy was recently examined by de-
signing a specific real-time PCR assay, which used rapid
amplication of complementary DNA techniques (336).
Both full-length, polyadenylated RNA, as well as a trun-
cated form, were detected. This study showed that reduc-
tions in RNA levels at 6 months on the order of 1.8 –
1.4 log10 copies/ml and 3.1 – 1.7 log10 copies/ml for the full-
length and truncated forms, respectively, were predictive of
HBeAg seroconversion after 24 months of NA treatment
(336). While clearly in the preliminary stages of investiga-
tion and validation, this novel assay shows promise in
identifying those who may achieve HBeAg seroconversion.

PREVENTION
Effective strategies for the prevention of HBV infection in-
clude 1) the avoidance of high-risk behavior and the pre-
vention of exposure to blood or bodily fluids; 2) active
immunization with the hepatitis B vaccine; 3) active-passive
immunization with vaccine and hepatitis B immunoglobulin
after a suspected high-risk exposure; and 4) nucleos(t)ide
therapy for expectant mothers to reduce perinatal trans-
mission rates (discussed previously).

The global HIV epidemic has led to widespread educa-
tion campaigns directed at decreasing the transmission of
bloodborne viruses, including HBV, HCV, and HIV. Chan-
ges in sexual practice, the increased use of condoms, and
needle-exchange programs all appear to have reduced the
incidence of HBV infection. The screening of blood and
blood products has led to a dramatic decline in transfusion-
acquired HBV infection. The improved disposal of needles
and other sharp objects in the hospital setting, as well as the
advent of new devices designed to decrease inadvertent
needlestick injury, have reduced occupational exposures.
Unfortunately, such primary preventative measures are likely
to be less effective in countries with a high prevalence of
disease, where perinatal or early horizontal infection is
common. In these areas, immunoprophylaxis, both passive
and active, is the most effective strategy.

Immunization
WHO has recommended that all countries provide universal
HBV vaccination programs for infants and adolescents, with
appropriate catch-up programs (211). In addition, persons at
high risk should be targeted (including persons at occupa-
tional risk, institutionalized persons, dialysis patients, re-
cipients of blood products, household members, and sexual
partners of CHB patients, travelers to endemic areas, persons
who have more than 1 sexual partner in a 6-month period,
men who have sex with men, injecting drug users, and
prisoners) (337). Prevaccination testing is not cost-effective
in low prevalence areas and is only useful in adults from
endemic areas to identify those who are either infected or
immune and therefore do not require vaccination.

Effective hepatitis B vaccines have been available since
1981. Multiple formulations are now licensed, as either a
monovalent vaccine or in fixed combination with other
vaccines (including hepatitis A, Haemophilus influenzae,
diphtheria, tetanus, pertussis, and poliomyelitis). All licensed
hepatitis B vaccines are recombinant and are typically made
by incorporating the SHBs gene of HBV into the yeast ex-
pression vector Saccharomyces cerevisiae to generate recom-
binant HBsAg. They therefore contain the S epitope (the
major antigenic determinant or “a” determinant), but not the
Pre-S1 or Pre-S2 epitopes. Plasma-derived vaccines are no
longer used or recommended. Third-generation recombinant
vaccines containing 2 or 3 surface epitopes (S, Pre-S2 – Pre-
S1) have been generated from animal cell lines. They may
provide enhanced immunogenicity and therefore a strategy
in nonresponders to the standard recombinant yeast-derived
vaccine (49, 338, 339). Currently licensed vaccines are,
however, very effective at raising protective humoral immu-
nity directed against the HBsAg (337). A new HBV vaccine
utilizing a TLR-9 agonist as the adjuvant has been shown to
have noninferiority to currently approved vaccine formula-
tions with the requirement for fewer doses (340, 341). A
larger phase III study is being conducted to satisfy USA FDA
requirements for registration (NCT02117934).

The standard vaccination schedule consists of three doses
of vaccine, given intramuscularly, of 10 to 20 ug in adults
and 5 to 10 ug in children. The second dose is given 1 month
after the first dose and the third, 6 months after the first dose.
It is not necessary to restart the series if there have been
prolonged intervals between doses. The complete vaccine
series induces protective antibody levels in > 95% of infants,
children and adolescents (337). The efficacy of the vaccine
is almost 100% in immunocompetent people who develop
antibody levels of > 10 IU/ml. The response declines with
increasing age beyond 30 years; protection falls to 90% by
the age of 40 years, and, by 60 years, protective antibody
levels are achieved in only 65 to 75%. Risk factors for
nonresponse include obesity and immunodeficiency.

Postvaccination testing is only recommended in the fol-
lowing groups: infants born to HBV-infected mothers, the
immunocompromised (including dialysis and HIV patients),
healthcare workers and other persons at occupational risk of
exposure, and sexual partners of HBV-infected persons.
Nonresponse is defined as the failure to mount an anti-HBs
response > 10 IU/ml 1 to 6 months after the third dose of
vaccine. In nonresponders, 25 to 50% of immunocompetent
adults will respond to one additional dose of vaccine. For
individuals who remain seronegative after this booster dose, a
second series (three additional doses) of the double-dose
vaccine should be given; 50 to 60% will seroconvert (342).
Those remaining seronegative are likely to be true nonre-
sponders.

The duration of protection is at least 15 years (343, 344).
Even if anti-HBs titers decline to become undetectable, an
anamnestic response appears to persist, providing protective
immunity. A small number of high-risk individuals in whom
protective antibody titers have been lost develop markers of
HBV infection (anti-HBc). However, in most the infections
were asymptomatic and detected by regular blood monitoring
in the setting of clinical trials. Routine testing postvaccina-
tion and routine booster vaccination is therefore not recom-
mended. Additional information is still needed to establish
the need for a booster beyond 15 years after immunization in
those who are at high risk for exposure (e.g., health care
workers). Boosters may be considered to provide reassurance
of protective immunity in these special groups (345).
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The hepatitis B vaccine is very safe. Anaphylaxis is rare
and is the only serious adverse effect that has been docu-
mented. There are no data to support a link with demye-
linating disorders, Guillain-Barré syndrome, chronic fatigue
syndrome, sudden infant death syndrome, lupus erythema-
tosus, or other disorders (337).

Impact of Vaccination on Transmission
Active-passive immunization was shown in the mid 1980s to
prevent > 95% of perinatal transmission (346, 347). Taiwan
was the first country to introduce universal neonatal vacci-
nation in 1986. Since the program began, the prevalence of
HBsAg in children under 5 years of age has decreased from
9.3% in 1984 to 0.5% in 2004 (344). This suggests not only
protection of those vaccinated but also prevention of hori-
zontal transmission. Subsequently the incidence of both
fulminant hepatitis (348) and HCC in children has declined
sharply (349).

Postexposure Prophylaxis
Passive immunization with hepatitis B immunoglobulin
(HBIG) provides temporary immunity against HBV infec-
tion in those who are not immune. The most common in-
dication for use is for postexposure prophylaxis. Postexposure
prophylaxis is the standard of care for all nonvaccinated
individuals exposed to infectious blood or bodily fluids, in-
cluding infants born to HBsAg-positive mothers, and fol-
lowing percutaneous (e.g., needlestick), mucosal, or sexual
exposure to HBV. The first dose of HBV vaccination is given
within 12 hours of exposure, followed by second and third
doses at 1 and 6 months respectively. HBIG (0.06 ml/kg
intramuscular) should be administered with the first dose of
vaccine and can be repeated at 1 month if there has been no
response to the vaccine. Vaccinated individuals with docu-
mented response do not require prophylaxis.

MANAGEMENT OF HBV INFECTION
Acute Hepatitis B
Acute hepatitis B (AHB) is a spontaneously resolving in-
fection in the majority of cases in immunocompetent adults.
Antiviral therapy is not generally indicated unless fulminant
disease is present. Care, in the absence of fulminant disease,
is supportive, with the provision of adequate nutrition and
hydration and the avoidance of hepatotoxic drugs, such as
acetaminophen. However, there has been some interest in
whether NA therapy would benefit patients with severe
AHB. LMV use in patients presenting to a transplant center
with severe AHB, defined by an INR > 2.0, significantly
improved mortality compared to a historical control; 14 of
17 patients (82.4%) survived with full recovery without liver
transplantation compared to a historical cohort in which the
survival without liver transplantation was 20% (4/20) (350).
In contrast, a randomized controlled trial in India failed to
demonstrate a benefit of LMV therapy in severe AHB de-
fined by two of three criteria (hepatic encephalopathy;
serum bilirubin ‡ 10.0 mg/dL [171 mmol/l] and/or [4] INR
‡ 1.6) (351), although no patient in this study required liver
transplantation. Given the limitations of current data, a trial
of NA therapy may be reasonable in fulminant HBV with
coagulopathy and elevated INR; the risk of resistance asso-
ciated with long-term LMV would generally favor ETV or
TDF. There have been case reports of lactic acidosis asso-
ciated with ETVused for fulminant hepatitis B infection, but
these reports do not prove causality (352).

Chronic Hepatitis B

Principles of Management
The aim of treatment for CHB is the prevention of clinical
complications including decompensated liver disease and
hepatocellular carcinoma. The prevention of these clinical
end points may be achieved by durable suppression of HBV
replication (353–358). As clinical end points may take years
to eventuate, sustained virological response (SVR) has been
adopted as the goal of therapy both in clinical trials and day-
to-day practice (230, 359). SVR is defined as a decrease in
serumHBV DNA to undetectable levels by PCR assays, with
loss of HBeAg in patients who were initially HBeAg-positive
(230). HBeAg seroconversion, in the context of HBeAg
positive disease, has been shown to correlate with sustained
viral suppression and clinical benefit, particularly in patients
treated with pegIFN, and is therefore an end point for
therapy (360). The end point for therapy in the setting of
HBeAg-negative CHB is HBsAg loss (230, 314).

Indications for Therapy
Candidates for antiviral therapy can be classified into three
groups: HBeAg-positive CHB, HBeAg-negative CHB, and
patients with advanced fibrosis/cirrhosis (who may be either
HBeAg positive or negative). The clinical utility of this
approach is based on the expected differences in the dura-
tion of therapy that will be required for these groups.

HBeAg-Positive CHB
The traditional clinical end point of therapy in HBeAg-

positive CHB is HBeAg seroconversion. It is therefore rea-
sonable to offer a trial of therapy to all patients with active
disease, defined by a viral load > 20,000 IU/ml and either
raised ALT > 2x the upper limit of normal (ULN) or mod-
erate to severe inflammation on liver biopsy. In patients with
an ALT < 2x ULN, in the presence of viral replication, the
decision whether to commence therapy is influenced by the
severity of both inflammation and fibrosis on liver biopsy.
Most professional bodies recommend a trial of observation
for 3 to 6 months to allow for spontaneous seroconversion
before initiating therapy (230, 314, 361). The options for
therapy include interferon-based therapy or any of the
recommended NA (Table 4A). HBeAg seroconversion is
durable following peginterferon therapy, but it may be less
durable following withdrawal of NA therapy (362). A period
of consolidation therapy with NA for at least 12 months
following seroconversion is recommended, and patients
must be followed for reactivation.

HBeAg-Negative CHB
The only agreed end point of therapy for patients with

HBeAg-negative CHB is HBsAg loss. Sustained virologic
response may be achieved in a small percentage of patients
using interferon-based therapy; however, it is likely that
most patients will require prolonged therapy with a NA.
Treatment decisions must therefore weigh the risk of future
complications against the long-term financial costs and risk
of antiviral resistance. Liver biopsy is useful in decision-
making, as the presence of significant fibrosis should trigger
consideration of therapy. Treatment is reasonable in patients
with a viral load > 2,000 IU/ml and evidence of moderate/
severe inflammation or significant fibrosis (230). In patients
with mild fibrosis and inflammation but ongoing replication,
there are no data to determine whether the risk of long-term
antiviral resistance outweighs the benefit of initial viral
suppression (Table 4B).

32. Hepatitis B Virus - 735



Cirrhosis
Sustained viral suppression improves clinical outcomes in

the setting of CHB and advanced liver disease, in particular,
reducing the risk of HCC (353, 363). Long-term NA ther-
apy would normally be recommended. It is critical that these
patients be monitored closely both for initial virological
response and, subsequently, for the development of antiviral
resistance, to allow institution of salvage therapy before the
serum ALT becomes elevated. Patients with compensated
cirrhosis and HBeAg-positive CHB can be considered for
pegylated-interferon with close monitoring for a hepatitis
flare and long-term monitoring for virological relapse (364).
Patients with decompensated liver disease should not re-
ceive interferon-based therapy because a hepatitis flare in

this setting is associated with a high chance of mortality;
rather, long-term NA therapy and referral to a transplant
center is indicated.

Treatment of Special Populations

HIV-HBV Coinfection
Since antiretroviral therapy is recommended for all HIV-
infected patients, HBV-coinfected patients need to be
identified and treated with a regimen effective for both
viruses, with TDF and emtricitabine (FTC) being the fa-
vored combination (365). In the rare coinfected patients
declining antiretroviral therapy, HBV therapy should be
based on agents that will not select for HIV drug resistance.

TABLE 4A Responses to approved antiviral therapies among treatment-naive patients with HBeAg-positive

TABLE 4B Responses to approved antiviral therapies among treatment-naive patients with HBeAg-negative CHB
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ETV is now recognized to have anti-HIV activity and is
associated with the accumulation of HIV-type 1 variants
with the LMV resistance mutation M184V (366). Ther-
apeutic options therefore include adefovir dipivoxil (ADV)
(10 mg) daily or pegIFN. Although Telbivudine (LdT) does
not target HIV, its use as monotherapy is not recommended
because of the risk of selection of the M204I mutation in the
YMDD motif.

The hepatitis B vaccine should be given to all HIV-
positive persons who are negative for HBV seromarkers.
The vaccine should be given when CD4 cell counts are
‡ 200 cells/ml, as response is poor below this level. Persons
with CD4 counts below 200 cells/ml should defer HBV
vaccination until antiretroviral therapy has reconstituted
CD4 counts above this threshold.

Pregnancy
The introduction of active-passive immunization of infants
born to HBV-infected mothers has significantly reduced the
rate of perinatal transmission where this therapy is avail-
able (367). However, even with timely administration,
highly viremic mothers ( ‡ 6 log10 copies/ml) retain a > 10%
transmission rate to their newborns (368). Therefore, this
group of patients will benefit from NA therapy to reduce
viral load, in order to augment the efficacy of immunization.
A meta-analysis of ten randomized, controlled trials of
active-passive immunization, with or without LMV, exam-
ined outcomes for over 450 patients. Nine studies com-
menced therapy at 28 weeks of gestation, whereas one study
commenced at 32 weeks. The pooled odds ratio (OR) for
infant infection, as determined by HBsAg positivity at 9 to
12 months of age, was 0.31 (CI: 0.15–0.63) favoring LMV
(369). A second meta-analysis of six studies examining the
use of LdT in similar settings again strongly favored its use
with a pooled OR of 0.11 (CI: 0.04–0.31) (370). A recent
prospective, open-label, case-control study from China
(371) on 362 LdT-treated pregnant women (either second or
third trimester) found no cases of vertical transmission, as
opposed to a 9.3% transmission rate in the 92 controls
(P < 0.001) (371). No obstetric complications or congenital
malformations were reported.

TDF is the preferred agent in pregnancy and has been
recommended in major society clinical practice guidelines to
treat this population, given its high potency and ability to
rapidly reduce viral load with a shorter duration of therapy
(314, 361). To investigate this, a recent Australian “opt-in”
prospective study examined the use of TDF as compared
with LMV and placebo in pregnant patients with high viral
load (372). The patients were predominantly of Asian eth-
nicity (88.5%), and those who elected to be treated com-
menced therapy in the third trimester. All infants received
active-passive immunization at birth. Significantly more
patients achieved a viral load < 6 log10 copies/ml in the TDF
group when compared to LMV (18% vs. 3%, P = 0.01).
Despite this difference, the rate of perinatal transmission was
similar between the two groups (2% TDF vs. 0% LMV) but
significantly better than the untreated group (20% trans-
mission rate) (372). The USA FDA classifies both LdT and
TDF as pregnancy category B drugs (no congenital risk in
animal studies, but unknown data in humans), whereas
LMV, ADV, and ETV are category C (teratogenic in ani-
mals, but unknown in humans). Therefore, either LdT or
TDF are drugs of choice. However, more long-term data on
the safety of TDF are currently available from its use in the
HIV population. The Antiretroviral Pregnancy Registry has
reported data on 2,330 live births having had TDF exposure

during the pregnancy. A congenital malformation rate of
2.3% was found in infants delivered to these mothers, which
is equivalent to the baseline general population rate (373).

An issue that arises in patients who started antiviral
therapy before parturition is when or if to stop treatment.
Typically, given prescribing restrictions, these patients would
not otherwise have been eligible for treatment and therefore
are unlikely to qualify for ongoing prescription. A concern
with ceasing therapy soon after delivery is the risk of a
postpartum flare of hepatitis, due to a combination of in-
creased viral replication and immune reconstitution in the
puerperium. One small study has shown, however, that ex-
tending the duration of NA therapy beyond delivery does
not abrogate the risk of flare (374). Further studies will be
required to shed light on this area of management.

Immunosuppression
Immunosuppression is a unique situation in which antiviral
therapy is indicated for HBV. Reactivation of HBV repli-
cation with increase in ALT levels has been reported in 20 to
50% of HBsAg-positive patients undergoing immunosup-
pression or cancer chemotherapy (375–377). Such patients
often have a complex quasispecies mix that harbors muta-
tions in the major hydrophilic region, thus making immune
escape more likely (378). The risk is especially high in pa-
tients undergoing hematopoietic stem cell or solid organ
transplantation or with treatment with the anti-CD20
monoclonal antibody therapies rituximab and ofatumumab,
particularly in nonHodgkin lymphoma patients (212,379–
381). There are also reports of reactivation following
transarterial chemo-embolization for HCC and anti-TNF
therapies for inflammatory bowel disease and rheumatoid
arthritis (377, 382, 383). Although most cases are asymp-
tomatic, icteric flares, hepatic decompensation, and death
have all been reported. Patients with a high pretreatment
viral load, defined by HBeAg-positivity or HBV DNA
> 60,000 IU/ml, are at higher risk of reactivation. The degree
of risk can be estimated by combining the degree of immu-
nosuppression expected from the treatment regimen with
the patient’s serology (Table 5) (213). Therefore, all patients
who are to undergo an immunosuppressive treatment regi-
men should have serology for HBV assessed, including a

TABLE 5 Estimated risk of HBV reactivation based on
serologic profile and type of therapeutic immunosuppression

HBsAg-
Positive

HBsAg-
Negative/
Anti-HBc
Positive

Anti-CD20 30–60% > 10%
Anthracyclines 15–30% 1–10%
Corticosteroids (‡ 4 weeks & ‡ 10 mg) > 10% 1–10%
TNFa inhibitors 1–10% 1%
Other cytokine/integrin inhibitorsa 1–10% 1%
Tyrosine kinase inhibitors 1–10% 1%
Corticosteroids (‡ 4 weeks & < 10 mg) 1–10% < 1%
Corticosteroids (£ 1 week) < 1% < < 1%
Traditional immunosuppressionb < 1% < < 1%

(Adapted with permission from Perrillo et al. [213]).
aAbatacept, ustekinumab, natalizumab, vedolizumab.
bAzathioprine, 6-mercaptopurine, methotrexate. High risk group > 10%;

moderate risk group 1–10%; low risk group < 1%.
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HBV DNA if HBsAg-negative/anti-HBc positive. All non-
immune individuals should be vaccinated.

Prophylactic therapy with LMV reduces the rate of HBV
reactivation, severity of associated hepatitis, and mortality
(377,384–387). HBsAg-positive patients with baseline viral
loads less than 2,000 IU/ml should be started on LMVat the
onset of immunosuppression. Patients with baseline HBV
DNA levels > 2,000 IU/ml should continue antiviral ther-
apy until a therapeutic end point is reached, as viral relapse
has been reported after withdrawal (388). In this setting,
where therapy may be prolonged, a high potency NAmay be
more appropriate.

Patients who are HBsAg-negative and anti-HBc – anti-
HBs-positive (i.e., occult hepatitis B) remain at risk of
reactivation of HBV when profoundly immunosuppressed.
This is due to persistence of the cccDNA template. Reac-
tivation is infrequent but seen primarily with anti-CD20
therapies. Use of these agents mandates prophylactic treat-
ment (214). In other situations, it may be reasonable to
monitor patients closely (every 1 to 3 months) and to ini-
tiate treatment when serum HBV DNA level becomes de-
tectable, ideally before a hepatitis flare is diagnosed.

Therapy should be continued for at least 12 months after
completion of chemotherapy (230, 314, 361). Even after
cessation of successful NA prophylaxis, patients treated with
anti-CD20 therapy may require longer term regular moni-
toring in case of delayed reactivation (389).

ANTIVIRAL THERAPY
As highlighted previously, there are two classes of therapy
currently available for the management of CHB:

1) Nucleos(t)ide analogues (NA)
2) Pegylated interferon-a

Nucleos(t)ide Analogues
The development of potent oral NA that are safe, well
tolerated, and have a low risk of antiviral resistance repre-
sent a major therapeutic advance (Tables 5A and 5B). There
are five NA currently approved for the management of
CHB—LMV, LdT, ADV, ETV, and TDF—which belong to
three separate drug classes. It is useful to consider these drugs
within their class due to overlapping resistance profiles. The
use of a sixth agent, FTC, is approved, in combination with
TDF, only for HIV infection, but FTC has some efficacy in
treating HBV. ETV and TDF are now considered first line
agents for CHB due to their high potency and high genetic
barrier to resistance.

The advantages of NA are ease of administration, rapid
viral suppression, and a good safety profile. If SVR is main-
tained, then long-term therapy results in improved clinical
outcomes. The major disadvantage is the requirement for
prolonged therapy in the majority of patients, the potential
for drug resistance, and the absence of robust safety data for
these agents during conception and pregnancy. The latter
point is especially important for younger patients in whom
prolonged therapy may be required. NA are also the only
therapeutic option for patients with decompensated liver
disease before liver transplantation.

The HBV cccDNA pool provides a difficult obstacle for
antiviral therapy to overcome. As HBV replication does not
employ a semiconservative mechanism, any nucleos(t)ide
analogue-based therapy can only indirectly affect the pre-
existing cccDNA template. The likely reason for relapse,
seen after completion of antiviral therapy for hepatitis B

infection, is the persistence of the HBV cccDNA, which can
re-establish pretreatment replication levels.

L-Nucleoside Analogues

Lamivudine (LMV)
Lamivudine is the (-) enantiomer of 2¢, 3¢ dideoxy-3¢-

thiacytidine. It inhibits DNA synthesis by the incorporation
of its active triphosphate site into the growing DNA chain,
resulting in chain termination, and was the first agent to be
approved for the treatment of CHB. Unfortunately, the use
of LMV is frequently complicated by the emergence of drug
resistance (see below). As a result, LMV monotherapy is no
longer recommended for treatment naïve patients. For eco-
nomic reasons, however, it is likely that widespread use will
continue in the developing world.

LMV is not a potent inhibitor of HBV replication.
Treatment results in a mean decline of serum HBV DNA of
4- to 5-log10 copies/ml by 48 weeks. In HBeAg-positive
patients, HBV DNA levels became undetectable in 40 to
44% by 48 to 52 weeks, 41 to 75% normalized ALT, and
histological improvement was noted in 49 to 56% (compared
to 23 to 25% of placebo controls). HBeAg seroconversion
has occurred in 16 to 18% (compared to 4% to 6% of con-
trols, respectively) (390–394). HBeAg seroconversion in-
creases with prolonged duration of therapy up to 50% by 5
years (393–396). Not surprisingly, pretreatment ALT is the
strongest predictor of response in HBeAg-positive patients—
seroconversion was greatest in patients with baseline ALT
> 5 x the upper limit of normal (ULN) in clinical trials and
progressively less frequent in patients with ALT levels 2 to
5 x ULN, 1 to 2 x ULN and normal ALT (47%, 21%, 9%,
and 2%, respectively) (397, 398).

Following treatment withdrawal, HBeAg seroconversion
was demonstrated to be durable in 50 to 80% of patients in
clinical trials, but real-world studies suggest that durability is
much lower, with relapse eventually occurring in the ma-
jority of patients (362, 399, 400). If LMV is used, it is
recommended that therapy be continued for at least 12
months after seroconversion to minimize the risk of viral
reactivation following treatment withdrawal (401). LMV is
also partially effective in HBeAg-negative patients (402–
406); 1 year of therapy will suppress HBV DNA to unde-
tectable levels in 60 to 70% of patients using sensitive PCR
assays (404, 405, 407, 408). This is unlikely to reflect in-
creased potency, as compared to HBeAg-positive cohorts,
but rather a lower baseline viral load in the HBeAg-negative
state. Despite apparent effective viral suppression, the vast
majority of patients relapsed (90%) when treatment was
stopped (403). Long-term therapy is therefore required for
sustained viral suppression. Unfortunately, prolonged ther-
apy is complicated by the progressive development of LMV
resistance. In one large study of HBeAg-negative patients,
virologic remission decreased from 73% at 12 months to 34%
at 48 months, due to the emergence of LMV resistant mu-
tants (Table 6) (354). These rates are even less encouraging
in HIV coinfected patients.

One seminal, double-blind, randomized, placebo-
controlled trial of LMV therapy (353) in 651 Asian pa-
tients, who had evidence of active viral replication and
bridging fibrosis and cirrhosis on liver biopsy, found a sig-
nificant reduction in overall disease progression (as defined
by an increase in the Child-Turcotte-Pugh score or hepatic
decompensation) and HCC development (353). The clini-
cal benefit was observed mainly in the 51% of patients who
did not experience virologic breakthrough, emphasizing
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both the importance of sustained viral suppression and the
problems associatedwith LMVresistance. Prospective data on
clinical outcomes in patients with less advanced disease are
lacking, although retrospective analyses suggest improvement
in patientsmaintaining viral suppression after starting therapy
with LMV (354, 355). Early on, LMV therapy demonstrated
benefit in the management of patients with decompensated
cirrhosis, but it has since been supplanted by newer agents
(409–412). Clinical improvement takes 3 to 6 months, and
the risk of HCC persists, so that treatment should be initiated
early and surveillance for HCC continued. In the original
LMV registrational study in patients with advanced fibrosis
or cirrhosis, durable viral suppression decreased the cumu-
lative incidence of HCC from 7.4% to 3.4% (P = 0.047) by
32 months of therapy (353), despite the confounding effect
of antiviral resistance emergence. More recently, ETV and
TDF have been confirmed to reduce the risk of HCC, par-
ticularly in cirrhotic patients (413–416).

Overall, LMV is very well tolerated. Various mild adverse
events have been reported in patients receiving LMV, but all
were observed to occur at the same frequency among con-
trols (230).

Telbivudine (LdT)
Telbivudine is an L-nucleoside with a potent anti-HBV

effect; 48 weeks of therapy will reduce HBV viral load by
6 log10 copies/ml. In clinical trials, LdT has been shown to
be more potent than LMV in suppressing HBV replication in
both HBeAg-positive and negative CHB (417), which was
sustained in those patients who experienced an early re-
sponse (418). A HBV DNA reduction to less than 5 log10
copies/ml, defined as the primary endpoint, was achieved by
75.3% versus 67.0% of patients receiving LdT as compared
to those receiving LMV (417) and was associated with his-
tologic improvement as well. Longer term follow-up studies
of this phase III study cohort have shown an HBeAg sero-
conversion rate of 37% after 3 years of therapy (419). This
study also showed that 84% of patients who stopped therapy
had an undetectable viral load after 52 weeks. Data regard-
ing durability of response are not available beyond this time
point. Despite the potent antiviral effect, LdT is also asso-
ciated with a high rate of resistance (25.1% and 10.8% at 2
years in HBeAg-positive and -negative, respectively), con-
ferred by mutations in the YMDD motif (420). Therefore,
LdT resistance mutations are cross-resistant with LMV. For
this reason LdT monotherapy has a limited role in the
treatment of HBV infection.

Acyclic Nucleoside Phosphonates (Nucleotide
Analogues)

Adefovir Dipivoxil (ADV)
Adefovir dipivoxil is the orally bioavailable prodrug of

ADV, a nucleotide analogue of adenosine monophosphate.
Similar to other NAs, it inhibits HBV DNA polymerase by
acting as a chain terminator. It can inhibit both reverse
transcriptase and DNA polymerase activity. The degree of
HBV suppression achieved is less than that with LMV
therapy, with 48 weeks of therapy achieving a mean viral
load decline of 3 to 3.5 log10 copies/ml (421). Furthermore,
approximately 30% of NA-naïve patients are primary non-
responders (defined as a < 2 log10 drop in VL by 6 months of
treatment) (422). ADV has activity against both wild type
and LMV-resistant HBV in vitro and clinically.

In thephase III registrational trial ofADVmonotherapy for
HBeAg-positive CHB, 10 mg daily of ADV for 48 weeks was
associated with significant benefits in mean HBV DNA re-
duction (3.5 log10 copies/ml vs. 0.6, P < 0.001), ALT nor-
malization (48% vs. 16%, P < 0.001) and histologic response
(53% vs. 25%, P < 0.001) compared to placebo (423).
HBeAg seroconversion occurred in 12% at 48 weeks versus
6% in placebo (P < 0.049), and was more common in pa-
tients having a higher baseline ALT. Cumulative serocon-
version rates increased with continued therapy to 48% after 5
years (424). No difference in response was observed by racial
background or viral genotype. At a dose of 30 mg per day for
48 weeks, ADV was associated with a superior clinical effect
compared to the 10-mg dose but also with an 8% incidence
of nephrotoxicity, including the rare development of Fan-
coni syndrome. The ADV dose approved for clinical use was
consequently limited to 10 mg per day. Suboptimal dosage
and pharmacogenomic factors may therefore be contributing
to the primary nonresponse rate (425). HBeAg seroconver-
sion appears to be durable, being maintained in 92% of 76
patients, who were followed for a median of 52 (5 to 152)
weeks off treatment after a median 80 (30 to 139) weeks of
therapy (230). Patients were treated for a median of 41 weeks
postseroconversion, which may explain the high durability.

ADV is also effective in the management of HBeAg-
negative CHB. In comparison to placebo, 48 weeks of ADV
was associated with a higher rate of undetectable HBV DNA
by sensitive PCR assay (51% vs. 0%, P < 0.001), ALT nor-
malization (72% vs. 29%, P<0.001), and histologic response
(64% vs. 33%, P<0.001) (426). The rate of viral suppression
increased with time to 67% after 240 weeks (427). Although
the relapse rate is very high (92%) in patients with HBeAg-
negative CHB if therapy is stopped after 48 weeks (428), it
may be possible to withdraw therapy after long-term viral
suppression. In a cohort of 33 patients, who maintained
virological suppression on ADV for a median of 4 to 5 years,
67% maintained biochemical remission to a median follow-
up of 18 months (range 15 to 20). Although all experienced
SVR, HBV DNA levels remained at relatively low levels sim-
ilar to the inactive HBsAg carrier state (< 50,000 copies/ml)
and, in most cases, declined over time. Persistent biochem-
ical relapse was successfully treated by reinstitution of ADV
in 3% of patients (427).

The risk of ADV nephrotoxicity and the observed pri-
mary nonresponse rate make ADV less suitable as a therapy
for patients with advanced liver disease, either compensated
or decompensated. While ADV has been shown to be ef-
fective as salvage therapy in decompensated CHB compli-
cated by LMVresistance (429), TDF is the preferred agent in
this setting.

TABLE 6 Cumulative annual incidence of antiviral
resistance in differing patient populations

Percentage of Patients
Resistant after Years of Therapy

Treated Population 1 2 3 4 5 6

LAM 23 46 51 71 80 -
LdT HBeAg-Pos 4.4 21 - - - -
LdT HBeAg-Neg 2.7 8.6 - - - -
ADV HBeAg-Neg 0 3 6 18 29 -
ADV (LAM-resistant) £ 20% - - - - -
TDF 0 0 0 0 0 0
ETV (naïve) 0.2 0.5 1.2 1.2 1.2 1.2
ETV (LAM-resistant) 6 15 36 46 51 57

(Adapted with permission from Zoulim and Locarnini [468]).
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Although less potent as an antiviral agent compared to
LMV, ADVoffers the benefit of a reduced incidence of drug
resistance. Furthermore, as the main resistance profile of
ADV differs from LMV, these two drugs do not suffer from
cross-resistance (Table 7).

Tenofovir Disoproxil Fumarate (TDF)
Tenofovir is one of the two first-line NAs recommended

for the treatment of CHB. It is structurally similar to ADV,
and these two drugs are equipotent in vitro. However, because
TDF is associated with less nephrotoxicity, pharmacokinetic
studies determined a safe dose 30 times greater (300 mg per
day) than ADV. This explains the much greater potency
seen in clinical trials (6 to 7 log10 copies/ml reduction in
viral load) (421). TDF has activity against both HIV and
HBV. It is currently approved as both monotherapy and
combination therapy with FTC for the management of HIV
and HIV/HBV coinfection. TDF/FTC combination therapy
is currently recommended as first-line therapy for HBV-HIV
coinfection (430). It is not approved for the management of
HBV mono-infection, although it does hold the promise of
potent viral suppression and a high resistance barrier.

The superior efficacy of TDF, compared to ADV, in the
management of CHB was established in two phase III
studies, one examining HBeAg-positive and the other
HBeAg-negative infection (431). Both studies treated pa-
tients for 48 weeks (200 mg daily TDF versus 10 mg daily
ADV) with a primary endpoint of complete virologic re-
sponse (HBV DNA < 400 copies/ml) plus histologic re-
sponse (two point reduction in Knodell inflammatory score).
In the study of HBeAg-positive patients, which enrolled a
predominantly Caucasian population (51.5% Caucasian;
36% Asian), with a relatively even distribution of the four
major genotypes, 66% of TDF-treated patients reached the
primary endpoint compared to 12% of placebo (P < 0.001)
(431). TDF was also superior with regards to ALT normal-
ization (68% vs. 54%, P = 0.03), HBsAg loss (3.2% vs. 0%,
P = 0.02), and HBV DNA suppression to < 400 copies/ml
on intention-to-treat analysis (76% vs. 13%, P < 0.001). No
statistically significant differences were seen in histologic
improvement alone or HBeAg seroconversion (21% vs.
18%, P = 0.36) (431).

The HBeAg-negative trial also had a predominantly
Caucasian population (64.5% Caucasian; 24.5% Asian),
with a preponderance of genotype D infection (63.5%). The
primary endpoint was reached in 71% of TDF-treated
compared to 49% of placebo-treated patients (P < 0.001)
(431). Similar to the HBeAg-positive group, this signifi-

cance was driven by complete viral suppression, attained in
93% vs. 63% (P < 0.001) of patients without a significant
difference in histologic response. There was no difference in
ALT normalization (431).

Of the 641 initially randomized patients, 437 (68.2%)
completed a further 7 years as part of a long-term treat-
ment study (432). Complete viral suppression (HBV DNA
< 400 copies/ml) was maintained in 99.3% of the cohort. At
enrollment into the long-term study, 154 patients were
HBeAg-positive. At the end of follow-up, 54.5% had lost
HBeAg, and 11.8% had lost HBsAg. Only one patient in the
HBeAg-negative group lost HBsAg (0.3%) (432). No resis-
tance to TDF was detected (433). Baseline and follow-up
biopsies were available for 348 patients after 5 years of
treatment. Regression of fibrosis (reduction of at least one
point in Ishak fibrosis score) was seen in 51% of these pa-
tients (271). Additionally, while 96 of these patients were
deemed cirrhotic on baseline biopsy, remarkably, 74% of
these had regressed to noncirrhotic scores at follow-up (271).

Although generally well tolerated, TDF therapy may be
associated with renal insufficiency, and there have been rare
case reports of reversible Fanconi syndrome (434). No cases
of Fanconi syndrome have been seen in long-term follow-up
studies (432, 435), and elevations of serum creatinine
‡ 0.5 mg/dL were seen in only 1.7% of patients after 7 years
(432). The risk of TDF-induced Fanconi syndrome may be
related to rare variants in multiple genes involved in renal
drug handling or renal cell homeostasis, but no biomarker
has yet been determined (436). TDF has been associated
with bone loss and osteomalacia in the HIV-treated popu-
lation, for whom TDF has been available since 2001 (437).
This has been postulated to result from hypophosphatemia
induced by renal proximal tubular dysfunction, similar to the
mechanism for Fanconi syndrome (438). In a study exam-
ining this issue, TDF was independently associated with a
reduction in bone density in addition to traditional risk
factors for osteoporosis (439). However, this was a modest
reduction (OR 2.95 CI [1.14–7.45], P = 0.026), and limited
to the hip. The authors of this study concluded that classic
risk factors were more important in risk-stratifying patients
taking TDF (439). TDF is effective for the management of
both LMV- and ADV-resistance (see below).

Tenofovir Alafenamide (TAF)
Tenofovir alafenamide is the orally bioavailable phos-

phonamidate prodrug of tenofovir. In comparison with TDF,
TAF enables enhanced delivery of the parent nucleotide and
its active diphosphate metabolite into lymphoid cells and

TABLE 7 Patterns and pathways of antiviral drug resistance in chronic hepatitis B in the context of cross-resistance

Pathway

Primary
Resistance
Mutation/s LAM LdT ETV ADV TDF

Wild-type - S S S S S
l-Nucleoside M204I/V – 204I/V R R I S S
Acyclic
phosphonate

N236T S S S R I

Shared A181T/V R R S R I
Double A181T/V + N236T R R S R R
d-Cyclopentane L180M + M204V/I – I169T – T184G –

S202I/G – M250V
R R R S S

(Adapted with permission from Liaw et al. [361]).
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hepatocytes. Hydrolysis of TAF occurs by action of the en-
zyme carboxylesterase-1, which is predominantly expressed
in HBV-infected hepatocytes (440). The TAF formulation
lowers plasma exposure by 90% and has been designed to
minimize the bone and renal toxicity associated with TDF
(441). TAF is currently in phase III clinical trial develop-
ment and is expected to be approved in Europe and North
America in 2016 and Asia in 2017.

D-Cyclopentanes

Entecavir (ETV)
Entecavir is the second NA recommended as a first-line

agent for the treatment of CHB. ETV is an analogue of 2¢-
deoxyguanosine. It inhibits HBV replication at three dif-
ferent steps: 1) priming of HBV DNA polymerase; 2) reverse
transcription of minus-strand DNA; and 3) synthesis of plus-
strand HBV DNA. ETV is more potent than LMVor ADV,
reducing HBV DNA by 6- to 7-log10 copies/ml after 48
weeks of treatment (421).

ETV was compared to LMV in the phase III registrational
trial for the management of HBeAg-positive CHB (442). At
week 48, 0.5 mg daily of ETV versus 100 mg daily of LMV
was associated with superior rates of HBV DNA undetect-
ability (67% versus 36% by sensitive PCR assay, P < 0.001),
normalization of ALT (68% vs. 60%, P= 0.02), and histo-
logic improvement (72% vs. 62%, P = 0.009). HBeAg se-
roconversion was similar (21% vs. 18%, P = 0.33) and was
more common in patients having a higher baseline ALT.
Rates of undetectable DNA and normal ALT continued to
increase through to 96 weeks (443). In those patients who
stopped therapy at this point, 5.1% vs. 2.8% had lost HBsAg
24 weeks after cessation in those taking ETV vs. LMV, re-
spectively (444). Studies of long-term maintenance therapy
have shown continued efficacy out to 5 years, with an ad-
ditional 23% of patients achieving HBeAg seroconversion
(445). No difference in response was observed by racial
background or viral genotype.

In HBeAg-negative CHB, ETV was again associated with
improved rates of undetectable HBV DNA, normalization of
ALT, and histologic improvement compared to LMV (446).
However, of 257 patients who had achieved undetect-
able HBV DNA and normal ALT levels after 48 weeks of
treatment, 97% had detectable DNA within 24 weeks off-
treatment, and 51% had elevated ALT levels (447). This
reinforces the concept that long-term NA therapy is re-
quired for HBeAg-negative infection.

ETV-related viral suppression has a significant impact on
regression of histologic fibrosis (272). A subset of 57 patients
enrolled in the above studies (41 HBeAg-positive, 16
HBeAg-negative) had paired liver biopsies available for
comparison. These were taken after 48 weeks of treatment
and after at least 3 years of maintenance therapy (range 3 to
7 years). All patients had HBV DNA < 300 copies/ml at the
time of the second biopsy and 67% were Asian, hence ge-
notypes B and C were most prevalent (60%). Ninety-six
percent of this cohort had a significant reduction in
necroinflammation, and 88% had improvements in their
Ishak fibrosis score. All 10 patients with cirrhosis had re-
gression and were considered no longer cirrhotic (272).

Concern regarding the safety of ETV in decompensated
HBV-related cirrhosis was raised after a series of five patients
developed severe lactic acidosis (448). All patients had end-
stage liver disease (MELD) scores of > 20, indicating se-
verely impaired liver function. One patient died, while
treatment withdrawal resulted in resolution of the acidosis in

the remaining four. A prospective, randomized study ex-
amining the use of ETV, 1 mg, (twice the standard dose), or
ADV 10 mg for up to 96 weeks in the decompensated cir-
rhotic population (449). Forty-nine percent of the ETV
group had achieved a HBV DNA < 300 copies/ml, com-
pared to 16% in the ADV group at 24 weeks. This increased
to 57% vs. 20% by week 48 (P < 0.0001 for both time
points) (449). Week 24 mortality was 12% in both groups.
No cases of lactic acidosis were seen, although no patient
had a MELD above 20, and overall safety profile was similar
for the two drugs.

In general, ETV is very well tolerated, its safety profile
being similar to that of LMV in the registrational trials (442,
446). Preclinical studies in rats, treated with doses 3 to 40
times the maximal human dose, found an increased risk of
tumors in the lungs, brain, and liver. Similar events have not
been observed in humans (445), where no difference in the
incidence of any neoplasm has been observed with the use of
ETV when compared to LMV.

ETV resistance is rare in NA-naïve patients and emerges
slowly (450). ETV resistance is more common in the setting
of prior LMV resistance, in spite of the increased 1-mg dose
that is approved for this indication (see below).

Other Direct Acting Antiviral Drugs

Emtricitabine (FTC)
Emtricitabine (5¢-fluorothiacytidine) is a fluorinated cy-

tosine analogue that is structurally similar to LMV. It inhibits
both HBV DNA polymerase and HIV reverse transcriptase.
Forty-eight weeks of emtricitabine 200 mg daily reduced HBV
DNA by 3 to 4 log10 copies/ml and significantly improved
liver histology (451). However, despite virologic, biochemi-
cal, and histologic improvement, this study of 248 patients
(63% HBeAg positive) failed to show any benefit in HBeAg
seroconversion compared to placebo—12% in the two groups
(451). Furthermore, FTC-resistance mutations in the YMDD
motif (rtM204V) were detected in 13% of patients at 48
weeks, the mutations being cross-resistant for LMV. Pre-
liminary clinical results suggest that rtM204V/I mutations
occur in 19 to 37% of patients after 2 years of treatment (452).

FTC has been approved for the management of HIV.
FTC monotherapy is unlikely to have an important role in
the management of HBV, given the frequency of primary
drug resistance and the issue of cross-resistance with LMV,
but does hold promise in combination with tenofovir (TDF)
for NA-naïve mono-infected patients and is used routinely
in HIV/HBV coinfected patients.

Clevudine
Clevudine (2’-fluoro-5-methyl-beta-L-arabinofur-

anosyluracil) is a l-thymidine analogue with potent in vitro
activity against HBV (453). It is a noncompetitive inhibitor
of HBV Pol that inhibits viral (+)-(+) strand synthesis
without incorporating itself into viral DNA. A unique
property of clevudine is that it appears to suppress HBV
DNA for a prolonged period after cessation of therapy (454).
Clevudine, at a dose of 30 mg for 24 weeks (455, 456),
reduced viral load to undetectable levels in 59% of HBeAg-
positive and 92% of HBeAg-negative patients (455, 456),
and statistically significant differences in viral suppression
remained 24 weeks after cessation of therapy.

The safety of clevudine has been called into question,
as several studies have shown an incidence of myopathy in
3.4 to 13.6% of patients (457–460). Given these safety
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concerns, enrollment into planned larger phase III studies
was terminated, and clevudine is currently marketed only in
the Philippines.

Besifovir
Besifovir, formerly known as LB80380, is a novel nucle-

oside phosphonate analogue prodrug, similar in structure to
ADV. It is, therefore, incorporated into the growing viral
DNA strand causing termination and inhibition of replica-
tion. In vitro studies of efficacy demonstrated potent inhi-
bition of HBV replication, leading to in vivo studies in the
WHV model (461). Doses from 30 mg to 240 mg demon-
strated significant reductions in HBV DNA without signif-
icant clinical or laboratory adverse effects (462). Besifovir
also demonstrated efficacy in LMV-resistant infection (463).
A phase IIb study, comparing besifovir at doses of 90 mg and
150 mg to ETV, 0.5 mg, showed equivalent degrees of viral
DNA suppression between the three groups after 48 weeks of
treatment (464). Increasing rates of viral suppression to
approximately 80% undetectable have been seen after 2
years of maintenance therapy (465). Some concern has been
raised over the decline in serum l-carnitine, seen in 94.1% of
patients treated with besifovir, which required supplemen-
tation therapy. A similar effect was seen with high-dose
ADV (466). Outcomes of a phase III study comparing
besifovir 150 mg to tenofovir 300 mg for 48 weeks are
awaited (NCT01937806).

Nucleos(t)ide Analogue Resistance
Drug resistance is important because it is associated with the
loss of virological, biochemical, and eventually histological
therapeutic gain. In the setting of advanced liver disease,
resistance may lead to hepatitis flares, hepatic decompen-
sation, and death (353). Drug resistance mutations also ap-
pear to be archived in the nuclear cccDNA template (467).

Primary resistance mutations are those that directly alter
drug binding and thus confer drug resistance. These muta-
tions commonly result in reduced viral replicative ability
when compared to wild-type virus (468). Secondary resis-
tance mutations arise in selected variants that have acquired
primary resistance mutations and have the effect of causing a
compensatory increase in viral replication levels.

Mutations Conferring Resistance

L-Nucleoside Analogue Resistance
Primary resistance to LMV and LdT has been mapped to

mutations in the YMDD locus in the catalytic, or C, domain
of HBV Pol (469). These occur primarily at rtM204I/V/S
(Domain C), – rtL180M (Domain B) (469), and rtA181T/
V (Domain B) (470). Only the latter mutation confers
cross-resistance to ADV or TDF (471). There are multiple
secondary resistance mutations that can be selected for in
LMV-resistant strains, some of which contribute to ETV
resistance. Individually, these mutations do not significantly
impact the efficacy of ETV (472).

Mutations that confer LMV resistance decrease in vitro
sensitivity to LMV from at least 100-fold to greater than
1000-fold. The rtM204I substitution has been detected in
isolation, but rtM204V and rtM204S are found only in as-
sociation with other changes in the B or A domains (473).
The major patterns of mutation are: 1) rtM204I, 2) rtL180M
+ rtM204V, 3) rtL180M + rtM204I, 4) rtV173L + rtL180M +
rtM204V, and 5) rtL80V/I – rtL180M + rtM204I. Genotype
influences the dominance of a particular mutation sequence
(474). The molecular mechanism of LMV resistance is steric

hindrance caused by the branched side group of valine or
isoleucine amino acids colliding with the oxathiolane ring of
l-nucleosides in the dNTP binding site (475).

LMV resistance increases progressively during treatment
at rates between 14% and 32% annually (Table 6) (476).
The rate of resistance observed with LdT therapy is lower
than for LMV; however, it is substantial and increases ex-
ponentially after the first year of therapy. Genotypic resis-
tance was observed at 1 and 2 years of therapy in 4.4%/2.7%
and 21.6%/8.6% in HBeAg-positive and -negative patients,
respectively (230).

Acyclic Nucleoside Phosphonate Resistance
Resistance toADVwas initially associatedwithmutations

in the B (rtA181T/V/S) andD (rtN236T) domains of the Pol
enzyme (Fig 2B and Table 7) (477). These ADV-associated
mutations in HBV Pol result in only a modest (three- to
eightfold) increase in IC50 and are partially cross-resistant
with TDF, probably because the molecular mechanism of
resistance is similar in both, with indirect perturbation of the
triphosphate binding site between the A and D domains
(475). The rtN236T does not significantly affect sensitivity
to LMV, LdT, or ETV, but it reduces the in vitro efficacy of
TDF (477, 478). The rtA181T/V mutation is partially cross-
resistant to LMV and LdT (471) and reduces sensitivity to
TDF by approximately threefold (479). The rtA181S mu-
tation appears to affect only ADV (480). Resistance to ADV
occurs less frequently (around 2% after 2 years, 4% after 3
years, and 18% after 4 years) than resistance to l-nucleosides.

Resistance to TDF in patients with HIV-HBV coinfec-
tion is conferred by the rtA194T mutation in combination
with rtL180M and rtM204V (481). In vitro the presence of
rtA194T results in partial resistance to TDF but shows no
cross-resistance with LdT or ETV. Additionally these virus
strains had reduced replication efficiency compared to wild
type, but this could be reversed by the introduction of either
precore or BCP mutations (482). Clinical studies have not
confirmed an in vivo effect of this mutation. Further in vitro
studies have shown a 10-fold reduction in TDF sensitivity
when the rtN236T and rtA181T/V mutations are found
together.

D-Cyclopentane Resistance
Mutations in the viral polymerase associated with the

emergence of ETV-resistance have been mapped to the B
domain (rtI169T, rtS184G, and/or rtL180M), C domain
(rtS202I and rtM204V), and E domain (rtM250V) (Fig 2B
and Table 7). Thus, at least three mutations are required for
resistance to develop. In the absence of the LMV mutations
rtM204V/I and rtL180M, the rtM250V mutation causes a
10-fold increase in IC50, while mutations rtT184G+rtS202I
have only modest effect (483–485). The molecular mecha-
nism of resistance for the rtM250V change is exerted during
RNA-directed DNA synthesis (485). The mutation reduces
the dNTP-binding site by repositioning it, thus shifting the
ETV binding pocket. The mechanism for the rtT184G/
rtS202I combination is an allosteric change with altered
geometry of the nucleotide binding pocket near the YMDD
site (485). A newly recognized mutation at rtA186Tconfers
primary ETV resistance in combination with LMV resistance
mutations (486). The significance of this mutation will need
confirmation in future studies.

Genotypic resistance to ETV is uncommon in NA
treatment-naïve patients, seen in 1.2% of patients after
5 years of therapy (487). However, patients with LMV-
resistance at commencement of ETV monotherapy develop
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resistance rapidly (Table 6). This is because ETV resistance
develops in a stepwise fashion, which means that a virus with
YMDD mutations needs to develop fewer additional muta-
tions to become resistant (472). Therefore ETV should not
be used as monotherapy to treat LMV-resistant patients.

Importantly, ETV resistance-associated mutations are not
cross-resistant with ADV or TDF.

Multidrug Resistance
Multidrug-resistant (MDR) HBV occurs in patients who

received sequential NA monotherapy (478, 483,488–490).
MDR strains have been shown to develop if an “add-on”
therapeutic strategy to treat initial resistance to a single agent
does not result in rapid and complete viral suppression (468).

The rtA181V/T mutation is a marker for multidrug re-
sistance as it is responsible for reduced susceptibility to both
the l-nucleosides and the acyclic phosphonate nucleosides
(471, 491).

Detection of Drug Resistance
Viral load assay is the principal clinical tool used to de-
tect and confirm the development of drug resistance while
on treatment. When a significant rise in viral load is seen
( > 1 log10), patient compliance to therapy must be evaluated
before ascribing the changes to resistance.

An analysis for genotypic resistance should be requested
upon confirmation of viral breakthrough (defined above).
Ideally, the nucleotide sequence of the HBV polymerase
isolated from the patient during breakthrough should be
compared with a sequence from a pretherapy sample from
the same patient (492). In the absence of a paired sample,
the sequence should be compared with published consensus
sequences of the same HBV genotype (493). Determining
which mutation/s are present will allow rational prescription
of alternate therapy without cross-resistance (Table 7).

Management
Factors that increase the risk of development of resistance
include high pretherapy serum HBV DNA, high ALT levels,
and high body mass index (476, 494, 495). Patients previ-
ously exposed to NA therapy are also at higher risk for de-
veloping resistance (496).

Primary Nonresponse
Primary nonresponse is uncommon when using potent

first-line agents, but is defined as a failure to achieve a 1 log10
reduction in viral load after 12 weeks of treatment (295).
This has been shown to be related to pharmacogenomics
factors and/or compliance issues in the case of ADV therapy,
which is associated with the highest rate of primary nonre-
sponse, occurring in 10 to 20% of patients (425). These
patients should be quickly switched to either TDF or ETV
therapy (497). Primary nonresponse to the other NA drugs is
rare, and, in such situations, compliance must be carefully
assessed (498). A compliant patient should then proceed to
have genotypic resistance analysis (314).

Partial Virologic Response
Apartial virological response is defined as detectableHBV

DNA after 6 months of treatment using current sensitive as-
says (314). A viral load of > 3 log10 copies/ml at this time-
point has been shown to predict resistance after 2 years of
therapy with LdTor LMV (420, 496). The effect of ADVon
viral kinetics is slower than the other agents, so this threshold
at 48 weeks of therapy can be used to predict resistance
(428). This threshold/resistance effect is seen with all NA

used to treat CHB, but less so with TDF and ETV. It is again
important to check compliance. If LMV, ADV, or LdT has
been used, then switching to TDF or ETV can be done at
week 24 in those who have had a partial response (468). A
change in therapy is probably not necessary in those initially
treated with TDF or ETV. In patients naïve to NA treatment
and started on ETV, 21% had detectable HBV DNA at week
48. Despite this, 81% of this group proceeded to have a
complete response by the end of the study at week 144 (499),
and no resistance was seen. Similarly, studies in patients re-
ceiving TDF have shown continued virologic responses and
no long-term resistance despite an up to 24% partial response
rate at week 48 (431, 500).

Virologic Breakthrough
Virologic breakthrough is defined as a > 1 log10 (10-fold)

increase in serum HBV DNA from nadir, in two consecutive
samples taken 1 month apart, in a compliant patient who
had an initial virological response (295). Notably up to 40%
of viral breakthrough is due to nonadherence to therapy
(501), but in a patient adherent to therapy, virologic
breakthrough is primarily due to viral resistance. Virologic
breakthrough is usually followed by biochemical break-
through but may occur months and sometimes years before
biochemical breakthrough. Hence early detection and
treatment is possible prior to the development of clinical
complications. This is particularly important in the setting of
advanced liver disease.

Ideally, resistance should be identified before ALT levels
rise, and genotypic analysis should be performed in order to
institute rescue therapy and avoid clinically significant
consequences. The benefit of an early therapeutic adapta-
tion has been shown in several studies (314, 502).

Summary
Current recommendations suggest (314, 468):

� Lamivudine resistance: switch to TDF (or add ADV if
TDF not available).

� Telbivudine resistance: switch to or add TDF (or add
ADV if TDF not available).

� Entecavir resistance: switch to or add TDF (or add ADV
if TDF not available).

� Adefovir resistance: if naïve before ADV, switch to either
ETV or TDF (ETV preferred if high viral load). If
rtN236T mutation present, add ETV or switch to TDF/
FTC. If rtA181V/T mutation present, add ETVor switch
to either ETV/TDF or TDF/FTC.

� Multidrug resistance: consider TDF/ETV combination
therapy.

L-Nucleoside Resistance
ADV is effective in the management of LMV resistant

variants. However, despite early treatment response, follow-
ing a switch to ADV monotherapy, rates of genotypic ADV
resistance as high as 18% develop after 48 weeks (503). The
optimal strategy for the use of ADV therapy in the setting of
LMV-resistance is, therefore, to add-on ADV (504, 505).
When used, ADV should be added on early (at the time of
genotypic versus phenotypic resistance), when VL remains
< 200,000 IU/ml (106 copies/ml) to promote virological re-
sponse (505, 506). Add-on therapy with ADV has also been
successful when resistance to LdT monotherapy develops
(507). This approach has a low rate of subsequent ADV
resistance, occurring in 4% after 4 years of therapy (502).

32. Hepatitis B Virus - 743



Tenofovir (TDF) is also effective for the management of
LMV-resistant HBV, resulting in a significant reduction in
serum HBV DNA levels (508–511). It is more effective than
ADV as primary salvage therapy and is also effective as
secondary therapy following inadequate response to ADV
salvage (508,512–514). A randomized study in patients with
partial response to add-on ADV therapy after 6 months
found complete virologic response in 96.4% of the TDF
group versus 29.0% of those continuing LAM/ADV (P <
0.001) (515), confirming that TDF is the preferred agent in
the event of LMV-resistance.

In studies with follow-up limited to 48 weeks, ETV
monotherapy at a dose of 1 mg per day appeared to be ef-
fective for the management of LMV resistance (higher than
the 0.5 mg per day recommended for NA-naïve patients)
(516). However, the M204V/I LMV mutations are required
as the first “hit” in the two-hit process producing ETV re-
sistance (483). Additionally, commencing ETV therapy in
patients with genotypic LMV-resistance significantly impairs
the rate of complete viral response as compared to treatment
naïve patients (HR 0.14 [CI: 0.04–0.58], P = 0.007) (517).
Consequently, ETV resistance develops commonly with
long-term therapy when used in patients with genotypic
LMV-resistance, and ETV should not be used to treat ge-
notypically proven l-nucleoside-resistant virus.

Adefovir Resistance
In vitro resistance profiles suggest that treatment options

for ADV-resistance would include LMV, ETV, and TDF
(Table 7) (518, 519). If used, LMV should be added on,
especially in patients with a previous history of LMV-
resistance, which has been reported to re-emerge rapidly
following the re-introduction of LMV (488). Although the
mutations are partially cross-resistant with TDF in vitro, the
higher relative dose of TDF allows effective salvage therapy
for ADV-resistance. In a randomized controlled trial of 105
ADV-treated patients with viral loads > 1000 copies/ml
despite 24 weeks of treatment (520), patients received either
TDF monotherapy or combination therapy with TDF/FTC.
At baseline, 10% of the cohort had genotypic ADV resis-
tance with rtN23T and/or A181V/T, and 12% had LMV
resistance. After 168 weeks of follow-up, > 80% of patients
in both arms had achieved DNA < 400 copies/ml, irre-
spective of the presence of genotypic ADV resistance (520).
A second study of TDF versus TDF/ETV in genotypic ADV
resistance showed similar results. There was a trend towards
a slower reduction in viral load seen only in those with dual
rt181V/T and rtN236T mutations (521).

Entecavir Resistance
There are few large studies investigating NA therapy for

ETV-resistant infection. In essence, ETV-resistance can only
be managed with acyclic phosphonate drugs or interferon, as
l-nucleoside resistance mutations are a prerequisite for ETV-
resistance to develop.

The utility of add-on ADV therapy in patients with ge-
notypic ETV resistance was shown in two small studies (522,
523), one of which enrolled 67 patients and added ADV 10
mg to l-nucleoside therapy or ETV. Treatment for 24 months
was associated with complete viral suppression in 47.4% of
patients, with no difference between LMV/LdT or ETV
groups (P = 0.23) (522).

TDF has shown efficacy in ETV-resistant disease, both in
combination with ETV and as monotherapy. A cohort of 57
heavily pretreated patients without complete virologic re-
sponse included 24 (42%) who had ETV exposure (524).

After a median of 6 months [IQR: 4.6–7 months] of treat-
ment with ETV/TDF, 89% had undetectable HBV DNA.
Another study randomized 90 patients, all with genotypi-
cally proven ETV resistance (525), to receive 48 weeks of
either TDF monotherapy or combination therapy with TDF
300 mg/ETV 1 mg, both daily. At the end of treatment, 71%
in the monotherapy group and 73% in the combination
group had achieved a HBV DNA level < 15 IU/ml (P =
0.81). A small study also showed good efficacy of TDF
monotherapy in patients with suboptimal responses to ETV
rescue (515). Thus, on balance, TDF/ETV rescue should be
considered a last resort.

Prevention
Resistance will remain an important issue in the manage-
ment of patients with CHB because long-term, and probably
lifelong, therapy with NAwill be required in the majority of
patients. The use of high-potency, high-barrier-to-resistance
first-line agents quickly reduce the viral load and quasi-
species pool and reduce the risk of resistance. Adhering to
best practice management and drug prescription can reduce
the development of resistance. This includes avoidance of
unnecessary drug use, continuous surveillance for resistance,
prompt and appropriate rescue therapy if resistance emerges,
and initial use of potent NA therapy with a high genetic
barrier to resistance (TDF or ETV). Monitoring adherence
to prescribed therapy, as well as on-treatment responses,
should be performed using HBV DNA and ALT levels every
3 to 6 months for 2 years after commencing therapy. Poly-
merase gene sequencing upon the emergence of resistance
should then be performed to determine the next therapeutic
approach based on cross-resistance information.

Pol-HBsAg Mutations
The polymerase gene overlaps the envelope gene (Fig 9),
and changes in the HBV Pol selected during antiviral re-
sistance can therefore cause concomitant changes in the
envelope gene. Thus, the major resistance mutations asso-
ciated with NA failure also have the potential of altering the
C-terminal region of HBsAg. For example, the rtM204V
mutation associated with primary LMV and ETV resistance,
results in a change at sI195M in the surface antigen, while the
rtM204I change that is associated with LMV and LdT resis-
tance is linked to three possible changes, sW196S, sW196L,
or a termination codon (sW196*). To date, only one pub-
lished study has examined the effect of the main LMV re-
sistance mutations on the altered antigenicity of HBsAg
(526). One of the common HBV variants that is selected
during LMV treatment is rtV173L + rtL180M + rtM204V,
which results in changes in the HBsAg at sE164D + sI195M.
Approximately 20% of HIV-HBV coinfected individuals and
10% of mono-infected individuals carry this “triple Pol mu-
tant” (527, 528). In binding assays, HBsAg-expressing triple-
Pol mutants had reduced anti-HBs binding. This reduction
was similar to the classical vaccine escape mutant, sG145R
(44), and, subsequently, this virus successfully superinfected
vaccinated chimpanzees (529).

The ADV-resistance mutation rtN236T does not affect
the envelope gene and overlaps with the stop codon at the
end of the envelope gene. The rtA181T mutation selected
by ADV and/or LMV results in a stop-codon mutation at
sW172stop (491). The ADV-resistance mutation at
rtA181V results in a change at sL173F. HBV, with mutations
that result in a stop codon in the envelope gene, requires the
presence of a low percentage of wild type to enable viral
assembly and release.
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The ETV resistance-associated changes at rtI169T,
rtS184G, and rtS202I also affect HBsAg and result in
changes at sF161L, sL/V176G, and sV194F. The rtM250V is
located after the end of HBsAg, and thus has no effect on it.
The sF161L is located within the “a” determinant, or major
hydrophilic region, which includes amino acids 90 to 170 of
the HBsAg (530). This region is a highly conformational
epitope, characterized by multiple disulphide bonds formed
from sets of cysteines at residues 107 to 138, 137 to 149, and
139 to 147 (530). Accordingly, changes to HBsAg that are
driven by NA resistance, such as sF161L, need further in-
vestigation in order to determine the effect on envelope
structure and the subsequent affinity of anti-HBs binding.
Proof of this concept is seen with distal substitutions, such as
sE164D, which has already been shown to significantly affect
anti-HBs binding (526).

In summary, because of the overlap between the Pol and
S genes, the selection of drug-resistant HBV has important
clinical, diagnostic, and public health implications. The
significance of these changes warrants further investigation
to determine what effect they have on the natural history of
drug-resistant HBV and its transmissibility in the HBV-
vaccinated community.

Transmission of Resistant Strains
Transmission of infection with LMV-resistant HBV to an
HIV patient undergoing LMV treatment as part of anti-
retroviral therapy has been reported (531). Another report
notes baseline YMDD mutations in two treatment-naïve
patients with HBV-HIV coinfection (532) and also in two
cases with acute HBV infection (533). In addition, LMV-
resistance mutations were found in a cohort of dialysis pa-
tients with occult HBV (534). Therefore, it is important to
recognize that both primary- and secondary-resistance mu-
tations may result in associated changes to the viral envelope
that could lead to vaccine and immune escape (529),
resulting in substantial public health relevance.

Stopping NA Therapy
The defined end point for HBeAg-positive infection is at-
taining sustained HBeAg seroconversion with undetectable
HBV DNA. Cessation of NA therapy can be considered
following at least 6 to 12 months of consolidation therapy
after achieving this goal (230, 314, 361, 535). Patients will re-
quire ongoing monitoring as a proportion fail to sustain their
serological or virological responses (362, 399, 400, 536).

The majority of HBeAg-negative patients will relapse
after discontinuing NA therapy, and the role of quantitative
HBsAg testing in predicting those HBeAg-negative patients
likely to have a sustained response is unsettled. In one study
of 53 HBeAg-negative patients, who stopped LMV after 12
to 76 months of treatment after having achieved suppression
of HBV DNA, all patients who achieved a quantitative
HBsAg decline to below 100 IU/ml and a > 1 log10 decline
continued to have suppressed HBV DNA at 12 months,
whereas all who did not achieve these targets had virologic
relapse (537). However, in a group of 184 patients, who had
a minimum of 2 years of ETV therapy and at least 6 months
of HBV DNA undetectability before cessation of therapy
(538), the relapse rate was 91.4% after 48 weeks, which
could not be predicted by baseline quantitative HBsAg or
off-treatment quantitative HBsAg or viral load. Given these
data, HBeAg-negative patients will require continuous NA
therapy until HBsAg loss.

Immunomodulators

Interferon-a
Standard IFNa (sIFN) is effective in suppressing HBV rep-
lication and was the first treatment approved for chronic
HBV infection in most countries (Tables 5A and 5B). Its use
has been largely supplanted in Western clinical practice by
pegylated-IFNa (pegIFN) due to the more convenient dos-
ing schedule and equivalent efficacy. The attachment of
polyethylene glycol to a protein (pegylation) reduces its rate
of absorption following subcutaneous injection, reduces
renal and cellular clearance, and decreases the immunoge-
nicity of the protein. All of these effects enhance the half-
life of the pegylated- versus the native-protein. This allows
pegIFN to be administered once weekly, while maintaining a
more sustained viral suppression between doses. One phase
II clinical study has suggested that the efficacy of pegIFN is
similar to, or slightly superior to, sIFN (539). The advan-
tages of interferon, as opposed to NA, include the finite
course of treatment and the durability of HBeAg serocon-
version. Interferon has also been shown to enhance degra-
dation of cccDNA by upregulating cytidine deaminases
(540) and by inducing epigenetic silencing of the mini-
chromosome (150). The disadvantages are the side-effect
profile, the lack of durable viral suppression in HBeAg-
negative infection, and the overall poor sustained response.
Response to interferon therapy is influenced by genotype,
and current management and treatment guidelines do not

FIGURE 9 HBV DNA genome showing the overlapping open reading frames (ORFs) of POL and S, and, in particular, how the
polymerase-envelope overlap can affect each other during the emergence of NA resistance.
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recommend a role for genotype determination unless inter-
feron therapy is being considered.

Standard Interferon-a
Standard interferon-a (sIFN) was one of the first thera-

pies investigated for CHB. A meta-analysis of 15 randomized
controlled trials using sIFN for the treatment of HBeAg-
positive disease concluded that viral suppression, normali-
zation of ALT, and HBeAg seroconversion (33% vs. 12%)
were significantly more common compared to untreated
controls if patients received sIFN for 3 to 6 months and were
followed for 6 to 12 months. The loss of HBsAg occurred
in 7.8% of sIFN-treated patients compared to 1.8% controls
(P = 0.001). In long-term follow-up studies the durability of
sIFN-induced seroconversion has been reported to be 80 to
90% at 4 to 8 years (356–358, 360, 541–544).

Clinical outcome studies comparing responders and
nonresponders have found that HBeAg seroconversion pre-
dicted better long-term survival and survival free of hepatic
decompensation (357, 358, 360, 364, 545). Only one pro-
spective randomized controlled trial has compared clinical
outcome following sIFN with placebo (356). This Taiwanese
study found treated patients to have a lower incidence of
HCC (1.5% vs. 12%, P = 0.04) and improved survival (98%
vs. 57%, P = 0.02) after a median 8-year follow-up.

sIFN also has an antiviral effect in HBeAg-negative
CHB. Four randomized controlled trials demonstrated an
end-of-treatment response in 38 to 90% of patients com-
pared to only 0 to 37% in controls (546–549). In compari-
son to HBeAg-positive CHB, relapse posttherapy is
frequent, with sustained response rates of only 15 to 30%
(550, 551). Late relapse has been noted out to 5 years.

The use of sIFN in the setting of cirrhosis is limited by the
risk of hepatitis flare, which may precipitate hepatic de-
compensation. Approximately 20 to 40% of HBeAg-positive
patients develop a flare of their ALT during treatment. In
compensated cirrhosis the risk appears to be small, and less
than 1% of cirrhotic patients included in HBeAg-positive
cohorts developed hepatic decompensation (552, 553).
Treatment response was comparable to precirrhotic patients.
However, sIFN offers little virologic benefit once liver dis-
ease progresses to Childs class B or C and is complicated by
significant toxicity and exacerbations of liver disease, even
at low dose (554, 555). IFN is therefore contra-indicated in
this setting, and NA therapy provides a safe and effective
alternative.

sIFN therapy is associated with multiple adverse effects
(see below).

Pegylated Interferon-a (pegIFN)
pegIFN is useful for both HBeAg-positive and -negative

CHB. In the largest phase III trial of over HBeAg-positive
800 patients, 48 weeks of pegIFNa-2a at a dose of 180 mg/
week was compared to the combination of pegylated IFNa-
2a plus LMV 100 mg daily or LMV monotherapy (364). At
the end of treatment, combination therapy achieved the
most profound viral suppression but HBeAg seroconversion
was similar (27%, 24%, and 20%, respectively). The HBeAg
seroconversion rate was, however, significantly higher in the
two groups that received pegIFN therapy at 24 weeks post-
treatment being 32% and 27% vs. 19% (P < 0.02). Sixteen
patients receiving pegIFN (1.5%) experienced HBsAg se-
roconversion as compared with no patients in the LMV
monotherapy group (P = 0.001). The combination did not
offer additional benefit. Similar results have been obtained
in other studies using varying regimens of pegylated IFNa-2b

(556, 557). The standard regimen of 180 mg/week of pegy-
lated IFN-2a for 48 weeks has better efficacy than either
lower dose, or shorter duration, regimens (558).

A number of baseline factors predict response to pegIFN
in HBeAg-positive patients. HBeAg seroconversion is more
likely in the setting of an ALT > 2 x ULN, low HBV DNA
(< log109 IU/ml), female gender, older age, and naïve to
previous interferon-based therapy (559). Genotype also ap-
pears to be an important factor: genotype-A disease requires
either elevated ALT or low DNA to predict SVR, whereas
genotype D disease has a poor response regardless. Genotype
B and C require both high ALT and low DNA to predict
good response. This carries over to HBsAg seroconversion,
which is more likely in the setting of genotype A disease,
occurring in 14% after 52 weeks of therapy versus 2% in
genotype D (560). These factors are associated with good
long-term responses, with > 80% of patients maintaining
HBeAg seroconversion out to 3 to 5 years (561, 562).

Fewer studies exist that examine the use of pegIFN for the
treatment of HBeAg-negative CHB. The pivotal study used
a design similar to the HBeAg-positive phase III trial above
and compared pegIFN alone, or in combination with LMV,
to LMV monotherapy (563). Sustained viral response, de-
fined as undetectable HBV DNA ( < 400 copies/ml), was
19% and 20% in the groups that received pegIFN, versus 7%
in the LMV monotherapy group (P < 0.001 for both com-
parisons). After 3 years, however, only 25% of patients
achieving SVR maintained it (564). Predictive factors for
SVR in HBeAg-negative infection have been found to be
similar to HBeAg-positive patients (565).

HBeAg-negative genotype D patients are perhaps one of
the most difficult groups to treat. A prospective, randomized
study compared 180 mg/week of pegIFN for 48 weeks to a
group treated with 135 mg/week of pegIFN for an additional
48 weeks (566). A higher proportion of the extended ther-
apy group (28.8% vs. 11.8%, P = 0.03) had a virologic re-
sponse, defined as HBV DNA < 2000 IU/ml 48 weeks after
treatment cessation, so that the prolonged regimen is stan-
dard of care for this patient population.

The limitation of all studies that have compared pegIFN
to LMV is that both LMV and pegIFN were stopped si-
multaneously (in HBeAg-positive patients before the ma-
jority had achieved HBeAg seroconversion) (567). Primary
end points were defined at 24 weeks posttreatment. In
clinical practice, LMV would be continued until a clinical
end point was achieved; it has been shown that virologic
relapse is almost universal otherwise. In a study of pegIFN in
16 patients with LMV-resistant YMDD mutations, only two
patients seroconverted and achieved sustained virologic
suppression and biochemical normalization (567).

Like sIFN, pegIFN should be used with caution in pa-
tients with advanced liver disease, as a treatment-induced
flare might precipitate hepatic decompensation. Although
there are no data specifically addressing the use of pegIFN in
cirrhotic patients, it is reasonable to extrapolate from the
experience with sIFN. Thus, only patients with compensated
cirrhosis should be considered for treatment. Further, in the
two phase III trials approximately 15%/25% of the HBeAg-
positive and -negative cohorts had advanced fibrosis/
cirrhosis on liver biopsy, respectively, and no instances of
hepatic decompensation were recorded (568). pegIFN
should not be used for patients with Child-Pugh class B or C
cirrhosis.

Both IFN preparations have similar side-effect profiles.
Common symptoms include an initial flu-like illness, an-
orexia, weight loss, fatigue, mild alopecia, and skin rashes.
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Significant neurocognitive effects are seen and commonly
include emotional lability and poor concentration. Ad-
ditionally, anxiety, irritability, depression, and even suicidal
tendencies have been described. IFN is myelosuppressive,
although profound neutropenia or thrombocytopenia is
uncommon. Regular monitoring of blood counts is required
during therapy. Autoimmune disease has been described,
most commonly hyper- or hypothyroidism. Retinal changes
and impaired vision occur rarely. A hepatitis flare is pre-
cipitated in 30 to 40% of patients undergoing IFN therapy
for CHB. Although this is considered to be a marker of
treatment response, indicating an increased likelihood of
HBeAg seroconversion, it may precipitate hepatic decom-
pensation, especially in the setting of cirrhosis.

On-Treatment Predictors and Response-Guided
Therapy
Given the side effects and cost of pegIFN-based regimens,

interest has been directed towards delineating stopping rules
for those patients who are unlikely to achieve a SVR. Much
of this research has investigated the utility of quantitative
HBsAg levels. Pretreatment quantitative HBsAg levels are
not clinically useful (569, 570). However, on-treatment
HBsAg levels at weeks 12/24 can be used to guide treatment
decision-making. In HBeAg-positive patients infected with
genotype B or C, week 12 HBsAg levels > 20,000 IU/ml
have a NPV of 92 to 98% for SVR. In genotype A or D
patients, the absence of a quantitative HBsAg decline at
week 12 has a negative predictive value of 97 to 100%. At
week 24, HBsAg levels > 20,000 IU/ml have a NPV 96 to
100%, irrespective of genotype (571). These thresholds
therefore have utility as stopping rules, now acknowledged
in clinical guidelines (314).

There is also a week-12 HBsAg futility rule for HBeAg-
negative patients with genotype A or D CHB treated with
pegIFN. At week 12, the combination of failure to achieve
any quantitative HBsAg decline plus an HBV DNA reduc-
tion < 2 log10 IU/ml has a NPV of 95 to 100% (572, 573).
Genotypes A to D were represented, although genotype D
comprised about 55% of the population. This approach has
since been found to be cost-effective in European popula-
tions (574). Validation in Asian populations is needed.

The utility of quantitative HBsAg in predicting longer
term treatment response has been examined in HBeAg-
negative patients in two studies. The first followed patients
at 3 years and showed that an end-of-treatment quantitative
HBsAg < 10 IU/ml predicted a 52% chance of HBsAg se-
roconversion versus a 2% chance if this threshold was
not reached (575). The second study demonstrated the
importance of on-treatment quantitative HBsAg kinetics in
predicting HBsAg seroconversion out to 5 years posttreat-
ment. This was achieved by 23% of patients in whom
quantitative HBsAg declined by at least 10% by week 12,
compared to 7.5% in those whose levels declined by less
than 10% (576).

QuantitativeHBeAg levels have been less well studied as a
prediction tool and would only be useful for HBeAg-positive
infection. A post hoc analysis determined that an HBeAg
level of > 100 PEIU/ml at week 24 had a NPV of 96% for
HBeAg seroconversion 6 months posttreatment (319).

Thymosin-a-1
Thymosin-a-1 (Ta-1) is a synthetic thymic extract. Thy-
mosin derivatives regulate multiple aspects of T-cell func-
tion. In vitro studies have shown that Ta-1 can influence
T-cell production and maturation, stimulate production of

T-helper cell 1 (Th1) cytokines, such as interferon-g (IFN-g)
and interleukin-2 (IL-2), and activate natural killer cell-
mediated cytotoxicity (568,577–586).

Ta-1 is approved for the treatment of HBV in several
countries, mainly in Asia. Treatment is usually well tolerated
but antiviral efficacy remains controversial with a number of
smaller clinical trials finding conflicting results (582, 584–
586). A meta-analysis published in 2001, that included a
total of 353 patients from five controlled trials, concluded
that patients treated with Ta-1 were significantly more likely
than controls to have a virologic response, defined as loss of
HBV DNA and HBeAg (578). The maximal rate of re-
sponse was not seen until 12 months after discontinuing
therapy (odds ratio 2.67, 95% CI 1.25–5.68). Another meta-
analysis examined 583 HBeAg-positive patients across eight
trials randomized to either LMV alone or combined LMV/
Ta-1 therapy. Superiority of combination therapy was shown
for HBeAg seroconversion (45.1% vs. 15.2%, P < 0.00001)
(587). Ta-1 offers the benefit of improved tolerability when
compared to IFN therapy (582). Data on clinical efficacy are
promising but confirmation in larger prospective randomized
trials is required.

Combination Therapy
De novo combination of two NA drugs in treatment-naïve
patients has not, overall, been shown to improve responses
or outcomes. In a randomized study of HBeAg-positive pa-
tients after 2 years of treatment, no greater viral suppression
occurred with LMV/ADV over LMV monotherapy, al-
though the incidence of new M204V/I resistance mutations
was reduced (588). The combination of LMV/LdT also
showed equivalent viral suppression when compared to
LMV monotherapy after 52 weeks, and, concerningly, a
trend towards increased LdT resistance was seen in the
combination group (417). This confirms that drugs within
the same class should not be used concurrently. In a study
comparing the combination of TDF/ETV to ETV alone,
there was no difference in the primary outcome measure of
undetectable HBV DNA after 100 weeks of treatment
(83.2% vs. 76.4% for ETV monotherapy, P = 0.088) (589),
although a post hoc analysis showed that the subset of pa-
tients, who were HBeAg-positive and with viral loads > 7
log10 copies/ml, had a higher rate of complete HBV DNA
suppression with combination therapy. This finding needs
confirmation in prospective trials.

Because a significant immune dysfunction occurs in the
presence of high levels of viral antigen, there is a theoretical
basis for the use of NA to reduce antigen levels, to restore
immune function, and to optimize the immunomodulatory
effect of subsequent pegIFN therapy. Multiple studies have
compared combined pegIFN-NA therapy using either con-
comitant or staggered treatment schedules (590). Three
large pivotal trials using pegIFN and LMV established the
superiority of pegIFN over LMV in achieving HBeAg sero-
conversion after 1 year of treatment, but combination
therapy with both agents was not shown to improve sus-
tained response over pegIFN monotherapy, despite greater
on-treatment viral suppression (364, 556, 557). A small
study of pegIFN and LdT showed increased HBeAg sero-
conversion, but patients suffered a high rate of peripheral
neuropathy (591). More promise has been shown using add-
on pegIFN therapy than to viral suppression achieved with
ETV. The first study started all patients on ETV, 0.5 mg, and
randomized them to either pegIFN add-on therapy from
week 24 to 48 or to continued ETV monotherapy (592).
Although the primary outcome of HBeAg loss plus HBV
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DNA < 200 IU/ml at 48 weeks was equivalent between the
two groups, add-on therapy resulted in a higher HBeAg loss
at 96 weeks (26% vs. 13%, P = 0.036). The second study
selected patients treated with ETV who had achieved
HBeAg < 100 PEIU/ml and HBV DNA < 1000 copies/ml.
These patients were randomized to continued ETV therapy
or to switch to 48 weeks of pegIFN. At end-of-treatment,
those who switched had higher HBeAg seroconversion rates
(14.9% vs. 6.1%, P = 0.047) (593). Additionally, 8.5% of
patients who switched also lost HBsAg.

In HBeAg-negative patients, the registrational trial
showed no difference in virologic response or clinical out-
comes between the pegIFN/LMV arm and the pegIFN
monotherapy arm (563). Subsequent studies using either
LMV or ADV have confirmed these findings (594, 595).

One large study including both HBeAg-positive and
-negative patients, randomized them to one of three arms:
TDF monotherapy, pegIFN monotherapy, or TDF/pegIFN
combination therapy (596). After 48 weeks of treatment,
7.3% of patients in the combination arm achieved HBsAg
loss versus 2.8% with pegIFN monotherapy and 0% with
TDF monotherapy.

In summary, the weight of evidence for combination
therapy has not definitively shown improved outcomes.
Adding on or switching therapies in those with suppressed
viral replication shows promise but needs replication in fu-
ture studies, and data on individualizing therapeutic regi-
mens for patients who will be most likely to benefit from
such strategies requires further investigation.

Novel Therapeutic Strategies

1) Toll-Like Receptor Ligands. In the transgenic HBV
mouse model, TLR3, 4, 5, 7, and 9 ligands exerted an
indirect antiviral effect via induction of type 1 IFN
(122). Using the hydrodynamic-injection mouse
model of HBV infection, TLR4 ligands have shown
an antiviral effect (597). The TLR2 ligand Pam-2-
Cys has been shown to have direct antiviral efficacy
in a cell-culture model of HBV replication (121). An
oral agonist of TLR7, known as GS-9620, showed
promise in preclinical studies of HBV-infected chim-
panzees (598). Viral load declined by a mean of 2.2
logs, and effects persisted for months after cessation of
therapy. Use in the woodchuck model showed similar
sustained responses after a short course of therapy
(599). Despite these positive results, two phase Ib
studies of GS-9620 demonstrated no change in
quantitative HBsAg levels or HBV DNA (600).
Although a transient, dose-dependent induction in
peripheral interferon-stimulated gene (ISG)-15 ex-
pression was seen, no corresponding increase in IFN a
was detected. Seventy-five percent of patients were
HBeAg-negative. The results of further studies in
different populations are awaited (NCT02166047 and
NCT01590654).

2) Liver-Specific Drug Delivery. Several experimental ap-
proaches have been taken: conjugation of antiviral
agents to ligands that are selectively taken up by the
liver, creation of prodrugs that require activation in
the liver (601, 602), and use of a specific monoclonal
antibody to recognize amino acids 183 to 191 of the
envelope protein, as presented by the HLA-A201
MHC class I molecule. The monoclonal antibody
therefore mimicked the specificity of the T cell re-

ceptor (603). This delivery system was used in vitro to
selectively deliver IFN specifically to cells by conju-
gating the antibody to an interferon molecule (604).
This may provide a future delivery platform for tar-
geting HBV infected cells.

3) RNA Interference. In vitro and animal studies have
suggested a potential therapeutic role for synthesized
exogenous siRNA molecules targeted against HBV
RNA transcripts (605–609). A delivery platform
consisting of a hepatocyte-targeted endosome delivery
system combined with a cholesterol-conjugated siRNA
molecule targeted against HBV, known as ARC-520,
has been developed and tested in mouse models (610).
Subsequent phase I and IIb trials have been reported,
showing a good safety profile and sustained quantitative
HBsAg reductions in ETV-treated HBeAg-negative
patients (611). Another phase II trial is ongoing,
testing ARC-520 in combination with either TDF or
ETV, in patients in the immune elimination phase
(NCT02349126).

4) Immunotherapy. Therapeutic vaccine approaches have
included a highly immunogenic pre-S1/pre-S2/S vac-
cine (339), DNA vaccines (612, 613), and T cell
vaccines (614–616). Therapeutic vaccination has also
been combined with PD-1 blockade (617) (see below)
and NA therapy (618) to enhance the efficacy of the
immunization in the functionally exhausted immune
environment characterized by CHB infection. To date,
despite promising results in animal models, this has not
translated to durable responses in human infection
(619–622). The ex vivo culture and priming of human
dendritic cells with viral antigens, followed by autol-
ogous transfusion, is being explored as a form of im-
munotherapy (623–626).

5)Reversal of Exhaustion. As discussed previously, T cells
of chronic HBV-infected patients exhibit immune
exhaustion characterized by an increase in inhibitory
surface molecules, such as PD-1. Experiments using
CD8+ T cells from patients with CHB have revealed
that in vitro blockade of PD-1 can restore HBV anti-
gen-specific responses with regards to both prolifera-
tive capacity and cytokine production (627). In vivo
blockade of PD-1 in the woodchuck model has shown
similar results, with restoration of PBMC responses to
HBcAg (617). Similarly, blockade of other mediators
of immune paresis, such as Tim-3 and miR-146a, en-
hances T cell responses (200) (190).

6) T-Cell Therapy. Adoptive transfer of activated T-cell
subsets, directed against HBV, into CHB patients may
control replication (628). Other investigators have
designed chimeric T-cell receptors directed against
HBV surface proteins present on HBV-infected cells
and used them to graft primary human T cells with
antibody-like specificity via a retroviral transfection
technique (629). The receptors were composed of a
single-chain antibody fragment directed against HBV
S or L protein fused to intracellular signaling domains
of CD3z and the costimulatory CD28 molecule. This
method was shown to provide T cells with the ability
to recognize HBsAg-expressing hepatocytes, lyse these
cells, and liberate cytokines (629). Further studies of
this chimeric antigen receptor therapy showed in vivo
efficacy of viral suppression in the mouse model (630).

7) Entry Inhibition. These molecules would be useful in
the settings of postexposure prophylaxis, organ trans-
plantation, reactivation after immunosuppression, and
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perinatal infection (51). Initial studies showed that
acetylated peptides, derived from the large envelope
protein, could prevent HBV infection in animal
models (631). A specific molecule called Myrcludex-B
has been developed, which is a synthetic lipopeptide
derived from the pre-S1 domain of the HBV envelope
protein (632). Preclinical studies in immunodeficient
mice has demonstrated that Myrcludex-B not only
prevents intrahepatic viral spread but also hinders the
amplification of the cccDNA pool in initially infected
hepatocytes (77). Early reports of a phase IIa clinical
study in patients showed a dose-dependent decline in
serum HBV DNA levels (633).

8) Nucleocapsid Inhibition. A high-throughput screening
method identified isothiafludine, a novel molecule
that inhibited the pgRNA encapsidation step of the
HBV replication cycle (634). This inhibition occurred
via blockade of the interaction between pgRNA and
HBcAg and led to an accumulation of replication-
incompetent capsids. Studies, both in vitro and using
the duck HBV model of infection, found a dose-
dependent reduction in HBV DNA replication with
isothiafludine therapy (634). As both wild-type and
drug-resistant strains were equally affected, further
development of nucleocapsid inhibitors may lead to
future therapies.

9) cccDNA Inhibitors. Clearly, these molecules would be
key to eliminating the long-lived cccDNA pool re-
sponsible for occult and persistent infection. Lym-
photoxin-b receptor-specific activating antibodies
have been shown to induce cccDNA degradation in a
similar way to IFN. This occurs via induction of cyti-
dine deaminases (specifically APOBEC3B) via IFN-
independent pathways. This induction has also been
shown to be safe, as well as more potent and durable
than the response to IFN (540). The possibility of
using epigenetic modification of cccDNA to reduce its
transcription (635, 636) or harnessing specific endo-
nucleases to target and cleave cccDNA without af-

fecting host DNA (637–640) are other strategies.
Other therapeutic strategies are summarized in Table 8.

LIVER TRANSPLANTATION FOR CHB
Liver transplantation for hepatitis B infection in the 1980s
was associated with rapid viral recurrence, despite prophy-
lactic HBIG, with resultant poor outcomes (641, 642). With
the advent of the NA, in combination with high dose HBIG
to prevent graft reinfection, transplantation with viral con-
trol became possible. However, HBIG is expensive, not
readily available worldwide, and disease progression associ-
ated with drug resistance was common. Low-dose HBIG plus
LMV provides safe and effective prophylaxis at significantly
lower cost (643). The use of potent single agents has pre-
vented reinfection and resistance, with equivalent outcomes
irrespective of HBIG use (644, 645). NA therapy reduces
the risk of clinical progression in patients with advanced
fibrosis or cirrhosis (353, 413). Effective viral suppression has
also allowed the salvage of many patients with decom-
pensated cirrhosis, obviating or delaying the need for liver
transplant (230, 646). Liver transplant outcomes for CHB
are now equivalent to other liver diseases with a 5-year
survival of 75% (647). Viral control can result in a dramatic
improvement in liver function in the pretransplant patient,
such that transplantation for decompensation is no longer
required for some patients.

CONCLUSION
Despite vast gains in our knowledge of the natural history
and pathogenesis of this important human pathogen, it re-
mains a significant global cause of morbidity and mortality.
The increasing number of countries with national immuni-
zation programs and the use of newborn active-passive im-
munization will greatly reduce the number of incident cases
in the coming decades. Unfortunately, the developing world
is lagging behind, and new, more cost-effective methods of

TABLE 8 Summary of potential novel therapeutic targets in chronic HBV, their mechanism of action,
and current phase of study

Immune Modulation
Mechanism Examples Phase/s of Study

Therapeutic vaccine ABX-203, GS-4774, INO-1800 Phase I–III
TLR7 Agonist GS-9620 Phase II
Immunotherapeutic TG1050 Phase I
Immune modulator CYT107 Phase I/IIa

Non-Nucleoside Antivirals

Mechanism Examples Phase/s of Study

Entry inhibitor Myrcludex B Phase II
Capsid inhibitor NVR-1221, Bay 41-4109 Phase I-IIa
RNAi gene silencer ALN-HBV, ARC-520 Preclinical—Phase II/III
HBsAg release inhibitor REP-9AC Phase II
SMAC mimetic Birinapant Phase I/IIa
cccDNA inhibitor BSBI-25 Preclinical
Small molecule nucleic acid hybrid SB9200 Phase II
HBsAg inhibitor TKM-HBV Phase I
Cyclophilin inhibitor NVPO18, CPI-432-32 Preclinical

(Adapted with permission from the Hepatitis B Foundation Drug Watch [651]).
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preventing transmission are required. In order to address this
deficit, WHO is developing a Global Health Sector Strategy
on Viral Hepatitis (2016–2021), which will provide a plat-
form of realistic goals to improve access to screening and
treatment (648). In those who are identified as being
chronically infected, the risk of complications of end-stage
liver disease has been virtually negated in Western practice
with the introduction of effective suppressive therapies and
monitoring strategies. Despite this advance, a lasting cure for
CHB remains elusive, with almost all patients being rele-
gated to lifelong treatment. Future work is now focusing on
the development of strategies and novel therapeutics to
enhance functional and/or absolute cure, although a true
solution is likely many years away from an introduction to
routine clinical practice.
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Human T-cell lymphotropic virus types 1 and 2 (HTLV-1
and HTLV-2) and the more recently recognized HTLV-3 and
HTLV-4 are human retroviruses of the genus Deltaretrovirus
originally derived from closely related simian viruses. Proviral
DNA is integrated in the host genome and propagated by
lymphocytic division with only a minimal production of
infectious virus. A small viral genome encodes several struc-
tural and regulatory proteins that in concert with the host
cellular immune response control the burden of infection, as
measured by the proportion of lymphocytes harboring HTLV
proviral DNA. Most chronically infected humans are
asymptomatic, but 2% to 4% of HTLV-1 carriers develop a
mature T-cell malignancy called adult T-cell lymphoma
(ATL). HTLV-2 infection does not cause malignant disease.
Another 1% to 2% of HTLV-1 and HTLV-2 carriers develop
a spinal cord disease known as HTLV- associated myelopathy
(HAM) characterized by a progressive weakness and spas-
ticity of the lower extremities as well as a hyperactive blad-
der. Various inflammatory conditions have been associated
with infection, and long-term mortality may be increased.
HTLV-1 and HTLV-2 are transmitted from mother to child
via breast-feeding, by sexual intercourse, and parenterally
by the infusion of infected blood or injection drug use. From
its presumed origins in Central Africa and Melanesia,
HTLV-1 has spread globally along with human migrations
and the historical slave trade. HTLV-2, endemic in Amer-
indian and African pygmy populations, has had a more
limited geographic distribution except for hyperendemic
spread among injection drug users (IDUs) in the United
States and Europe.

VIROLOGY
Classification
Within the taxa of DNA and RNA reverse-transcribing
viruses, the HTLVs, along with bovine leukemia virus, are
classified within the genus Deltaretrovirus in the family Ret-
roviridae (1). HTLV-1 and HTLV-2 are RNA viruses that
contain a diploid genome that replicates through a double-
stranded DNA intermediary able to integrate into the host
T-lymphocyte genome as a provirus. The integration process
is essential to the ability of this class of virus to cause lifelong
infection, evade immune clearance, and produce diseases of
long latency such as leukemia/lymphoma and the inflam-

matory neurologic disease HAM. The high degree of se-
quence stability of the viral genome—despite hundreds of
thousands of years of infecting humans—arose because
HTLV-1 favors viral expansion through the proliferation of
proviral DNA-harboring cells rather than the infection of
new cells by cell-free virions like HIV (2). Therefore, the
replicative machinery of the cell, rather than the error-prone
viral reverse transcriptase, is responsible for maintaining
viral genomic stability. The phylogeny of the HTLVs has
become more complex as systematic studies of nonhuman
primates and humans throughout the world have been car-
ried out. A close relationship exists between the human and
simian versions of these viruses. Figure 1 shows the phylo-
genetic relationship between the simian and human versions
of the primate T-lymphotropic viruses. HTLV-3 is geneti-
cally equidistant (approximately 62% homology) from
HTLV-1 and HTLV-2, which in turn are approximately 60%
homologous (3, 4). HTLV-4 has only been reported in one
individual from West Central Africa (5).

No serotypes for either HTLV-1 or HTLV-2 correspond to
these genetically defined types. Serologically, there is sig-
nificant cross-reactivity between HTLV-1 and HTLV-2, re-
flecting their approximate 65% sequence homology. There
are limited data on seroreactivity for HTLV-3. The strongest
antibody response to the major antigens of HTLV-1 and
HTLV-2 occurs to the major capsid antigen p24, whereas the
matrix protein p19 has approximately 50% homology and is
less cross-reactive. No epidemiological data suggest that
disease incidence or subtype is impacted by viral subtype for
either HTLV-1 or HTLV-2.

Composition of the Virus
The HTLV-1 virion is approximately 100 nanometers in
diameter, with a thin electron-dense outer envelope and an
electron-dense, roughly spherical core. The total provirus
genome consists of approximately 9,000 nucleotides, with
identical sequences termed long terminal repeats (LTRs) at
the 5¢and 3¢ ends of the genome, which in the case of 5¢ LTR
contain regulatory elements called Tax-responsive elements
that control virus expression and virion production (Fig. 2).
HTLV-3 has only two Tax-responsive elements in its LTR,
while both HTLV-1 and HTLV-2 have three (6).

The major structural and regulatory proteins of HTLV-1
are summarized in Table 1. HTLV-1 shares with other
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replication-competent retroviruses the three main geno-
mic regions of gag (group-specific antigen), pol (protease/
polymerase/integrase), and env (envelope). Production of
the Gag proteins occurs as a result of the translation of the
full-length mRNA, which yields a large precursor polypep-
tide that is subsequently cleaved by the virally encoded
protease. For the Pol proteins, production depends on
translation made possible when the stop codon of the gag
gene is bypassed, leading to a large polypeptide including

Gag- and Pol-related proteins, which are subsequently
cleaved into functional proteins by the viral protease. Pro-
duction of the Env surface and transmembrane proteins in-
volves translation of spliced mRNA, which results in an
envelope precursor that is cleaved into the subunits. The
precursor proteins have characteristic molecular weights
(MWs) that can be detected immunologically by Western
blot analysis (Table 1). The Gag proteins function as struc-
tural proteins of the matrix, capsid, and nucleocapsid. The
pol gene encodes several enzymes: a protease that cleaves Gag
and Gag-Pol polypeptides, a reverse transcriptase that gen-
erates a double-stranded DNA from the RNA genome, and
an integrase that integrates viral DNA into the host cell
chromosomes. The env gene encodes the major components:
the surface glycoprotein (gp46; MW, 46,000) and the
transmembrane glycoprotein (gp21; MW, 21,000).

Unlike other vertebrate leukemia viruses, the deltare-
troviruses have an additional region called pX that contains
four open reading frames (ORFs). pX ORFs III and IV code
for two transcription-regulatory proteins, the Tax and Rex
proteins, whose functions are involved in the regulation of
virus expression. pX ORFs I and II encode other regulatory
genes whose functions are still a matter of research (7). Tax is
responsible for the enhanced transcription of viral and cel-
lular gene products and is essential for the transformation of
human T lymphocytes (8); Rex (the regulator of expression
of virion proteins for HTLV) promotes the export of non-
spliced or singly spliced viral mRNA from the nucleus (9).
As shown in Fig. 2, two overlapping reading frames are in-
volved in the expression of both of these gene products,
translated from a doubly spliced mRNA employing the ini-
tiation codon from env and the remaining sequences from
the pX region. pX ORF I, also produced by this double-
splicing mechanism, codes for a hydrophobic 12-kilodalton
protein, p12I; in some HTLV-1 strains, p12 is cleaved,
resulting in p8, which plays a role in viral transmission (10).
pX ORF II results in the production of two nuclear proteins,
p13II and p30II (11). Antisense RNA from the negative

FIGURE 1 Phylogenetic relationships of HTLV-1, HTLV-2, HTLV-3, and HTLV-4 inferred using Bayesian analysis and a relaxed mo-
lecular clock. Topology inferred using the first and second codon positions of concatenated gag, pol, and env sequences (3,490-bp). Posterior
probabilities greater than 0.7 are provided at branch nodes. (We are grateful to Dr. William Switzer for his development of and permission to
use this figure.)
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FIGURE 2 Genomic structures of HTLV-1 and HTLV-2. A.
HTLV-1. B. HTLV-2. LTR, long terminal repeat; gag, group-specific
antigen whose products form the skeleton of the virion (matrix,
capsid, nucleocapsid, nucleic acid binding protein); pro, gene for
protease; pol, gene for reverse transcriptase and integrase; env, en-
velope gene; rex, viral regulatory gene involved in promoting ge-
nomic RNA production; tax, transactivator gene; HBZ, antisense
transcribed HTLV-I basic zipper gene involved in cell proliferation;
and APH-2, antisense transcribed Antisense Protein of HTLV-2
gene involved in transcription regulation.
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strand of the pX region codes for the HTLV-1 bZip protein
(HBZ) that downregulates viral transcription. Auxiliary
proteins have been described in HTLV-2- and HTLV-3-
infected cells (12, 13). HTLV-1 produces the HBZ (HTLV-1
basic leucine zipper [bZIP] factor) protein (14), while anti-
sense transcription in HTLV-2 and the recently discovered
HTLV-3 and HTLV-4 governs the production of a protein
with some similarity in structure and function to HBZ, the
Antisense Protein of HTLVs (APH), denoted APH-2, APH-
3, and APH-4 for each virus, respectively (15–18). The HBZ
protein is capable of inhibiting Tax-mediated activation
of the HTLV-1 LTR, activating cellular transcription, and
promoting T-lymphocyte proliferation (19, 20). The APH-2
and the APH-4 proteins localize in the nucleus of trans-
fected cells, as does HBZ, while APH-3 localizes in both the
nucleus and the cytoplasm. All APH proteins discovered
thus far demonstrate the ability to repress Tax-mediated viral
transcription (17, 18). While APH-2 is associated with a

higher proviral load (PVL), it does not promote cell prolif-
eration nor cause lymphocytosis (15, 16).

Biology
The replication strategy of the HTLVs involves a replication
cycle typical of all members of the Retroviridae family,
whereby the RNA genome undergoes reverse transcription
into a DNA provirus that integrates into the host genome.
Subsequently, new virions are produced via this integrated
DNA template under the control of viral regulatory genes
(Tax, Rex) (21).

Receptors
HTLV-1 preferentially infects CD4 T-helper cells, whereas
HTLV-2 has a preferential tropism for the CD8 cell type
(12). Dendritic cells are also infected by HTLV-1. Addi-
tionally, HTLV-1 infects a wide range of cells in vitro, in-
cluding endothelial cells, fibroblasts, and CD8 Tcells (but at

TABLE 1 Major structural and regulatory proteins of human T-lymphotropic virus type 1

Viral gene
or region

Gene product
(Protein
size [kDa]) Function

5¢ LTR Regulation of viral gene expression and regulation of viral expression
5¢ LTR &

3¢ LTR
Integration points for provirus into host genome

hbz HBZ hbz mRNA is found in ATL tumor tissue and is responsible for lymphocyte proliferation; HBZ RNA
is also involved in cell cycle regulation as it increases G1/S transition; HBZ protein prevents/
suppresses Tax-mediated viral transcription, suppresses the nuclear factor kB (NF-kB) pathway,
impairs the production of Th1 cytokines, and enhances TGF-b expression

gag p15 Nucleocapsid (NC) is a small basic protein found in the virion in association with genomic RNA
gag p19 Matrix (MA) protein is myristylated and anchored in the plasma membrane
gag p24 Capsid (CA) protein forms the major internal structural feature of the core shell of the virion
gag p53 Precursor protein for other Gag proteins
pro Protease Cleaves Gag precursor into CS, MA, NC, Pol precursor in RT and IN proteins
pol Integrase Integrates viral DNA into the host-cell genome
pol Reverse

transcriptase
(95 kDa)

Reverse transcriptase generates a double-stranded DNA from the single- strand RNA genome

env gp21 and gp46 Envelope transmembrane and surface glycoproteins
pX Tax (p40) Transactivator, enhances transcription of viral promoter and alters transcription from cellular gene

promoters; recruits cyclic AMP response element binding proteins/activating transcription factors
(CREB/ATF); activates signaling pathways including NF-kB, activator protein-1 (AP-1), serum
response factor (SRF), and nuclear factor of activated T cells (NFAT); Exogenous Tax causes
a significant shift of cells from G0/G1 to S and G2/M phases of the cell cycle; directly inhibits
the function or the expression of tumor suppressor genes. DNA polymerase ß is downregulated
by Tax, affecting both base excision repair and nucleotide excision repair. The telomerase reverse
transcriptase (TERT) gene is activated by Tax, which also contributes to permanent cell proliferation
and eventually transformation. Tax also induces defective mitotic spindle assembly checkpoint
function, targets the RanBP1 protein, and causes abnormal amplification of cellular centrosomes,
which causes chromosomal missegregation.

pX Rex (p27) Regulator of unspliced and singly spliced viral mRNA transport from the nucleus to the cytoplasm
pX p12I Downregulation of major histocompatibility complex class I trafficking to the surface to evade CTLs;

elevation of cytoplasmic calcium, increases T-cell activation. Increases NFAT activation, enhances
LFA-1 mediated T-cell adhesion. Activation of STAT5b.

pX p8 Cleavage product of p12; increases formation of intercellular conduits and viral transmission.
pX p30II Interferes with TLR-4 signaling. Alters cell cycle and DNA repair. Promotes viral latency

by interfering with tax/rex RNA export; stabilizes p53 and abrogates p53 suppressor cell function
pX p13II Induces apoptosis; binds to and interferes with Tax transactivation; activates resting cells

ATL, adult T-cell lymphoma; CTL, cytotoxic T-lymphocyte; TLR, toll-like receptor.
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a lower frequency based on studies of T cells from patients
with HAM) (22). HTLV-1 is transmitted through a viral
synapse or a viral biofilm (23) and enters target cells via
interaction with molecules (Glut1, Neuropilin-1, and hep-
arin sulfate proteoglycans [HSPGs]) that form the receptor
complex (24, 25). HSPGs act as attachment factors, Neu-
ropilin-1 as the binding receptor, and Glut1 as the fusion
receptor.

HSPGs are also required for the efficient entry of HTLV-1
(26). Higher levels of HSPGs are found on activated primary
CD4 T cells compared to CD8 T cells. Conversely, CD8 T
cells, the primary target of HTLV-2, express GLUT1 at
dramatically higher levels than CD4 Tcells, thus explaining
the preference of HTLV-2 for CD8 cells. HTLV-2 surface
glycoprotein binding and viral entry are markedly higher for
CD8 Tcells, while HTLV-1 surface glycoprotein binding and
viral entry are higher for CD4 T cells rich in HSPGs. The
infection of CD4 cells by HTLV-2 can be increased if CD4
cells are made to overexpress GLUT1, whereas the HTLV-1
infection of CD8 cells can be increased by using transfection
to increase CD8 cell HSPG expression (26). Studies
employing chimeric HTLV-1 and HTLV-2 viruses in which
envelope sequences are swapped demonstrate that cellular
tropism is determined by type-specific envelope mapping
to the C-terminal portion of gp21, indicating that env is a
major viral determinant for HTLV T-cell tropism (12).
Neuropilin-1, the receptor for semaphorin-3A and VEGF-
A165 and a member of the immune synapse, is a physical
and functional partner of HTLV-1 Env proteins in HTLV-1
cell entry (27). Thus, both cellular and viral envelope fac-
tors account for the complex tropism of the HTLVs. Inter-
estingly, the HTLV-3 receptor complex is distinct from but
overlaps with those of HTLV-1 and HTLV-2 (28).

HTLV is preferentially transmitted via direct contact
between infected and targeted cells through a structure re-
ferred to as the virologic synapse, which is formed between
the envelope glycoprotein of the virus and a cellular bind-
ing partner (29) or through the transmission of a viral bio-
film (23). It is hypothesized that early during infection, most
new HTLV-1-infected cells are produced via this cell-to-cell
synapse, resulting in a polyclonal infection of both CD4 and
CD8 T cells. This model is consistent with epidemiological
data suggesting that cell-free biological fluids rarely transmit
HTLV-1. In later stages of infection, when an equilibrium
between viral replication and the immune response is esta-
blished, HTLV-1 mainly multiplies through mitosis of the
host cells (30).

Replication
Once viral attachment takes place, the fusion of the virion
with the cell membrane results in the uncoating of the diploid
RNA genome of the virus. The virally encoded RNA-
dependent DNA polymerase (reverse transcriptase) compl-
exed to the genomic RNA of the virus transcribes viral RNA
into double-stranded DNA. This double-stranded viral DNA
is transported to the nucleus as a ribonucleoprotein complex
where, through a complex process mediated by the viral in-
tegrase, insertion into the host genome occurs. The genomic
integration of HTLV-1 establishes a lifelong infection and is
integral to both the virus replication cycle and amplification
through the expansion of HTLV-infected host cells (30).

Elements in the viral LTR are essential to integration and
replication; they form the sites for covalent attachment of
the provirus to cellular DNA and provide important regu-
latory components for transcription. Additional key regula-
tory elements of HTLV are tax, which activates transcription

of the viral genome, and rex, which modulates the processing
of the viral RNA expressing unspliced forms of the viral
mRNA. The HBZ leucine zipper protein encoded by the
antisense pX gene inhibits CREB-2 binding to the viral
promoter, thus modulating the viral replicating impact of Tax
(19). When the DNA provirus is expressed (transcribed by a
cellular RNAII polymerase complex), viral genomic RNA,
mRNA, and subsequently viral proteins are made by the cell.
Under the influence of Rex, new genomic full-length viral
RNA is assembled and packaged for release (budding).
During the budding process, the envelope incorporates some
of the cell’s lipid bilayer, producing an infectious virion of
about 100 nanometers.

EPIDEMIOLOGY
Molecular Epidemiology
The four recognized HTLVs are closely related to simian
counterparts and are approximately 60% homologous with
each other (Fig. 1) (4). Based on the proviral DNA se-
quence, HTLV-1 is composed of seven subtypes—termed A
through G, with up to 10% sequence variation (31, 32). It is
postulated that most of these lineages arose from separate
interspecies transmissions from simians to humans as long
ago as 10,000 years (33, 34). All subtypes except A have
examples of simian T-lymphotropic virus (STLV) isolates
from the same geographic area of predominance, supporting
that HTLV-1 variation is derived more from separate simian-
to-human historical transmissions rather than the evolution
of HTLV-1s within humans (35). The Cosmopolitan (A)
subtype has the widest distribution worldwide and consists of
four subgroups. Subgroup a (Transcontinental) is present in
Japan, the Caribbean, Colombia, Chile, and India; subgroup
b (Japanese) is found in Japan and India; subgroup c (West
African) is found in the Caribbean and Africa, brought to
the Caribbean through the slave trade (36); and subgroup d
in North African samples was recently shown to be a re-
combinant virus (37).

HTLV-2 consists of four types—A, B, C, and D—that are
geographically distributed throughout the Americas and
West Africa. Their prevalence is low in general populations
but may be as high as 20% in Amerindian populations and
drug user cohorts (38). Both HTLV-2 types A and B are
found in West Africa and Cameroon. Between these sub-
types, sequence differences of 2% to 4% are observed (39).
In contrast to HTLV-1, HTLV-2 in humans appears to
originate from simian-to-human transmission from a single
simian species: bonobo apes (2).

More recently, HTLV-3 and HTLV-4 have been discov-
ered in Central African pygmies (3,40–42). The full-length
sequence of HTLV-3 suggests that it shares structural features
that could make a pathogenic virus similar to HTLV-1, but
no disease association has been made due to the limited
number of infected humans (3, 4, 13,43–45).

Distribution

HTLV-1
HTLV-1 is widely disseminated (Fig. 3), and 5 million to

10 million people are estimated worldwide to harbor the
HTLV-1 infection (32). Over the lifetime of the infected
carriers, 2% to 4% will develop the aggressive T-cell ma-
lignancy ATL, and another 1% to 2% will experience
chronic inflammatory diseases, mainly HAM (46). In some
areas of endemicity, over 70% of all lymphoid malignancies
are attributable to HTLV-1 exposure (47).
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Japan and the Pacific
The distributions of both HTLV-1 and HTLV-2 infections
vary by geographic region, race, ethnicity, and risk factors.
HTLV-1 seropositivity or infection are present in endemic
clusters in southern Japan, the islands of the Ryukyu chain
(including Okinawa), and some isolated villages in the north
of Japan among aboriginal Ainu populations; rates of in-
fection among persons older than 40 years exceed 15% in
these areas. However, most seropositive persons in urban
northern Japan are immigrants from areas in the South
where infections are endemic (48). China, Taiwan, Korea,
and Vietnam are largely free of infection, suggesting that
HTLV-1 was not carried by human migrations from these
areas to Japan. High HTLV-1 prevalence (greater than 15%)
in Melanesia and in Australian aborigines is attributed to the
Melanesian virus type (49).

The Caribbean and the Americas
Another major endemic focus of HTLV-1 infection occurs in
the Caribbean, where rates of seropositivity in Jamaica,
Trinidad and Tobago, Martinique, Barbados, St. Lucia,
Haiti, and the Dominican Republic range between 4% and
14% (50, 51). In Jamaica prevalence varies by geography,
with the highest rates (10%) observed in the lowland high-
rainfall areas (51). Seropositivity is found more frequently in
persons of lower socioeconomic class and those who lack
formal education (50). Men and women attending clinics for
sexually transmitted diseases (STDs) have the highest rate of

seropositivity (about 6%) (52). The rate in blood donors is
lower (1% to 5%) (53).

HTLV-1 is also prevalent in South and Central America,
including large numbers in Brazil (greater than 15% in Ba-
hia) and smaller numbers in Colombia, Venezuela, Guyana,
Surinam, Panama, and Honduras (5% to 14%). With the
exception of some foci among Native Americans, HTLV-1 is
rare in the rest of Central and North America (54). A study
of DNA from pre-Columbian mummies has suggested that
the molecular characteristics of the Chilean HTLV-1 are
closely related to the virus from Japan (55).

In the United States, large-scale screening of blood
donors has documented low rates of HTLV-1 (prevalence,
5.1 cases per 100,000) and HTLV-2 (prevalence, 14.7 cases
per 100,000) (56). In a significant proportion of HTLV-1-
positive cases, the donor either has links to an area of en-
demic infection or has a history of risk-related behaviors,
such as injecting drugs (57). Persons of African ancestry
have higher rates of seropositivity (58). Similarly, migrant
populations from Okinawa to Hawaii, from the Caribbean to
the United States, and from the Caribbean to the United
Kingdom are at increased risk of HTLV seropositivity, as are
those exposed through sexual contact or blood transfusion in
areas where the virus is endemic (59, 60).

Africa
In most African countries, HTLV-1 prevalence is poorly un-
derstood due to a lack of data and high rates of false-positive
antibody screening tests, perhaps due to cross-reactivity with
malaria antigens (61). Limited data from the Ivory Coast,
Ghana, Nigeria, Zaire, Kenya, and Tanzania suggest a prev-
alence in the range of 5% of the general population (62). A
recent study in South Africa found a prevalence of 0.16% in
low-risk black blood donors, suggesting a prevalence in the
general black population of almost 1% (63).

The Middle East and Europe
Surveys in the Middle East have not revealed HTLV-1, with
the exception of northeastern Iran (Mashhad) and emi-
grants from that area now residing in Israel and New York
(64). Surveys in southern India and Indonesia have identi-
fied some HTLV-1-positive cases; in the Seychelles in the
Indian Ocean, HTLV-1 is highly endemic (greater than
15%). In Europe, occasional infections are detected among
migrants from areas where such infections are endemic. In
most western European countries, HTLV-1 is still uncom-
mon except among immigrants from regions where it is en-
demic, sex workers, and IDUs (65).

HTLV-2
HTLV-2 has a more restricted distribution than HTLV-1 and
occurs primarily in the Americas and parts of Africa. Am-
erindians residing in North, Central, and South America
show various rates of positivity for HTLV-2 (5% to 30%).
Pockets of infection are present among the Seminoles in
southern Florida and the Pueblo and the Navajo in New
Mexico but not among various tribes in Alaska. In Central
America, the Guaymi Indians residing in northeastern Pa-
nama near the Costa Rican border have high seropositivity
rates (greater than 15%), but this does not hold true for the
Guaymi living in southwestern Panama (66). At some time
in the past, HTLV-2 was introduced into IDUs and amplified
so that in the United States and southern Europe the
prevalence ranges from 10% to 15% and higher (38, 67).
From IDUs, HTLV-2 has infected members of the general
US population via sexual transmission. The most frequent

FIGURE 3 Geographic distributions of HTLV-1 (panel A) and
HTLV-2 (panel B). Viral subtypes are indicated by lower case let-
ters, red font indicates an endemic region for the virus, and blue
font indicates imported or immigrant infections.
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risk factor for HTLV-2 in seropositive blood donors is pre-
vious sexual contact with an IDU (68).

Incidence and Prevalence of Infection

HTLV-1
HTLV-1 seroprevalence is characterized by an age-

dependent increase that is observed in diverse geographic
areas. The patterns of infection in Jamaica and in U.S. blood
donors are similar despite orders of magnitude differences in
seroprevalence (Fig. 4). The prevalence rate among children
of both sexes is low (approximately 1%) and equal. During
adolescence, coincident with the onset of sexual activity, the
prevalence begins to rise, and a divergence in infection rates
between males and females emerges, with female rates ex-
ceeding those of males. The reason for this female excess has
been attributed to more efficient transmission from males to
females. Part of this age-dependent rise, at least in Japan, has
been attributed to a birth cohort effect whereby declining
rates of infection in younger birth cohorts contribute to the
observed age-dependent increase in prevalence (69). This
pattern is observed in follow-up studies of Japanese emi-
grants to Hawaii, for whom rates of infection decline in
successive generations (60). Possible explanations for this
declining intergenerational prevalence include widespread
condom use for contraception, changes in standards of liv-
ing, improved nutrition, changes in breast-feeding patterns,
the elimination of many coincident infectious diseases, and
declines in other STDs. Nevertheless, Japanese and Amer-
ican couples discordant for HTLV-1 show evidence of on-
going person-to-person transmission (70, 71). There is no
evidence to support the hypothesis that reactivation of im-
munosilent infection in seronegative persons accounts for
this age-dependent increase in prevalence.

HTLV-2
HTLV-2 also exhibits a characteristic age-dependent rise in
seropositivity in populations that are endemic (Fig. 4).

Among populations of Amerindians in areas of endemic
infection, prevalence increases with age similarly to HTLV-
1; gender differences are less marked (72). Among IDUs, the
sharing of injection equipment—a common practice before
the wide availability of disposable syringes—explains the
high rates of seropositivity in middle-aged and older persons
compared to younger ones, again due to a birth cohort effect
explained by high rates of drug use in the 1960s and the
1970s and fewer IDUs in subsequent decades. Again, there is
little evidence of a virus-positive, antibody-negative state,
although the HTLV-2 PVL is lower than that of HTLV-1.

Transmission
Table 2 summarizes the routes, modes, and cofactors asso-
ciated with HTLV-1 and HTLV-2 transmission. There are
fewer studies of the HTLV-2 transmission risk than of the
HTLV-1 risk. Data on HTLV-3 and HTLV-4 are not avail-
able due to the small number of isolates thus far.

Routes

Mother-to-Child Transmission
The mother-to-child transmission of HTLV-1 is the principal
means of childhood infection and is associated with the
greatest risk of ATL. The risk of infection in children of
seropositive mothers correlates with the provirus load in
breast milk, the concordance of human leukocyte antigen
(HLA) class I type between mother and child, and the du-
ration of breast-feeding (73, 74). Among children breast-fed
for a prolonged period, the rate of infection ranged between
15% and 25% (75).

In Japanese prevention trials, breast-feeding accounts for
most occurrences of perinatal transmission. Although 20%
of breast-fed infants seroconvert to HTLV-1, only 1% to 2%
of formula-fed infants of HTLV-1-positive mothers become
infected (76). Children usually seroconvert in the first 2
years of life; the rates remain stable until the early teenage
years, when new infections occur via sexual transmission.
Maternal antibodies, present during the first 6 months of the

FIGURE 4 Seroprevalence of HTLV-1 (panels A and B) and HTLV-2 (panels C and D), illustrating age and sex dependence of HTLV-1
among endemic Jamaicans and US blood donors. For HTLV-2, a similar age and sex dependence is seen for endemic Kayapo Indians, but a
likely birth-cohort effect is seen for US blood donors. (Adapted from references 51, 72, 214.)
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child’s life, appear to provide some protection for children
exposed through breast milk, and infection rates increase as
maternal antibody levels decline (77).

The viral load of the mother, as measured by antibody
titer and viral antigen level in breast milk or blood, is the
best predictor of the risk of mother-to-infant transmission
(77), with the risk of transmission found to increase from 4.7
per 1,000 person-months when the provirus load in breast
milk was less than 0.18% to 28.7 per 1,000 person-months
when it was greater than 1.5% (74). The presence of anti-
bodies to the Tax antigen and antibodies to certain envelope
epitopes is associated with enhanced transmission. These
antibodies are a surrogate for elevated maternal viral load,
the major risk factor for transmission (77).

Limited studies of the mother-to-child transmission of
HTLV-2 infection have been performed to date. The detec-
tion of HTLV-2 in breast milk, the 1% to 2% prevalence rate
among preadolescent Guaymi Indians (a noninjecting drug
use cohort from Panama at high risk for HTLV-2), and the
finding that seropositive children had seropositive mothers
support this route of infection (78).

Sexual Transmission
HTLV-1 is present in the genital secretions of infected in-
dividuals and can be transmitted through sexual intercourse.
A Japanese cohort of discordant couples followed for 10
years found that 27.3% of the initially seronegative women
seroconverted, compared to 6.7% of the initially seronega-
tive men, indicating that the risk of male-to-female trans-
mission was 4.2 times higher (71). A similar study among
former US blood donors found higher rates but similar gen-
der patterns of HTLV-1 and HTLV-2 transmission from men

to women (1.2 transmissions per 100 person-years) as from
women to men (0.4 transmissions per 100 person-years) (71).

Markers of sexual activity, such as an increased number of
sexual partners and contact with female prostitutes, are as-
sociated with HTLV-1 transmission, as are STDs, such as
syphilis and genital ulcer disease. The duration of a steady
sexual relationship with a seropositive partner is also asso-
ciated with seroconversion. Elevated HTLV-1 load, as mea-
sured by antibody titer or quantitative PCR of blood samples,
correlates with a heightened risk of sexual transmission (79).
The presence of anti-Tax antibody (perhaps a measure of
in vitro proliferation) has also been associated with trans-
mission (80).

The sexual transmission of HTLV-2 has been difficult to
study because of the frequency of coincidental injection drug
abuse among study populations (e.g., drug-addicted female
prostitutes) (81). However, one prospective study of discor-
dant couples found rates of HTLV-2 transmission (0.5 trans-
missions per 100 person-years) similar to those of HTLV-1
(0.9 transmissions per 100 person-years) (71). Among Am-
erindian populations the sexual transmission of HTLV-2 was
documented in cross-sectional studies showing high con-
cordance rates for seropositivity in couples (82).

Parenteral Transmission
Parenteral transmission by transfusion, transplantation, or
drug injection is an efficient means of acquiring HTLV in-
fection. Although the probability of acquiring the infection
through transfusion has been significantly reduced by blood
donor selection and HTLV antibody screening, the trans-
fusion of contaminated cellular components can result in
seroconversion in more than 40% of recipients (53). The
filter-based leukoreduction of blood products may reduce
this risk substantially but not to zero (83). Among US blood
donors who are confirmed to be HTLV positive, approxi-
mately half are HTLV-1 positive, and half are HTLV-2
positive, with regional differences. Their major risk factors
for infection are sexual contact with an IDU, injection drug
use, and birthplace in a region where HTLV-1 is endemic.
The use of immunosuppressive drugs, such as corticosteroids,
by the recipients of blood components may heighten sus-
ceptibility by blunting the cellular immune response to
HTLV-1 following exposure. The transmission of HTLV-2
has been well documented for 50% of the recipients of
known units of positive blood (84).

HTLV has been considered a contraindication to organ
donation, but according to the United Network for Organ
Sharing database, the prevalence of HTLV-1 or HTLV-2 in-
fections in organ donors is 0.027% and 0.064%, respectively.
In 2007 no reports of HTLV-related diseases in recipients
were reported in a cohort at 1 year posttransplantation (85).
The screening of deceased donors was discontinued in the
United States in 2009. However, a recent report of HTLV-1
transmission and HAM following renal transplantation
questions the wisdom of this decision (86). HTLV-1 trans-
mission by organ transplantation has also been reported in
Germany (87).

Parenteral drug abuse has been associated with the
transmission of both HTLV-1 and HTLV-2, but most HTLV-
positive drug abusers are infected with HTLV-2. This is likely
due to epidemiological factors, namely historical transmis-
sion from Amerindians endemic for Native American
HTLV-2 source and amplification by IDUs (88). Risk factors
for seroconversion include the sharing of drug paraphernalia
and blood exposure, which was more common before the
wide availability of disposable syringes. Needle exchange

TABLE 2 Transmission of HTLV-1 and HTLV-2

Mode of transmission
or cofactor HTLV-1 HTLV-2

Mode of transmission
Mother to infant
Transplacental Low efficiency Probable but not

quantified
Breast milk Very efficient Probable but not

quantified
Sexual
Male to female Very efficient Yes but not quantified
Female to male Efficient Yes but not quantified
Male to male Efficient Not known

Parenteral
Blood transfusion Very efficient Very efficient
Injection drug use Efficient Efficient

Cofactors
Elevated virus load
Mother to infant Increased Not known
Heterosexual Increased Increased

Sexually transmitted
diseases

Increased Not known

Cellular versus plasma
transfusion products

Increased Increased

Sharing of needles
and paraphernalia

Increased Increased

Cold storage of blood Decreased Decreased
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programs instituted to stem the HIV epidemic have likely
contributed to a decrease in HTLV transmission among
IDUs, although this has not been proven.

Environmental and Socioeconomic Factors
There is no evidence of a seasonal variation in HTLV in-
fection. Given the relative inefficiency of HTLV-1 trans-
mission and its association with lymphoid cells, vector
transmission is not thought to occur (51). The association of
HTLV-1 with markers of lower socioeconomic status, such as
poor housing, hygiene, and nutrition, are more likely due to
behavior than environmental factors.

Occupational infection with HTLV appears to be rare.
Documented cases include a health care worker who ser-
oconverted to HTLV-1 after experiencing a “microtransfu-
sion” when a syringe loaded with blood punctured his foot
(89) and the transmission of HTLV-2 to a laboratory worker
from a needlestick injury as she recapped a syringe after
collecting material for an arterial blood gas analysis (90). In
another study, an HTLV-2-infected blood donor admitted no
risk factors except his work as a dentist (91). Casual contact
does not seem to be sufficient for transmission.

PATHOGENESIS
HTLV-1 is associated with two major categories of disease:
(i) an aggressive CD4 T-cell leukemia/lymphoma called
ATL and (ii) a chronic inflammatory neurologic disease,
HAM, which is associated with inflammation and fibrosis of
the long motor tracts of the spinal cord. In the case of ATL,
HTLV-1 is monoclonally integrated into the leukemic cells,
whereas in HAM, neurologic damage appears to result from
an overexpression of virus and an altered immune response.
Current research has demonstrated no specific genomic in-
tegration site associated with ATL (92). At the center of
disease pathogenesis are the gene products of the pX reading
frame (pX I to pX IV in Fig. 2 and Table 1), which not only
engage in promoting viral replication but also impact cel-
lular functions that favor viral replication. The most studied
of these viral gene products coded for by pX IV is the p40
Tax viral regulatory protein, which, like its counterpart Tat
from HIV-1, plays an important role in promoting viral
growth and disease pathogenesis (93–95). More recently,
HBZ has been recognized for its crucial role in the prolifer-
ation of ATL cells and the induction of T-cell lymphoma
and systemic inflammation, mainly through the regulation of
LTR transcription and the modulation of cellular signaling
associated with cell growth, T-cell differentiation, and the
immune response. The additional accessory proteins coded
for by the pX region also play a role in pathogenesis (11).

Viral Factors

Effects of Tax Protein
Tax is a posttranslationally modified protein (93) that

shuttles from cytoplasm to nucleus and is responsible for the
activation of virus transcription via tax-responsive elements.
Tax alters cellular gene transcription and activates the proto-
oncogenes c-fos and c-erg, as well as an array of early response
genes, the human lymphotoxin gene, and the parathyroid
hormone-related protein gene while it transrepresses the ß-
polymerase gene (96, 97). Tax alters the type I interferon
(IFN-I) pathway (98), and the overproduction of interferon-
gamma has been implicated in promoting the chronic in-
flammation that characterizes diseases such as HAM. Tax
also affects regulators of the cell cycle, leading to uncon-

trolled cell proliferation that promotes the potential for
oncogenic transformation and unregulated immune control
and stimulates cell growth by directly inhibiting the func-
tion or the expression of tumor suppressor genes (99). Tax
functions as an oncoprotein both to induce proliferation by
the mechanisms summarized above and to inhibit apoptosis
by activating the expression of BclXL and of Bfl1 (100, 101),
as well as by direct transcriptional transactivation of cellular
regulators of apoptosis (102, 103). Another strategy involves
Tax making HTLV-infected cells resistant to various physi-
cal, chemical, and biological inducers of apoptosis, which
may contribute to the risk of malignant transformation be-
cause such cells survive with damaged DNA following en-
vironmental carcinogenic exposures (104). Tax also induces
structural DNA damage and alters chromosomal stability,
resulting in harm to the cell’s genomic integrity on the path
to malignant transformation (Fig. 5). The high frequency of
aneuploidy observed in ATL appears to result from Tax di-
rectly binding to mitotic arrest deficiency protein 1 (MAD1)
and disturbing the segregation of chromosomes during mi-
tosis (105). Given the high frequency of aneuploidy in ATL,
the transition from oligoclonal expansion to malignant
transformation is brought about by the impact of Tax on
chromosomal stability (99, 106).

Effects of HBZ Protein
HBZ was initially identified as a binding protein that in-
teracted with CREB/CREB-2 and inhibited HTLV-1 tran-
scription (14, 107). HBZ promotes T-cell proliferation in its
mRNA form, whereas it suppresses Tax-mediated viral
transcription through the 5¢ LTR while in protein form
(108). The HBZ binding protein, ATF3, is highly expressed
in ATL cells, and its negative modulatory effects are cur-
tailed by HBZ, allowing the proliferation of ATL cells via
upregulation of CDC2 and cyclin E2 (109). HBZ enhances
the transcription of telomerase reverse transcriptase, which
in turn has been associated with the formation of malignant
tumors, thus HBZ is implicated in ATL oncogenesis (110),
and HBZ transgenic mice develop lymphoma (111). HBZ
suppresses the NF-kB pathway and impairs cell-mediated
immunity (112). It has been postulated that HTLV-1 might
escape host immune attack through this mechanism (19).
HBZ also allows HTLV-1 to convert infected T cells into
Tregs by enhancing transforming growth factor b (TGF-b)
expression. This is believed to be critical for virus persistence
(19). Thus far, HBZ has been shown to inhibit Tax-mediated
activation of the HTLV-1 LTR, activate cellular transcrip-
tion, and promote T-lymphocyte proliferation, while all
APH proteins have demonstrated the ability to repress Tax-
mediated viral transcription (14, 15, 17, 18, 113). In HTLV-
2, although APH-2 is associated with a higher PVL, it has
not been shown to promote cell proliferation or lymphocy-
tosis (15, 16).

Effects of pX I and II Proteins
pX I produces p12I, which is essential for establishing per-
sistent infection (11). p12I targets cellular pathways in-
volved in T-cell proliferation, thus contributing, along with
Tax, to T-cell activation. p12I also interferes with the traf-
ficking of the heavy chain of major histocompatibility
complex (MHC) class I to the surface of T cells, thus con-
tributing to the persistence of infected cells by blocking
immune recognition. p12 can be cleaved into p8, which is
involved in viral transmission (10). Efficient viral persis-
tence and transmission requires both p12 and p8 (114). pX II
produces p13II and p30II. p13 activates resting cells and
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promotes apoptosis in transformed cells (115). p30II alters
cell cycle and DNA repair mechanisms and promotes viral
latency. Consequently, it decreases Tax expression and Tax-
mediated viral transcription. The interaction between p30II
and Rex appears to govern the switch between virus latency
and replication (116).

Proviral Load
Until molecular amplification tools became available, it was
assumed that HTLV-1 had a low rate of expression because
levels of plasma-associated virus were undetectable, and the
variation in sequence diversity around the world was mini-
mal. However, the cell-associated PVL of HTLV-1 is re-
markably high compared to that of other retroviruses (117).
Quantitative PCR shows that the median PVL among
healthy carriers involves between 0.1% and 1.0% of pe-
ripheral blood mononuclear cells (PBMCs) (118). The
number of infected cells present in the blood of a healthy
carrier is generally relatively low; mean PVLs are 3.28 log10
copies per million PBMCs (range, 0.5 to 5.3) for HTLV-1
and 2.60 log10 copies per million PBMCs (range, 0.05 to
5.95) for HTLV-2 (119). In patients with HAM, between
5% and 10% of peripheral blood cells are infected, and in
rare cases 30% of peripheral blood cells harbor the virus.
Careful molecular analysis of HTLV-1 in various disease
states has indicated that HTLV-1 infection is largely an
oligoclonal rather than a polyclonal expansion. These ob-
servations are consistent with the hypothesis that most
HTLV-1 replication and expansion occur via the prolifera-
tion of infected cells containing integrated provirus rather
than through infection by cell-free virions. As a conse-
quence, discussed below, cell-mediated immune responses are
key for controlling viral infection (120). HTLV-2 genome-
wide integration sites are similar to HTLV-1, but the ex-
pansion of HTLV-2-infected clones does not appear to have
the same association with the genomic environment of the
integrated provirus. Recent work has demonstrated that
PVL in HTLV-2 is almost exclusively confined to CD8+ T
cells and is composed of a small number of highly expanded

clones, which suggests there are significant differences in the
selection forces that control the clonal expansion of HTLV-1
and HTLV-2 during infection (120).

Host Immune Responses
In the face of prodigious mechanisms for the expansion of
viral infection, a robust and targeted cell-mediated immune
response is mounted to control HTLV infection. In most
cases this response is effective, given the relatively infre-
quent occurrence of disease among carriers, but at times the
immune response may contribute to disease occurrence. A
proposed model of this viral interaction with the host cell-
mediated immune response is shown in Fig. 6.

Innate Immunity
The main in vivo cellular targets of HTLV-1 are cells from
the adaptive immune system, for example, CD4 and C8
T cells. However, innate immune cells (monocytes, macro-
phages, and DCs) are permissive to the virus in vitro and/
or are infected in vivo (94). The role of the innate immunity
in HTLV-1 pathogenesis is not clear; however, HTLV-1-
infected cells have been shown to alter IFN-I signaling
through the Tax protein, and the addition of IFN-I effi-
ciently suppresses HTLV-1 replication in vitro (98). How-
ever, even if it does not promote cell cycle arrest or cell death
in vitro, the alpha interferon (IFN-a)-azidothymidine (AZT)
combination is particularly efficient for treating leukemic,
smoldering, and chronic ATL patients and significantly
improves their survival.

Humoral Immune Responses
Antibodies to the various antigens of HTLV-1 occur at high
levels in carriers and among patients with ATL and HAM.
During primary HTLV infection, the first specific antibodies
to emerge are directed against the Gag proteins. Subse-
quently, anti-Env antibodies appear, and about 50% of in-
fected individuals develop detectable antibodies to p40 Tax
protein (80). An older study found a median time to sero-
conversion of 51 days following transfusion-transmitted

FIGURE 5 HTLV lymphomagenesis: progression of T lymphocytes from immortalization and clonal expansion to transformation. Various
changes in the cell during the different stages are listed in the shaded boxes. As shown, virus-infected cells can also go into apoptosis.
(Adapted from reference (99) with permission of Macmillan Publishers Ltd.)
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infection, but time to seroconversion is likely to be shorter
with newer, more sensitive antibody assays (53). Antibody
titers vary from patient to patient, are significantly higher in
patients with HAM and among those at risk for this disease,
and correlate with the proviral burden (77, 118). This may
explain the paradoxical finding of high antibody titers
among women who transmit HTLV-1 to their infants
through prolonged breast-feeding (75). The explanation for
this paradox is that transplacental maternal antibodies ap-
pear to protect the infant from infection in the first months
of life, but as passively acquired antibodies wane the infant
becomes infected via maternal virus transmitted via breast
milk, most likely by cell-associated infection. Other than
this apparent protection afforded the baby through passive
antibody transfer from an infected mother at birth, few data
suggest that humoral immune responses play a role in pro-
tection from disease. The high titers observed in patients
with HAM and ATL seem to reflect immune responses in
the context of high viral burden observed in these condi-
tions rather than as a direct correlate of disease risk.

Cell-Mediated Immunity
Cytotoxic T lymphocytes (CTL) targeted at viral antigens
expressed on infected cells play an essential role in the
regulation of viral expression. Among chronic carriers, in-
fected individuals mount a strong cell-mediated immune
response to the virus, and up to 1% of CD8+ CTL can
recognize at least one epitope of HTLV. Freshly isolated cells

have substantial expression of activation markers, indicating
that these cells have recently encountered the Tax antigen
(121–123). Cell-mediated immune response to HTLV may
also play a role in the pathogenesis of HAM.

In the case of HAM, there is an imbalance in immune
response manifested by an overexpression of Tax, high levels
of Tax-specific CTL, and the excessive elevation of HTLV
viral load. For instance, CXCL10/IP-10, a T-helper type 1
(Th1)-associated chemokine, has been found to be signifi-
cantly elevated in the cerebrospinal fluid (CSF) of HAM
patients compared to healthy controls (124). Other cytokines
in the Th1 pathway such as transcription factors T-beta,
GATA-3, IL-12Rß2, and suppressors of cytokine signaling
are also markedly elevated in HAM patients (125). The role
for CD8-mediated cell killing as the primary means of viral
suppression may explain the epidemiological observation
that recipients of infected blood products who are also re-
ceiving exogenous immunosuppressive medications are more
susceptible to HTLV-1 infection due to the host’s inability to
clear the initial virus infection (54). CD4 CD25 T-cell sub-
sets, the target of HTLV-1 infection (Fig. 6), stimulate and
expand HTLV-I Tax-specific CD8 Tcells, which may play an
important role in the pathogenesis of HTLV-1-associated
neurologic disease (126). The finding that Tax1A is more
frequent in HAM than Tax1B may point to a viral motif
in Tax1A that contributes to pathogenesis. Such a mecha-
nism is consistent with the hypothesis that there is molec-
ular mimicry between a viral and a cellular antigen. This

FIGURE 6 Model of CD8 CTL-mediated control of HTLV-1 infection. HTLV-1 infects CD4 T lymphocytes, with expansion of infection
primarily via cell replication. As HTLV-1-specific antigens, particularly Tax, are expressed, a robust CD8 CTL response is generated that
results in the killing of CD4-infected cells expressing Tax. Anti-HBZ CTL response is weak but associated with a reduction of PVL. The
inability of some persons to control HTLV-1 expansion is thought to contribute to disease pathogenesis. In this model, the dynamic
equilibrium between viral replication and immune destruction is mediated through Tax overexpression, causing CD4 target cell proliferation
and a robust cell-mediated response to the antigen in particular, thereby leading to CTL-mediated lysis of these HTLV-1-infected CD4 cells.
(Adapted from references (121, 123, 215, 216.) As a consequence of ongoing Tax and/or HBZ expression, there is a cell-associated expansion
of HTLV-1 genome-containing CD4 cells and a compensatory expansion of CD8 CTL. As the number of CD4 cells containing integrated
HTLV-1 provirus expands, HTLV-1 antigens are expressed on the cell surface and become targets for CD8-mediated cytotoxic killing.

780 - THE AGENTS—PART B: RNA VIRUSES



hypothesis is supported by the finding that HAM patients
make antibodies to heterogeneous nuclear ribonuclear pro-
tein A1 (hnRNP A1), a neuron-specific autoantigen (127).
Monoclonal antibodies to Tax cross-react with hnRNP A1,
showing molecular mimicry between the two proteins and
providing a pathogenic basis for autoimmune neurologic
disease. Additionally, the finding of oligoclonal immuno-
globulin bands in the CSF of HAM patients who react to
HTLV-1 antigens supports this hypothesis (128).

Impact of CD8 Lymphotropism of HTLV-2
In contrast to the predominant CD4 lymphotropism of
HTLV-1, HTLV-2 provirus in vivo is integrated at the highest
levels into CD8 lymphocytes but may also be demonstrated
in CD4 cells (12, 129). The delayed hypersensitivity re-
sponse is normal among HTLV-2-infected individuals, sug-
gesting intact cell-mediated or Th1-type immunity (130).
HTLV-2 infection is associated with chronic elevations in
absolute lymphocyte and platelet counts (131). As noted
above, there are differences in the clonal distribution of
HTLV-1 and HTLV-2, and the PVL in HTLV-2 is almost ex-
clusively confined to CD8+ Tcells and is composed of a small
number of highly expanded clones (120). Total immuno-
globulin G levels are higher in HTLV-2-infected persons
(132), and HTLV-2 may induce the expression of gamma
interferon, granulocyte macrophage colony-stimulating
factor, and other cytokines (133, 134). Although HTLV-2
provirus has also been demonstrated in macrophages (135),
whether such infection influences macrophage regulation or
function to a clinically notable degree is not known. More
intensive diagnostic evaluation and follow-up of HTLV-2-
infected individuals is needed to confirm the relationship
between HTLV-2 and recurrent pneumonia or asthma and
other diseases (136).

Pathogenesis of ATL
Following initial infection, there is a proliferation of infected
cells that is downmodulated by CTL immune responses.
Oligoclonal infection of mainly CD4 postthymic T cells
manifests within months, and the infected cells resemble
transformed but not malignant cells (79). In some instances,
monoclonal infection of Tcells is observed. Such oligoclonal
and monoclonal expansions have been noted to appear and
then sometimes disappear spontaneously.

The effect of Tax on ATL pathogenesis appears to be
mediated via the transactivation of a variety of cellular
growth (transcription) factors and bioactive cytokines, the
interruption of cell cycle regulatory factors resulting in in-
terruption of cell cycle arrest, the blocking of normal ap-
optotic pathways, and the interference with DNA repair
(Fig. 5) (95). However, Tax expression is not necessary for
maintenance of the malignant genotype because in most
ATL cases, Tax is not expressed (108). Rather, evidence sup-
ports the HBZ protein encoded by the minus strand of HTLV
provirus as being critical in the development of ATL (17).
The HBZ gene remains intact and is consistently expressed
in all ATL cases (19). HBZ promotes the proliferation of
ATL cells and induces T-cell lymphoma and systemic in-
flammation, mainly through the regulation of LTR tran-
scription and the modulation of cellular signaling associated
with cell growth, T-cell differentiation, and the immune
response. Interestingly, HBZ could be a target for immuno-
therapy (137, 138).

Thus, for ATL, the net effect of Tax, HBZ, and other
ORF products is that the normal checks to transition be-

tween cell cycle phases are abrogated (Fig. 5), contributing
to the potential for heightened mutation. Genetic damage
that would normally be repaired accumulates, apoptotic cell
death does not occur, and Tax induces aneuploidy directly—
all in the path to malignancy. Subsequently, T cells can
accumulate DNAmutations, resulting in transformation and
the monoclonal outgrowth of a truly malignant cell. At the
stage of malignancy, the tax gene is silent, and Tax is no
longer expressed, as transformation of the malignant cell is
complete.

Pathogenesis of HAM
The pathogenesis of HAM appears to involve the dysregu-
lation of immune function. This condition and other dis-
eases with “autoimmune” manifestations of HTLV-1,
coupled with the inability to downregulate HTLV-1 ex-
pression, appear to result from a failure of the cell-mediated
immune response in HAM among carriers at risk. In the case
of HAM, the major pathological manifestations appear to
result from collateral damage to neurologic tissues as part of a
cell-mediated immune assault on abundant CD4 HTLV-1-
containing cells that infiltrate the central nervous system
(CNS) (139). Elevated levels of lymphokines such as IL-6,
tumor necrosis factor beta (TNF-ß), and IL-2 are found in
the CSF. However, attempts to document the presence of
HTLV-1 in demyelinated lesions have not demonstrated a
direct role for the virus in the target cell.

It is possible that HTLV-1 induces an autoimmune-like
process through molecular mimicry or by indirect effects on
immune function (see above). Autoantibodies against nu-
clear and perinuclear human brain proteins cross-reacting
with different HTLV-1 epitopes have been found in the sera
of HAM patients (140). Virus loads are high in HAM,
suggesting a deficiency in the ability of the host to control
viral proliferation. Furthermore, the pattern of oligoclonal
expansion observed in healthy carriers is amplified in HAM.
Up to one in five peripheral blood cells is infected with a
high proportion of CD8+ CTL targeting HTLV-1. Immu-
nogenetic factors are associated with disease and possibly the
overexpression of the virus (141).

The finding of HTLV-1 in CD8 cells and the coincidence
of CD8 cells in spinal cord lesions raise the possibility that
these cells may contribute to the induction of local spinal
cord damage. Alternatively, because CTL against HTLV-1
account for a significant percentage of such lymphocytes,
neuropathology has been hypothesized to result from col-
lateral damage due to the local overproduction of harmful
cytokines secreted by these cells. Thus, the tissue damage in
the CNS in patients with HAM may be caused by lym-
phocytes chronically activated by the HTLV-1 Tax protein
and secreting harmful cytokines and metalloproteinases
(142, 143). The CD4 CD25 T-cell population is the main
reservoir for HTLV-1 in HAM patients (144).

An association between class I HLA haplotypes and
protection against HAM suggests that carriers of certain
antigen-presenting motifs augment the efficient control of
HTLV-1-containing cells. Thus, carriers of the HLA-A*02
haplotype are less prone to developing HAM. Non-HLA-
A*02-positive carriers may be at increased risk of HAM
because of an impaired cell-mediated immune response
against HTLV-infected cells, resulting in the overexpression
of HTLV (145, 146). Additionally, HLA-DRB1*0101 dou-
bles the odds of HAM in the absence of the protective ef-
fect of HLA-A*02 (146). These data suggest that deficient
immune recognition of Tax epitopes blunts a robust cell-
mediated immune response.
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Pathogenesis of Other HTLV-Associated
Conditions
For other HTLV-1-associated autoimmune diseases, such as
uveitis and arthritis, HTLV-1-infected cells at the site of
pathological changes and lymphokine and cytokine over-
expression may account for the local pathological manifes-
tations (147).

LABORATORY DIAGNOSIS
Virus Isolation
The isolation of HTLV by culture is used only in the context
of research studies and is not a routine diagnostic procedure.
The technique employs the cocultivation of patient cells
with human PBMCs that have been stimulated in vitro with
mitogens (e.g., phytohemagglutinin) and growth factors
(e.g., IL-2). When peripheral blood from patients with ATL
is cultured, the virus-positive cell that emerges has a normal
karyotype, and the tumor cells themselves do not grow. The
ability to isolate HTLV is dependent on the viral load, the
immune status, and the stage of disease. Because HTLV-1 is
so strongly cell associated, plasma antigenemia is not present
at detectable levels. Antigen assays are used for detecting
virus antigen in the supernatant of short-term cell cultures.

Cellular Assays
In the research setting, the detection of cellular immune
responses to HTLV-1 involves standard CTL assays using
chromium release by either leukemic cells or transformed
cells treated with HTLV-1 peptides or infected with re-
combinant virus. Flow cytometry-based assays adapting tet-
ramer technology provide a much more precise measure of
cell-specific CTL quantities. In these assays, PBMCs can be
directly quantitated by the ability of MHC class I-restricted
tetramers to bind Tax peptides (121).

Nucleic Acid Detection
PCR assays previously employed in the research setting to
confirm HTLV infection, distinguish HTLV type, and
quantify the level of virus under various clinical condi-
tions (148) are now available commercially to clinicians in
practice. Refinements of the PCR assay resulted in a highly
sensitive and reproducible detection system with limits of
detection at 10 molecules of DNA in 1 milligram of human
DNA (about 1 infected cell in 100,000 PBMCs) (117, 149).
In the research setting, quantitative PVL measured by real-
time PCR may be useful as a prognostic marker for disease
progression in infected patients, and PCR following reverse
transcription is used to detect viral mRNA in infected cells.
Qualitative PCR detection of HTLV provirus is increasingly
being applied in the clinical setting, for example, to distin-
guish a false-positive antibody test or to confirm infection in
the context of transplantation. However, the tendency of
PCR to yield false-positive results should dictate caution in
its clinical use. For research applications, flow-based systems
have allowed the detection of cell-specific viral antigen
expression, usually Gag- or Tax-specific, in subsets of T
lymphocytes (121).

Serologic Assays
The primary test for HTLV-1 or HTLV-2 infection is de-
tection of virus-specific antibody by a variety of techniq-
ues. Because HTLV infection is chronic, almost all HTLV-1
antibody-positive patients are also positive for HTLV pro-
viral DNA. The most widely used assay for detection of

HTLV-1 antibodies in the United States is the enzyme im-
munoassay (EIA). In Japan a particle agglutination assay is
used. These assays are highly sensitive and specific for virus
infection (150), but the EIAs for HTLV-1 and HTLV-2 are
cross-reactive. The virus subtype is distinguished by Western
blot technology, which uses a combination of whole virus
and recombinantly produced peptides. This assay is used to
confirm that an EIA sample is truly positive and to distin-
guish between HTLV-1 and HTLV-2 types (151). The cri-
terion for Western blot confirmation is the presence of
antibody to the p24 gag gene product and one of the HTLV-1
env gene products, p21e (transmembrane), gp46 (external
envelope), or gp6l (whole envelope). Sera with no reactiv-
ity to viral protein bands are considered negative; sera
with partial reactivity are called indeterminate. Addi-
tional approaches such as the line immunoassay (LIA) or
the recombinant immunoblot assay (RIBA) are supplant-
ing the Western blot (Fig. 7). These assays contain both
group-specific conserved antigen motifs from the trans-
membrane protein and type-specific antigen motifs from
the external glycoproteins (recombinant gp46) of HTLV-1
and HTLV-2. The antigens are coated onto the strips and
allow the simultaneous confirmation and differentiation
of both HTLV-1 and HTLV-2 in 98% of cases (152). Con-
firmation by immunofluorescence assay (IFA) may be used
but is labor-intensive, operator-dependent, and requires the
maintenance of infected cell lines as reagents by reference
laboratories. Titer determination to allow the quantification
of antibody is possible with modifications to the EIA, the
particle agglutination assay, and the IFA.

In tropical countries, particularly Africa, repeatedly re-
active EIA samples exhibit a high frequency of indetermi-
nate Western blot results. Typically, these sera show an
HTLV Gag indeterminate profile, which may be related to
endemic Plasmodium falciparum infection (61). To avoid
overestimating the rate of HTLV-1 and HTLV-2 seropre-
valence in these regions, PCR may be useful (124–126).

CLINICAL MANIFESTATIONS
Acute seroconversion is associated with no recognized
clinical syndrome. The median time from infection to se-
roconversion has been estimated at 51 days in a study of
transfusion transmission, although this serologic window is
likely shorter with more sensitive contemporary antibody
assays (53). The time from seroconversion to disease can
vary from 18 weeks with HAM to many decades with ATL.
As summarized in Table 3, a wide range of clinical condi-
tions are linked to HTLV-1, some of which result from virally
induced cell transformation, as in ATL, while others appear
to result from the indirect effects of virus-induced immu-
nologic perturbation.

ATL
Before the discovery and isolation of HTLV-1, ATL was
characterized as an aggressive leukemia/lymphoma of mature
T lymphocytes, with varied clinical manifestations: gener-
alized lymphadenopathy, visceral involvement, hypercalce-
mia, cutaneous skin involvement, lytic bone lesions, and
leukemia cells with pleotrophic features. Almost all patients
with ATL present with lymphadenopathy, and 50% have
hepatosplenomegaly (127).

The Lymphoma Study Group in Japan has classified ATL
into four clinical types based on clinical features and cell
morphology: acute, chronic, smoldering, and lymphoma/
leukemia types (145). Figure 8 shows the characteristic
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morphological features of the leukemia cells and examples of
the cutaneous manifestations that may be the first indication
of disease. The prototypic acute ATL is distinguished by
increased numbers of leukemic T cells with characteristic
pleomorphic morphology (Fig. 8A), skin lesions (Fig. 8D),
systemic lymphadenopathy, hepatosplenomegaly, and met-
abolic disorders, especially hypercalcemia.

Chronic ATL (Fig. 8B) resembles chronic T-lymphocytic
leukemia; cells have a characteristic cleaved morphology
called buttock cells, the white blood cell count is increased,
and skin lesions are evident. Some patients manifest mild

lymphadenopathy and hepatosplenomegaly, and the serum
lactate dehydrogenase level is sometimes elevated. Hyper-
calcemia and hyperbilirubinemia are not characteristic of
this type of ATL.

Smoldering ATL (Fig. 8C) may clinically resemble my-
cosis fungoides/Sézary syndrome, with cutaneous involve-
ment manifesting as erythema or as infiltrative plaques or
tumors (Fig. 8D), and Pautrier’s microabscesses characteristic
of mycosis fungoides may be observed. This was the case in
the first patient from whom the virus was isolated in the
United States by Gallo and colleagues (146).

In patients with chronic or smoldering ATL, a long
prodrome of symptoms or signs is usually noted before
transformation to an acute ATL. Sometimes, ATL manifests
as a non-Hodgkin’s T-cell lymphoma with no other clinical
features of ATL except monoclonal integration of HTLV-1
in the proviral DNA of the tumor cells. These cases are
termed lymphoma-type ATL and are indistinguishable from
peripheral T-cell lymphomas.

Between 50% and 60% of ATL patients have the acute
type, 20% have the chronic and lymphoma type, and 5%
have the smoldering type. Most patients with the acute and
lymphoma types die within 6 months of diagnosis in the
absence of therapy (Fig. 9), particularly if hypercalcemia is a
presenting sign. In general, the smoldering type is the least
aggressive; patients with the chronic type have a relatively
poor prognosis, with death occurring within a few years of
diagnosis. The cause of death is usually an explosive growth
of tumor cells, hypercalcemia, bacterial sepsis, and other
infections observed in patients with immunodeficiency.

Opportunistic infections are often present and con-
tribute to a rapid progression to death in patients with
acute and lymphoma-type ATL. Immunocompromise is not
due to the type of immune ablation observed for HIV-1,
even though CD4 cells are infected by HTLV-1; rather, the

FIGURE 7 Examples of assay results for HTLV-1 and HTLV-2. (A) Modified HTLV-1 and HTLV-2 Western blot including recombinant
type-specific peptides MTA-1 for HTLV-1 and K55 for HTLV-2, in addition to other viral antigens. Lane 1 shows an HTLV-1-positive serum,
lane 2 shows an HTLV-2-positive serum, and lane 3 shows a negative control serum. Modified from reference (217). (B) HTLV-1 and HTLV-2
line immunoassay, including type-specific HTLV-1 GAG p19, HTLV-1 ENV gp46, and HTLV-2 ENV gp46 antigens, in addition to shared
GAG p19, GAG p24, ENV gp46, and ENV gp21 antigens. Lane 1 shows an HTLV-1-positive serum, lane 2 shows an HTLV-2-positive serum,
lane 3 shows a negative control serum, and lane 4 shows an HTLV-3-positive serum from an African pygmy. (Modified from reference 42.)

TABLE 3 HTLV-associated diseasesa

Disease HTLV-1 HTLV-2

Childhood
Infective dermatitis ++++ No
Persistent lymphadenopathy ++ ++

Adult
ATL ++++ No
HTLV-associated myelopathy ++++ +++
Infective dermatitis +++ No
Polymyositis ++ Unknown
Uveitis +++ Unknown
HTLV-associated arthritis +++ Unknown
Sjögren syndrome ++ Unknown
Strongyloidiasis ++ Unknown
Pulmonary infiltrative pneumonitis ++ ++
a++++, very strong evidence; +++, strong evidence; ++, possible association;

+, weak association; no, evidence does not support association; unknown, no data
to support association or lack of association.

ATL, adult T-cell lymphoma.
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immunodeficiency is associated with rapidly proliferating
malignancy, and the pattern of opportunistic infections is
typical for those reported for patients with aggressive non-
Hodgkin’s lymphomas.

The diagnosis of ATL is based on the demonstration of
monoclonal integration of HTLV-1 in tumor tissue, or if
molecular diagnostics are not available, presumptive diag-

nosis can be based upon the presence of HTLV-1 antibodies
in a patient with the characteristic clinical features of adult
T-cell lymphoma. Proviral HTLV-1 can also be detected in
the blood leukemia cells or in biopsy specimens from the
patient, but such studies require a laboratory with specialized
expertise. In some cases of ATL in patients from high-risk
areas with typical clinical features, the HTLV-1 antibodies
are absent, but a defective integrated virus with a retained
tax function can be detected with sophisticated molecular
probes.

Other Cancers
HTLV-1 has been detected in isolated cases of other malig-
nancies. In one case of small cell cancer of the lung, viral
sequences were monoclonally integrated into the tumor cells
(153). There is a statistically increased prevalence of HTLV-
1 antibodies in patients with invasive carcinoma of the
cervix, but this could result from shared sexual risk factors
rather than a direct effect of HTLV-1 in carcinogenesis.
Japanese patients with a variety of malignancies show ele-
vated rates of HTLV-1 infections compared with healthy
populations, but biases such as blood transfusion might have
influenced the association. On the other hand, one study
found that HTLV-1 infection was associated with the re-
duced risk of H. pylori carriage and reduced the incidence of
stomach cancer (154).

HAM
The onset of HAM is often subtle, and the full clinical
picture is not usually seen at first presentation. A single
symptom or physical sign may be the only evidence of early

FIGURE 8 Photomicrographs of typical peripheral blood leukemic cells from patients with acute ATL (A), chronic ATL (B), smoldering
ATL (C), and cutaneous manifestations (D). Details of the features are discussed in the text.

FIGURE 9 Survival patterns of patients with different ATL
subtypes after polychemotherapy. Patients with acute and lym-
phoma-type ATL have the poorest prognosis after chemotherapy.
(Adapted from reference 143.)
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HAM. Symptoms often begin with urinary urgency and
frequency and a stiff gait, progressing (usually slowly) to
increasing spasticity and lower-extremity weakness, back
pain, urinary incontinence, and impotence in men. Patients
may complain of sensory symptoms such as tingling, pins and
needles, and burning. The vibration sense is frequently im-
paired. Hyperreflexia of lower limbs, often with clonus and
Babinski’s sign, may be detected. Hyperreflexia of upper
limbs, as well as positive Hoffmann’s and Tromner’s signs, are
also frequent. Exaggerated jaw jerk is seen in some patients,
and ataxia sometimes develops. Magnetic resonance imaging
shows atrophy of the thoracic spinal cord but, in contrast to
multiple sclerosis, only rarely shows cerebral lesions (155).
The syndrome differs significantly from classic multiple
sclerosis. HAM is usually chronically progressive, without
the waxing and waning of symptoms characteristic of mul-
tiple sclerosis. Cognitive and cranial nerve findings are not
present, and magnetic resonance imaging abnormalities are
rare.

HAM patients characteristically have HTLV-1 anti-
bodies or antigens in the blood and the CSF, and HTLV-1
provirus is found in the CSF (156). The CSF may also show
a mild lymphocytic pleocytosis; lobulated lymphocytes with
morphological similarity to ATL cells may also be present in
the blood and the CSF. Mild-to-moderate increases in pro-
tein levels may be observed in the CSF, and oligoclonal
bonds with specific reactivity to HTLV-1 antigens are
detected (122). The definite diagnosis of HAM requires a
demonstration of HTLV-1 infection and the exclusion of
other causes of myelopathy, such as spinal cord compression,
paraneoplastic syndromes, parasitic myelopathy, vitamin B12
and folate deficiency, multiple sclerosis, and amyotrophic
lateral sclerosis, among others.

The link of HTLV-2 with HAM is now well established
(157). Prospective follow-up of a cohort of former US blood
donors found a cumulative incidence of HTLV-2 HAM of
about 1%, lower than the incidence of HAM among HTLV-
1 carriers in the same study (158). CSF lymphocytosis and
the detection of HTLV-2 provirus in the CSF were less
common than for HTLV-1 HAM, probably due to lower
systemic PVLs (158). Earlier reports of HTLV-2 HAM had
features reminiscent of the ataxic form of HAM found in
Jamaica (159).

Other Syndromes
In areas where the virus is endemic, cases of polymyositis
have been associated with HTLV-1 seropositivity (160). A
large-joint polyarthropathy has been reported in Japan
among elderly patients (147, 161). A distinguishing feature
of these cases is the presence of HTLV-1-producing cells
in the synovial infiltrate. Another disease associated with
HTLV-1 is uveitis. Patients with HTLV-1-positive uveitis
complain of blurred, foggy vision or ocular floaters with an
acute or subacute onset. Visual acuity is moderately affected.
The most characteristic findings are vitreous opacities asso-
ciated with mild iritis and mild retinal vasculitis. The clin-
ical course is slowly progressive or persistent unless the
condition is treated with corticosteroids. More than 90% of
cases recur within 3 years, with a mean interval between
episodes of 16 months (162).

Disseminated strongyloidiasis refractory to treatment has
also been reported to occur in HTLV-1 carriers (163). An
increased prevalence of HTLV-1 among tuberculosis patients
and a high prevalence of tuberculosis among HTLV-1-
infected individuals exist (164). A Japanese study reported a
reduced delayed-type hypersensitivity response to Myco-

bacterium tuberculosis purified protein derivative, although a
similar study in US HTLV-1 and HTLV-2 carriers showed an
intact response to recall antigens (165, 166). Therefore,
immune deficits to bacteria and parasites, if they exist among
healthy HTLV carriers, are likely to be limited to specific
infections.

The association of infective dermatitis syndrome with
HTLV-1 infection in children, originally described in Ja-
maica (167) but also found in other low- and middle-income
areas including Brazil and Africa, appears to be an immu-
nodeficiency syndrome induced by HTLV-1 and represents
the first childhood HTLV-1 syndrome. These patients are
born to HTLV-1-positive mothers and experience a syn-
drome of failure to thrive. They are prone to refractory
generalized eczema with exudates and crusting on the scalp,
ear, eyelid margins, paranasal skin, neck, axilla, and groin.
Recurrent bacterial superinfections with beta-hemolytic
streptococci, Staphylococcus aureus, or both are frequent but
can be suppressed by chronic antibiotic therapy (168). This
syndrome usually emerges in the first few years after birth
and can persist into adulthood. Infrequent cases emerging in
adolescence suggest that the induction of disease can occur
following HTLV-1 infection of young adults. Some affected
individuals go on to develop ATL or HAM.

Whether coinfection with HTLV-1 and HIV-1 results in
a more rapid progression to AIDS is controversial. Given the
effect of HTLV-1 Tax on cellular proliferation, a number
of in vitro studies document the accelerated killing of HIV-
1-infected cells that might predict an influence of HTLV
infection on HIV-1-related AIDS progression. Epidemiolo-
gical studies report varying effects of HTLV-1 infection on
accelerating the clinical progression to AIDS, but other
studies have not confirmed this observation (169); a recent
review has concluded that there is little evidence that
HTLV-1 hastens progression to AIDS in coinfected patients
(170). However, CD4 lymphocyte counts are elevated in
HTLV-1 and HIV coinfection compared to HIV mono-
infection, and this needs to be considered when managing
the HIV disease.

HTLV-2 Disease Associations
The original isolations of HTLV-2 came from patients di-
agnosed with T-cell hairy cell leukemia. In one of these
cases, the tumor involved B cells, while the HTLV-2 was in
the T cells (171). Several cases of large granulocytic cell
leukemia (a non-T-cell malignancy with a similar pattern)
have also been reported, although larger studies have failed
to confirm an epidemiologic association between HTLV-2
and this malignancy (172–174). In addition to HTLV-2-
associated HAM (described above), HTLV-2-infected indi-
viduals may show increased incidences of acute bronchitis,
bladder or kidney infection, arthritis, and asthma and a
higher incidence of pneumonia than HTLV-seronegative
individuals (136). Finally, a prospective follow-up of the
same cohort found increased overall mortality as well as
cancer mortality (175). The biological basis for these clinic-
epidemiologic findings has not been confirmed but may be
due to chronic low-grade inflammation associated with
HTLV-2 infection. HTLV-2 does not appear to alter the
course of HIV disease in coinfected patients (176).

Disease Incidence
The incubation period between infection and disease onset
ranges from months to years. Blood transfusion-associated
cases of HAM have developed within a few months of
transmission. For ATL, the incubation period appears to be
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years to decades. For infective dermatitis, a childhood im-
munodeficiency condition, disease occurs within the first
few months of life following infection at birth or via breast
milk transmission.

ATL
In areas of endemicity, such as southern Japan and the Ca-
ribbean Islands, the annual incidence of virus-associated
leukemia is approximately 3 per 100,000 per year and may
account for one-half of all adult lymphoid malignancies
(177). ATL occurs in 1 per 1,000 carriers per year, resulting
in 2,500 to 3,000 cases per year worldwide (178, 179). ATL
rarely occurs in the pediatric age group, but cases in 5- and 6-
year-old children have been reported (180). Most ATL cases
occur between the late 30s and the late 50s rather than in
the older age groups, which is typical of B-cell lymphomas in
developed countries. Before the age of 50, HTLV-1 is the
major single cause of lymphoma in areas where infection is
endemic. Compared to Japan, where the peak occurrence is
between 50 and 60 years of age, cases in the West Indies and
Brazil among persons of African descent peak approximately
a decade earlier; immigrants from these regions to areas
where infection is not endemic sustain this differential in the
age-specific incidence (50). The male-to-female ratio for
ATL cases is approximately 1, which contrasts with the
excess of infections among females in adulthood. The de-
cline in ATL incidence after age 50 suggests that early life
exposure to HTLV-1 contributes substantially to a subse-
quent risk of lymphoid malignancy with a latency of decades.

HAM
The lifetime incidence of HAM in HTLV-1 carriers is esti-
mated to be about 2% (range, 0.3% to 4%). The disease
clusters geographically in regions of HTLV-1 endemicity.
HAM appears to have a shorter latency than ATL and is
associated with viral acquisition by sexual intercourse or
blood transfusion rather than mother-to-child transmission.
HAM cases may be more prevalent because of the long
survival associated with this chronic degenerative neuro-
logic condition. Females are approximately twice as likely to
be affected with HAM as males; markers of sexual trans-
mission have been associated with the disease in females
(181, 182). Cases tend to peak in the 30- to 50-year age
group, but cases have been reported for children as young as
3 years of age. HAM is considered uncommon in children,
although case reports have increased in recent years (73,
183). In a report of seven children with infective dermatitis
and HAM, the progression of neurologic symptoms was re-
markably rapid (183). Infections during adult life are more
likely to lead to HAM than to ATL.

TREATMENT
Unlike for HIV-1, there is no proven antiviral therapy for
HTLV-1. Hypothetically, some drugs that target HIV-1 re-
verse transcriptase might have effects against HTLV-1, as
shown by in vitro studies showing the inhibition of viral
growth. However, therapeutic effects have not been sys-
tematically evaluated in clinical trials, although anecdotal
reports suggest some antitumor effects (see below). In ATL
the role of active viral replication is far from clear because
the tumor cell harbors many oncogenic mutations in cell
regulatory genes, which may not be reversible by treating the
virus. HAM, with its high viral load and substantial cell-
mediated immune response to HTLV-1, would appear to be a
better candidate for antiviral treatment, but therapy that

targets the immune response itself or a combination of an-
tiviral and immunomodulator therapies may afford an
equally attractive avenue for experimental treatment. An
increased PVL is a prognostic marker for HTLV-1-associated
disease development. A recent report demonstrated that
associating histone deacetylase inhibitors with AZT in
nonhuman primates naturally infected with STLV-1 allows a
very strong decrease in PVL. Thus, this approach could be
envisioned in HTLV-1 patients at risk for developing disease.
The opportunity exists to investigate the impact of antiviral
therapy on persons coinfected with HTLV-1 or HTLV-2 and
HIV-1, and studies are needed to determine if, for example,
the viral load of HTLV-1 or HTLV-2 is modulated by anti-
HIV-1 therapy (184). However, one report indicated that a
high viral load of HTLV-2 protected against HIV-1 disease
progression. The mechanism appears to involve the height-
ened production of C-C chemokines in response to HTLV-2
infection, blocking HIV-1 infection (185). The HIV inte-
grase inhibitor raltegravir also has in vitro activity against
HTLV integration and may be useful in controlling PVL
(186, 187). Further study of antiretroviral therapy in HTLV
infection is warranted.

ATL
Despite advances in support and the development of novel
treatment agents, the prognosis for patients with ATL re-
mains poor. While response rates, even for the poorest risk
categories, are over 50% and complete remissions are
achieved in 20% of cases, these responses are short-lived,
with relapses within weeks to months (58). Therapeutic
approaches tested over the past 2 decades have been asso-
ciated with modest improvements in response, but more
recent strategies offer greater hope (188, 189). With a 70%
5-year survival rate with no therapy and because of com-
plicating infections caused by bone marrow suppression,
patients with chronic and smoldering ATL are not treated or
are given prednisone with or without cyclophosphamide.
The acute and lymphoma types of ATL are aggressive high-
grade lymphomas with a generally poor prognosis and his-
torically have 20% remission rates at best with a variety of
traditional chemotherapy approaches, but remissions are
short-lived, and the mortality rate is high.

Negative prognostic factors include poor performance
status at diagnosis, age over 40 years, extensive disease, hy-
percalcemia, and a high serum lactate dehydrogenase level.
Approximately 13% to 15% of patients with such aggressive
cases experience a long-term survival (over 2 years), which
has been associated with several factors: complete remission,
longer time to remission, and total doxorubicin dose. Re-
lapses in these long-term survivors often occur in the CNS
and prove refractory to subsequent therapy.

A combination of AZT and interferon has been reported
to induce remission and improve survival in cases of acute,
chronic, and smoldering ATL; the lymphoma type is less
responsive to this regimen (190). The mechanism of action
of AZT and interferon is not well understood as HTLV
replication is not active in most cases of ATL (143). Ex-
perimental approaches that use monoclonal antibodies to
IL-2R linked with cell toxins selectively targeted to the
leukemic cells are being tested, with some evidence of at
least partial responses (191). A study of arsenic trioxide
demonstrated responses in patients failing prior chemo-
therapy but involved a high level of toxicity (192). Newer
agents like proteasome inhibitors, retinoids, and angiogen-
esis inhibitors, as well as cellular immunotherapy, are being
evaluated (193, 194).
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Combinations of doxorubicin and etoposide have re-
sulted in complete remission rates of 40% (195). The current
focus of therapy is the use of allogeneic hematopoietic stem-
cell transplantation for patients with ATL following an
initial complete or partial response to chemotherapy (196)
(197). Mortality during transplant is high, but 5-year sur-
vival has exceeded 30% to 35%. One transplant patient
showed a reappearance of cells harboring the integration
of HTLV-1 previously observed in his leukemia cells, but
the patient continues in clinical remission, suggesting a
possible reversion to the preleukemic carrier state (198).
Additionally, some patients have achieved a second complete
remission, including by reduction or cessation of immuno-
suppression, suggesting a graft-versus-ATL effect (196).

HAM
The treatment of HAM with corticosteroids benefits some
patients, particularly when given early in the clinical course
or in those with rapidly progressive disease, but side effects
limit the chronic use of corticosteroids. Treatment with
danazol, an androgenic steroid, has reversed urinary and
fecal incontinence in some patients but not the spastic limb
disease or the underlying neurologic deficit. Experimental
studies with beta interferon (IFN-ß) in doses comparable to
those used for multiple sclerosis may be of value because the
mechanism of immune pathogenesis may be shared between
the two diseases (199). Treatment with IFN-a has shown to
be of short-term benefit and appears to decrease provirus
load (200). IFN-ß-1a interferon has also been reported to
reduce the HTLV-1 mRNA load, but the provirus load
remained unchanged, and there was only a slight improve-
ment in motor function (201). However, toxicity limits the
acceptance of interferon therapy by many patients.

Given the emerging picture of disease pathogenesis with
an inability to control high viral expression, therapy with
antiviral drugs would appear to be a promising avenue for
research. The combination of two nucleoside analogs, zi-
dovudine and lamivudine (AZTand 3TC), was evaluated in
16 patients with HAM (202), but after a year of follow-up,
no significant changes in provirus load and no clinical im-
provements were observed. The HIV integrase inhibitor
raltegravir also has activity against HTLV integration, and a
current trial is assessing its effects on PVL and clinical course
in HAM patients (203).

PREVENTION
Infection Control Measures
The transmission of HTLV is mediated by live cells and not
via cell-free body fluids. For this reason, HTLV-1 is not an
easily transmitted virus. Universal precautions like those
recommended for HIV-1 are applicable for viral inactivation
and protection from potentially infectious blood or bodily
secretions. Guidelines for prevention and counseling have
been developed for HTLV-1 and HTLV-2 by a Centers for
Disease Control and Prevention working group (204).
Standard prevention approaches address each of the major
avenues of transmission and are similar for both viruses:
screen blood, eliminate breast-feeding by known infected
mothers (or, where not feasible, limit breast-feeding to the
first 6 months of life), and advise the use of condoms by
discordant couples.

The value of blood donor screening has been well
documented in Japan, where up to 15% of HTLV-1 infec-
tions have been eliminated (205). In areas where the in-

fection is not endemic, such as the United States and
Europe, the cost-effectiveness of screening has been ques-
tioned. Due to the low incidence of new HTLV infections, a
strategy of antibody testing only first-time blood donors
may be cost-effective. Filter-based leukoreduction has been
shown to reduce the HTLV-1 PVL in blood units and reduce
the risk of transmission, so some countries with low HTLV
prevalence have used this approach without testing for virus
(83). Reports on HTLV RNA detected in cell-free plasma
have not been replicated (206).

Pregnant women in developed countries who are HTLV-
1 positive should not breast-feed their infants. However, in
developing countries, where safe alternatives to breast-
feeding may not be available, limiting breast-feeding to the
first 6 months may afford some protection via maternal an-
tibodies (75).

The use of condoms is recommended for couples who are
discordant for HTLV infection. Given the likely low fre-
quency of sexual transmission for each sexual encounter,
couples who desire a pregnancy could plan to have unpro-
tected sex during periods of maximal fertility. Artificial in-
semination after washing semen to remove HTLV-infected
lymphocytes has been performed. Such decisions require
careful discussions between the physician and the patient;
reproductive medicine guidelines include HTLV only in
some states.

Counseling seropositive patients involves a clear discus-
sion of the distinction of HTLV from HIV. In addition, the
HTLV type should be defined by serologic methods, and the
distinctions in disease associations of the two virus types
should be emphasized. In areas where HTLV-1 is endemic,
populations at risk for HIV are also at risk for HTLV-1 (e.g.,
persons at risk for STDs, persons with high rates of partner
exchange, and commercial sex workers), and therefore HIV
prevention guidelines will also benefit those at risk for
HTLV-1. Prevention measures that promote using condoms,
treating STDs, and decreasing high-risk exposures will also
prevent HTLV-1 infection. Nosocomial infection has been
reported only rarely (89–91), suggesting that HTLV-1 is
unlikely to be transmitted in this setting.

There is no therapy for asymptomatic HTLV-1 infection
and thus no chemoprophylaxis. Passive immunoprophylaxis
is hypothetically effective, as noted below, in animal studies,
but it has no practical clinical application given the low risk
for transmission except through sexual, breast-feeding, and
transfusion exposure, where other prevention methods are
more applicable.

Vaccines
While vaccines against HTLV-1 are theoretically feasible,
there has been little impetus to develop or market an HTLV-
1 vaccine because of the relatively low penetrance of illness
and the “orphan disease” status of HTLV-1. Experimentally,
vaccines containing whole virus and recombinant HTLV-1
envelope antigens successfully prevent HTLV-1 infection in
monkey and rabbit models (207, 208). Protection is cor-
related with the presence of neutralizing antibodies, indi-
cating that humoral immunity can be an effective barrier
against infection, even when the challenge is cell associated.
The HTLV-1 envelope is relatively highly conserved, and
neutralizing antibody appears to protect against challenge
with even major strain variants, consistent with the con-
clusion that a single serotype will protect against all vari-
ants (209). Therefore, a synthetic vaccine against one
HTLV-1 isolate could protect against other HTLV-1 isolates.
A vaccine that induces cell-mediated immune responses in
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non-human-primate studies has also been shown to be ef-
fective (210). Therapeutic vaccines include one with Tax
peptide-pulsed dendritic cells for adult T-cell leukemia/
lymphoma (211) and another based upon Tax and HBZ
sequences linked to a lentiviral vector. A preventive vaccine
based upon HTLV structural peptides expressed in baculo-
virus is also being developed (212).
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Infection with human immunodeficiency virus type 1 (HIV-
1) is prevalent throughout the world and is characterized by
a progressive deterioration of the immune system that is
usually fatal if untreated. As of 2013, HIV-1 was estimated to
infect 35 million people worldwide (http://www.who.int/
hiv/data/en/). Over 95% of these infections are in low- and
middle-income countries among young adults. The acquired
immunodeficiency syndrome (AIDS) that results from
chronic HIV-1 infection is the sixth leading cause of mor-
tality worldwide; it was estimated to have caused 1.5 million
deaths in 2013 (http://www.who.int/hiv/data/en/).

Although the first known human case of HIV infection
dates to 1959 (1), AIDS was first recognized as a clinical
entity in 1981. The syndrome was identified by clusters of
unusual diseases including Kaposi’s sarcoma and Pneumo-
cystis jiroveci pneumonia in young homosexual men who had
immunodeficiency due to depletion of CD4+, helper T cells
(2–4). AIDS cases were subsequently reported in intrave-
nous drug users (IVDU), hemophiliacs, and in infants born
to mothers with AIDS, suggesting a blood-borne as well as
sexually-transmitted pathogen. In 1983, HIV-1 was isolated
(5), and this novel human retrovirus was proposed as the
cause of AIDS. Within several years an antibody test was
developed to detect infection, the nucleotide sequence of
the genome of HIV-1 was determined (6–9), and the first
antiretroviral drug—the nucleoside analogue zidovudine—
was shown to have activity in vitro and in patients (10, 11).
Since then, enormous progress in both basic and clinical
research has provided the tools to suppress viral replication
to a degree sufficient to prevent or reverse the immunolog-
ical and clinical sequelae of HIV infection. Nevertheless,
neither curative therapy for this disease nor a protective
vaccine is available.

Each of the two types of HIV, HIV-1 and HIV-2, reflects
the cross-species transmission of nonhuman primate lenti-
viruses to humans (12). Evidence for cross-species trans-
mission emerged in 1985, when antibodies that were more
highly reactive with proteins of simian immunodeficiency
virus (SIV) than with those of HIV-1 were detected in West
African prostitutes (13). This observation led to the dis-
covery of HIV-2 (14), a virus closely related genetically to
SIVsm strains isolated from sooty mangabeys (Cercocebus
atys). Eight independent transmission events from sooty

mangabeys have yielded the HIV-2 genetic groups, A-H, and
a ninth unrelated strain was recently identified in Côte
d’Ivoire; however, this strain, as well as groups G and H,
have been identified only in single individuals, suggesting
that human-to-human transmission might sometimes be
nonsustained (15, 16). In contrast to HIV-2, the zoonotic
sources of HIV-1 are the chimpanzee subspecies Pan troglo-
dytes troglodytes (P.t.t.), in which SIVcpz strains are endemic,
and, to a lesser extent, gorillas, which harbor SIVgor (17–
19). Based on genetic analyses, SIVcpz has been introduced
into the human population from P. t. t. on two occasions to
yield the HIV-1 groups M (main; the group responsible for
the global pandemic) and N, whereas SIVgor is the source of
HIV-1 groups O and P (19, 20). Each of the distinct cross-
species transmission events that led to the appearance of the
HIV-1 groups (M, N, O, and P) in humans appears to have
occurred in southern Camaroon (19).

VIROLOGY
Classification
HIV-1 and HIV-2 are enveloped RNA viruses belonging to
the family Retroviridae. These viruses reverse transcribe their
genomes to form double-stranded DNA, which integrates
into the host genomic DNA. HIV-1, HIV-2, and the SIVs
are members of the lentivirus genus. Viruses in this genus are
characterized by cytopathicity in vitro, lack of oncogenicity,
the establishment of chronic infections, and relatively slow
rates of pathogenesis. SIVs have been found in at least 26
species of nonhuman African primates, including African
green monkeys (SIVagm) and sooty mangabeys (SIVsm)
(12). In their natural hosts these viruses are generally not
pathogenic. However, introduction of the African SIVsm or
SIVagm into Asian rhesus macaques results in an AIDS-like
illness, similar to that caused by the introduction of SIVcpz
into humans (21).

Genotypes, Serotypes, Antigenicity
Among the four genetic groups of HIV-1 (M, N, O, and P),
group M viruses dominate the pandemic. This group is
further divided into genetic subtypes or clades (A through
D, F through H, J, and K) based on nucleotide sequence
differences of more than 15% in gag and > 20% in env
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(Fig. 1). Subtype C is the most prevalent worldwide. Many
viral isolates are recombinants containing sequences from
more than one subtype. These are designated CRF for cir-
culating recombinant form (22). For example, the former
subtype E is believed to be a recombinant between subtypes
A and E, and its current designation is CRF01-AE. Mosaic
viruses that contain parts resembling four or more subtypes

are given the suffix cpx for complex; for example, the former
subtype I has been given the designation CRF04-cpx to
indicate that it is a complex circulating recombinant form.
The designations of specific HIV-1 strains as CRFs versus
parental subtypes are subject to change, since putative
evolutionary relationships can be confounded by sampling
history and high rates of recombination (23).

FIGURE 1 The genetic relatedness of different HIV and simian immunodeficiency virus (SIV) strains. 87 human and simian lentiviruses
were compared by aligning their full-genome sequences. Phylogenetic trees based on nucleotide distance were constructed by neighbor-joining
methods. HIV-2 and HIV-1 share only 50 to 60% sequence identity and cluster at distinct locations on the phylogenetic tree, whereas SIVcpz

branches out from the root of the HIV-1 groups. The origins of these HIV-1 groups in southern Cameroon indicate two probable jumps from
chimpanzee (groups M and N) and gorilla (group O) species. HIV-1 M subtypes probably evolved from a discrete introduction into the human
population and then diverged into different subtypes. The subtypes defined as “A-like” describe HIV-1 isolates with sequences that map
phylogenetically more to subtype A than to any other subtype. For example, the recombinant form CRF02_AG (such as 02 AG.NG.IBNG in
the HIV-1 group M A-like cluster) has longer genomic segments that are more related to subtype A than to subtype G. M, main; N, new.
(Modified with permission from [482]).
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Both humoral and cellular immune responses have been
detected to each of the proteins of HIV. Antibody reactivity
to multiple proteins forms the basis for the confirmatory
western blot assay. The primary structural proteins, Gag and
Env, elicit the greatest antibody responses, which form the
basis for the diagnostic ELISA assay. Neutralizing antibodies
are directed to the envelope glycoproteins, gp 120 and gp41,
which are exposed on the surfaces of infected cells and vi-
rions. However, there are no clearly defined HIV-1 serotypes.
The HIV-1 Env is composed of a surface domain (gp120)
and a transmembrane domain (gp41), which are non-
covalently associated and form trimeric spikes (Fig. 2). The
peptide sequence of gp120 contains conserved (C) and
variable (V) regions.

Several features of the envelope glycoprotein render the
virus relatively resistant to humoral immunity (24, 25).
Regions of gp120 that are involved in the binding interac-
tions with cellular molecules required for infectivity are
conserved but are poorly accessible to antibodies. For ex-
ample, the binding site for CD4, the primary cellular re-
ceptor for the primate immunodeficiency viruses, is recessed
and surrounded by variable, glycosylated regions (Fig. 2). In
addition, the surface of gp120 is heavily glycosylated. This
glycosylation reduces the antigenicity of Env, partly by al-
lowing the molecule to appear to the immune system as
“self.” Extensive glycosylation also provides a “shield” that
appears to protect virions from neutralizing antibodies.
Similarly, the binding site for the chemokine receptors, the
so-called coreceptors for these viruses, is masked by the
variable loops V2 and V3 (Fig. 2) (26).

Antibodies to gp120 become detectable in the sera of
HIV-infected individuals within 2 to 3 weeks after infection
(27). However, these early antibodies are not neutralizing.
They appear to recognize the interactive regions of gp120

and gp41, which, although immunogenic, are not exposed in
the assembled, trimeric, glycoprotein complex (25). Sub-
sequently, antibodies appear that may recognize the V3 or
V2 loops and are neutralizing but usually restricted in ac-
tivity to the infecting strain. Such antibodies appear to drive
the selection of escape variants, so that patient serum can
neutralize previous, but not contemporaneous autologous
isolates (28). Finally, over time, antibodies appear that have
more broadly neutralizing activity against a variety of iso-
lates. Many of these interfere with the binding interac-
tion between gp120 and CD4. These antibodies recognize
key residues located within the binding pocket for CD4
on gp120 (the so-called CD4BS epitopes; Fig. 2). Other
broadly neutralizing antibodies recognize epitopes that are
near conserved residues involved in coreceptors binding
(the so-called CD4i epitopes; Fig. 2). An unusual neutrali-
zation epitope is distant from the receptor binding sites on
the outer domain of gp120. This epitope (2G12; Fig. 2) is
carbohydrate-based and formed by a conserved cluster of
oligomannoses (29). In addition to these epitopes on gp120,
broadly cross-reactive neutralization epitopes are also lo-
cated in the membrane proximal region of the ectodomain
of gp41 (30). The last several years have witnessed the iso-
lation of numerous human monoclonal antibodies that are
broadly neutralizing; some of their locations on the envelope
glycoprotein trimer are shown in Fig. 2.

Composition of Virus

Virion Morphology, Structure, Size, Genomic
Organization
By electron microscopy, the HIV-1 virion measures ap-
proximately 100 to 150 nm in diameter (Fig. 3). Mature viral
particles are characterized by an electron-dense, conical

FIGURE 2 Structure and antibody recognition of the HIVenvelope spike. The molecule is a heterotrimer of composition (gp120)3 (gp41)3.
Gp41 is a transmembrane protein and gp120 is the receptor molecule for CD4 and CCR5 (or CXCR4). The model is adapted from a cryo-
electron tomographic structure of the HIV trimer, with the crystal structure of the b12-antibody-bound monomeric gp120 core (red) fitted into
the electron density map. Glycans are shown in purple. The CD4 binding site is shown in yellow. The approximate locations of the epitopes
targeted by existing broadly-neutralizing monoclonal antibodies (bnMAbs) are indicated with arrows, and the number of MAbs targeting each
epitope is shown in red boxes. A small selection of bnMAbs targeting each epitope is included. (Modified with permission from [483]).
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core. The core is surrounded by a lipid envelope that is
acquired as the virion buds from the infected cell. The virion
core contains two copies of single-stranded, positive sense,
genomic RNA, each of which encodes the complete viral
repertoire of structural, enzymatic, and regulatory proteins.
The HIV genome is approximately 10kb in length and is
organized similarly to other retroviruses (Fig. 4). The se-
quence is flanked by the two long-terminal repeats (LTRs).
The 5¢ LTR contains the enhancer/promoter sequences for
viral transcription, and the 3¢ LTR contains the poly-
adenylation signal. From 5¢ to 3¢ the viral genome contains
the gag gene, which encodes the virion structural compo-
nents; the pol gene, which encodes the viral enzymes; and the
env gene, which encodes the envelope glycoproteins. The
primate immunodeficiency viral genomes contain six addi-
tional genes: vif, vpr, tat, rev, nef, and vpx in the case of HIV-2
and SIV, or vpu in the case of HIV-1 (Fig. 4 and Table 1)
(31). The products of these genes function via interactions
with host cell proteins to optimize viral replication by a
variety of mechanisms discussed below.

Major Structural and Regulatory Proteins
The major structural and core proteins of HIV are synthe-
sized from gag as a large, myristoylated precursor polyprotein
(pr55) that is subsequently cleaved by the viral protease to
yield the matrix (MA; p17), capsid (CA; p24), and nucle-
ocapsid proteins (NC; p7) (32, 33). The matrix protein is a
peripheral membrane protein located along the inner leaflet
of the viral lipid envelope, where it directs the incorporation

of the envelope glycoproteins (Env) into the forming virion
(34). The capsid protein (p24) assembles to form the conical
core of the virion. The core structure follows the principles
of a fullerene cone composed primarily of a curved array of
hexameric CA subunits, with the inclusion of several pen-
tameric subunits to allow closure of the cone (35). The
nucleocapsid protein (p7) is an RNA binding protein re-
quired for packaging of the genomic RNA into the virion
(36). Several smaller cleavage products, p1, p2, and p6, are
also generated from the p55 precursor. The p6 protein
contains the so-called “late” or “L” domain required for viral
budding; these domains mediate interactions with cellular
proteins of the ESCRT (endosomal sorting complexes re-
quired for transport) complex to mediate membrane scission
during the budding process (37). The p6 protein also me-
diates the incorporation of the viral accessory protein Vpr
into virions (38).

The viral enzymes are also produced by proteolytic cleav-
age from a large precursor polypeptide. During translation,
a ribosomal frameshift occasionally occurs between the gag
and polORFs, resulting in the synthesis of a gag-pol precursor
protein (pr170) (39). The ratio of Gag-Pol to Gag produced
in infected cells is approximately 1:20. Subsequent cleavage
of pr170 yields the Gag protein products and the retroviral
protease (p11), reverse transcriptase/ribonuclease H (p66/
p51), and integrase (p32). The aspartyl protease p11 cleaves
the structural and enzymatic proteins from the large poly-
protein precursors. This enzyme is a symmetric dimer that is
activated by dimerization during virion assembly (39, 40).
Pharmacologic inhibition of the viral protease results in the
formation of noninfectious particles. The reverse transcriptase
enzyme is a heterodimer with 66 kDa- and 51 kDa-subunits.
This enzyme provides both the reverse transcriptase activity,
which allows RNA-dependent DNA polymerization, and
the ribonuclease H activity, which specifically degrades
RNA present in RNA/DNA heteroduplexes. The RNase H

FIGURE 3 Electron micrograph of an HIV-1 virion budding
from an infected cell. The viral glycoprotein complexes are barely
discernable on the surface of the virion membrane. The electron-
dense material just beneath the viral lipid bilayer corresponds to the
MA (p17) protein. The conical virion core is composed of the CA
(p24) protein. Also with the core are the NC (p7) protein, which
binds the genomic RNA, the p6 protein required for budding, the
accessory protein Vpr, the reverse transcriptase, the integrase, and
two copies of the genomic RNA. The accessory-protein Nef is also
virion-associated. Micrograph courtesy of H. Gelderbloom.

FIGURE 4 Genomic organization of HIV-1 and HIV-2. The
viral open reading frames (ORFs) are shown; the roles of their gene
products are described in the text and in Table 1. The ORFs of the
tat and rev genes are interrupted by an intron. The long terminal
repeats (LTRs), found at each end of the fully reverse-transcribed
viral DNA, are composed of U3, R, and U5 regions; the definitions
of their boundaries are described in the text. The major genetic
differences between these viruses are the lack of the Vpu ORF and
the presence of the Vpx ORF in HIV-2; these features render HIV-2
more similar to most SIVs than to HIV-1.
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domain is present only in the larger of the two subunits (41).
The integrase mediates insertion of the viral DNA into that
of the chromosome of the host cell (42). To accomplish this,
integrase comprises two activities: a DNA cleaving activity,
which cuts the host DNA and processes the ends of the HIV-
DNA, and a DNA strand-transfer activity which covalently
attaches the viral DNA to that of the host, most frequently
in transcriptionally-active ORFs (43).

The protein product of the env gene is synthesized in the
endoplasmic reticulum as an 88 kDa polypeptide (44). This
protein undergoes glycosylation in the endoplasmic reticu-
lum and Golgi. The resulting molecule, gp160, contains N-
linked, high-mannose sugars that account for approximately
half of the final molecular weight of 160 kDa. Much of the
newly-synthesized gp160 is retained in intracellular com-
partments and is eventually degraded; however, a fraction is
cleaved by cellular serine proteases like furin to generate the
transmembrane (gp41) and surface (gp120) subunits (44).
This cleavage event is required for viral infectivity because it
allows for subsequent exposure of a sequence within the
ectodomain of gp41 that mediates fusion of the virion and
target cell membranes (45). Following proteolytic cleavage,
gp120 remains noncovalently associated with gp41 on the
cell surface. The complex is incorporated into the envelope
of budding virions via an interaction between the cyto-
plasmic domain of gp41 and the p17 matrix protein (34).
The envelope glycoproteins are arranged as trimers in a
spike-and-knob configuration (Fig. 2). As few as 8 to 14 Env
trimers may be incorporated per virion (46, 47).

The primate immunodeficiency viruses encode several
nonenzymatic and nonstructural gene products (31). Two of
these genes, tat and rev, are essential for viral replication. Tat

is a 14-kDa trans-activating protein that markedly enhances
the rate of transcription from the 5¢ LTR by recruiting cel-
lular factors that enhance the processivity of the cellular
RNA polymerase II complex (48–50). Tat recruits a cyclin-
dependent protein kinase complex (Cdk9 plus cyclin T) to a
structured region near the 5¢ end of the primary viral tran-
script (the transacting responsive region or TAR) (51, 52).
Cdk9 hyperphosphorylates the C-terminal domain of RNA
polymerase II, allowing efficient elongation of the nascent
viral mRNA (53). In the absence of Tat, viral transcription
is essentially stalled just after initiation.

The 18-kDa Rev protein mediates the transport of singly-
spliced and unspliced viral RNAs from the nucleus to the
cytoplasm. These RNAs encode the HIV-1 structural and
enzymatic proteins and include the viral genomic RNA
(54). Rev directly links these viral RNAs to a specific nu-
clear export pathway. The N-terminal region of Rev con-
tains a basic domain that binds a structured region in the
RNA (the Rev-response element or RRE, which overlaps
the coding sequence of the gp41), while the C-terminal
region contains a prototypical, leucine-rich, nuclear export
signal that binds to the nuclear export protein CRM1, also
known as exportin 1 (55–57). In the absence of Rev activity,
viral mRNAs are inefficiently exported from the nucleus,
and, as a consequence of prolonged nuclear retention, they
undergo extensive splicing to yield subgenomic mRNAs
encoding only a subset of viral proteins that includes Tat,
Rev, and Nef.

The other nonenzymatic and nonstructural genes of HIV-
1 and HIV-2 (vif, vpr, vpx, vpu, and nef) are not essential for
viral replication under certain conditions in vitro and con-
sequently have been termed “accessory genes.”Nevertheless,

TABLE 1 HIV genes and gene products

Gene Protein Size Function

Structural
gag Matrix (MA) p17 Structural protein (recruits envelope glycoprotein)

Capsid (CA) p24 Structural protein (forms conical core)
Nucleocapsid (NC) p7 Binds viral RNA to encapsidate genome
p6 p6 Budding

pol Protease (PR) p12 Viral enzyme: cleavage of polyprotein precursors
Reverse transcriptase (RT) p66/p51 Viral enzyme: reverse transcription and RNase H activities
Integrase (IN) p32 Viral enzyme: integration of viral cDNA into host chromosomes

env Surface glycoprotein (SU) gp120 Viral envelope glycoprotein: receptor binding
Transmembrane (TM) gp41 Viral envelope glycoprotein: fusion

Regulatory/
Immune Evasion
tat Tat p14 Transactivates viral transcription
rev Rev p19 Transports unspliced mRNA to cytoplasm
vif Vif p24 Promotes virion infectivity by degrading cellular cytidine

deaminases in the APOBEC3 family
nef Nef p27 Down-regulates class I MHC and CD4; enhances viral

infectivity; facilitates T-cell activation
vpua Vpu p16 Promotes release of viral particles by counteracting

BST2/tetherin; induces degradation of CD4
vpr Vpr p15 Arrests cell cycle in G2/M; facilitates viral replication

in macrophages
vpxa Vpx p14 Facilitates viral replication in dendritic cells and

macrophages by degrading the cellular enzyme SAMHD1
avpu is found almost exclusively in HIV-1; vpx is found only in HIV-2 and SIV.
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these genes are highly conserved among primate lentivi-
ruses, and their importance has been documented using the
macaque/SIVand SHIVanimal models of AIDS as well as by
the use of relatively physiologic in vitro systems, such as
primary cultures of T lymphocytes and macrophages (58–
62). Moreover, the role of these gene products in providing
evasion of host innate and adaptive defenses has become
increasingly clear. The accessory gene products function by
mediating interactions with cellular proteins to co-opt pro-
tein trafficking or degradation pathways. With the exception
of Nef, each of these gene products modulates the substrate
specificities of cellular ubiquitin-ligase complexes to cause
the degradation of cellular proteins that are deleterious to
the virus (63).

The 23-kDa Vif protein targets cellular cytidine deami-
nases, in particular APOBEC3F and APOBEC3G, for deg-
radation by the proteasome via the cullin 5 ubiquitin ligase
complex (64, 65). In the absence of Vif, APOBEC proteins
are incorporated into virions, where they deaminate cytosine
residues in the minus strand of the forming viral cDNA. The
resulting uracil residues lead to inactivating hypermutation
(G to A transitions in the plus strand) (66). Moreover, some
APOBEC proteins inhibit reverse transcription directly
(67). Thus, Vif is required for the production of infectious
virions (68), and it is required for viral replication in primary
cultures of T lymphocytes (58). APOBEC cytidine deami-
nases appear to provide an innate cellular defense not only
against exogenous retroviruses such as HIV-1 but also endo-
genous retroelements (69).

The 14-kDa HIV-1 Vpr protein has at least two func-
tions. First, Vpr arrests cells in the G2/M phase of the cell
cycle (70). Cell-cycle arrest increases the yield of progeny
virions due to enhanced viral transcription during the pro-
longed G2 phase (70), and it is associated with apoptosis
(programmed cell death) (71). Second, Vpr facilitates effi-
cient viral replication in macrophages, partly by stabilizing
the envelope glycoprotein and enhancing its incorporation
into virions (59, 72). These activities require the association
of Vpr with a cullen 4-based ubiquitin ligase complex (73).
This in turn, prematurely activates a host endonuclease
complex, causing the arrest of the cell cycle and inhibiting
the ability of the cell to “sense” viral DNA and respond by
producing interferon (74). Vpr-activities can occur imme-
diately after infection of the cell (75) because the protein is
incorporated into virions by direct association with the p6
gag gene product (76).

The 14 kDa Vpx protein, not present in HIV-1, is found
in HIV-2 and most SIVs. Vpx is genetically related to Vpr
and probably arose from gene duplication. Like Vpr, its ac-
tivity is mediated through the host cullen 4-based ubiquitin
ligase complex. Vpx triggers degradation of the host enzyme,
SAMHD1, a triphosphorylase and ribonuclease that restricts
the replication of primate lentiviruses in myeloid cells, in-
cluding dendritic cells and macrophages (77, 78). Thus, Vpx
accounts for the differential ability of HIV-2, but not of HIV-
1, to replicate efficiently in dendritic cells.

The 16 kDa Vpu protein is an integral membrane protein
encoded by HIV-1 but not by HIV-2 or most SIVs (79). Vpu
modulates cellular transmembrane proteins. It removes the
host protein bone marrow stromal cell antigen 2 (BST2),
also known as tetherin, from the plasma membrane. BST2 is
an interferon-inducible protein that traps certain enveloped
viruses, including HIV-1, on the surface of the infected cell
just after budding (80–82). In the absence of Vpu, virions
trapped by BST2 not only fail to contribute to cell-free in-
fectivity, but they also increase the density of envelope

glycoprotein (Env) antigens on the cell surface and render
infected cells more susceptible to killing by antibody-
dependent cytotoxicity (ADCC) (83, 84). Vpu induces the
degradation of CD4, the primary cellular receptor for the
virus, by linking it, while still in the endoplasmic reticulum,
to the proteosomal degradation machinery via the cellular
protein ß-TrCP and the cullin1 ubiquitin ligase complex
(85). By degrading CD4, Vpu prevents the decreased in-
fectivity of progeny virions that would otherwise occur due
to the interaction of Env and CD4 (86). Moreover, this
activity of Vpu prevents the exposure of CD4-induced epi-
topes within Env on the cell surface that are especially good
targets for ADCC (87, 88). Vpu modulates several other
cellular proteins, including NTB-A, a coactivator of natural
killer (NK) cells; CD1d, a major histocompatibility complex
(MHC)-like molecule involved in the presentation of lipid
antigens; and CCR7, a receptor involved in chemotaxis
(89–91). Overall, these activities support an overarching
role of Vpu in immune evasion.

The 27-kDa Nef protein modulates both cellular signal
transduction and membrane trafficking. Nef is a peripheral
membrane protein that modulates T-cell activation via its
interaction with cellular kinases (92). Nef also directly af-
fects membrane trafficking by interacting with cellular pro-
teins that coat transport vesicles and linking its targets to
them (93–96). The consequences of this include the down-
regulation of CD4 and class I MHC from the cell surface (97,
98). The down-regulation of class I MHC provides escape
from immune surveillance by enabling infected cells to avoid
destruction by cytotoxic T lymphocytes (CTL) (99). The
down-regulation of CD4 by Nef provides optimal virion
infectivity, and, like Vpu, it prevents the exposure of CD4-
induced epitopes in Env on the cell surface (87, 88, 100).
Nef also enhances virion infectivity in a manner potentially
dependent on the stability of Env trimers; this results from
antagonism of cellular transmembrane proteins in the serinc
family that specifically inhibit the activity of retroviral en-
velope glycoproteins (101–104).

Biology

Replication Strategy (Fig. 5)
The entire replication cycle of HIV-1, from the binding of
virions to target cells to the release of infectious progeny, is
completed in approximately 24 hours, in vitro and in vivo
(105, 106). Replication is initiated by attachment of the
virus to a target cell through the interaction of the viral
envelope glycoprotein, gp120, with the cellular receptor
molecule, CD4 (107–109). The binding of gp120 to CD4
induces conformational changes in gp120, which enable
binding to the cellular coreceptor molecules (110). The two
major coreceptor molecules for HIV-1 are CXCR4 and
CCR5 (111–113), transmembrane proteins that function as
receptors for chemoattractant cytokines (chemokines). The
natural ligand for CXCR4 is the stromal cell-derived factor 1
(SDF-1), and the natural ligands for CCR5 are the ß-
chemokines CCL3, CCL4, and CCL5 (formerly known as
MIP-1a, MIP-1ß, and RANTES, respectively). Binding of
gp120 to these coreceptors is obligatory for the fusion of
virus with the host cell, and natural or synthetic ligands for
these molecules can block the infectivity of HIV-1. Some
primary isolates of HIV-1 can utilize either CXCR4 or CCR5
as a coreceptor for entry, but many can utilize only CCR5.
Binding of gp120 to the coreceptors allows exposure of a
fusogenic motif in the amino-terminal ectodomain of gp41;
which leads to fusion of the lipid bilayer of the virion with
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that of the host cell (114). The fusion-competent core of the
gp41 forms a six-helix bundle analogous in structure to the
low-pH (fusion-competent) conformation of the influenza A
virus hemagglutinin (115). Formation of this so-called
“hairpin” conformation is required for the viral and cellular
membranes to reach sufficient proximity to fuse. Entry of
HIV into the cell occurs from endosomal as well as plasma
membranes, although unlike influenza virus, the process is
acid-independent and is not blocked by weak bases or
drugs that inhibit acidification of the endo-lysosomal system
(116, 117).

Synthesis of the viral cDNA can begin in cell-free virions
(118), but it is completed in the target-cell cytoplasm within

so-called reverse transcription complexes that include the
viral capsid, which travels toward the cell nucleus along
microtubules (119). The synthesis of the viral cDNA is
discontinuous. The reverse transcriptase (RT) synthesizes the
first complementary strand of DNA (the minus strand) using
the viral genomic RNA as a template and a host tRNA-lys as
a primer. The tRNA primer-binding site defines the 3¢ end of
the U5 region of the LTR. Viral ribonuclease H degrades the
original RNA template. The reverse transcriptase (RT) then
synthesizes the second strand of DNA (the plus strand),
beginning at two polypurine tracks: one defines the 5¢ end of
the U3 region of the LTR, and the other is located near the
center of the genome (120, 121). Strand-switching events

FIGURE 5 Replication cycle of HIV.
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that utilize sequence complementarity at each end of the
viral RNA occur during the synthesis of both minus- and
plus-strand DNAs, generating the U3-R-U5 direct repeats
(the LTRs) at each end of the complete, double-strand
cDNA. These strand-transfer events lead to the utilization
of both copies of the virion-associated genomic RNA as
templates during reverse transcription, so that genetic re-
combination occurs when the two copies are dissimilar in
sequence (122). Such recombination generates genetic
variants following co-infection of the same target cell with
genetically distinct viruses.

The reverse-transcribed viral genome remains associated
with the capsid until transport into the nucleus, which oc-
curs in nondividing cells through nuclear pores. The capsid
itself contains binding sites for several cellular proteins that
facilitate this process, including nuclear pore proteins (123).
After entry into the nucleus, the double-stranded, linear
DNA is integrated into the host-cell chromosome by the
virally-encoded integrase in concert with host-cell DNA
repair enzymes to form the provirus (124, 125). Covalently-
closed DNA circles with either one- or two-LTR junctions
are also formed by host enzymes in the nucleus, but these
forms are dead-end products that cannot integrate into the
target-cell DNA. Integration requires the cellular co-activator
protein p75/LEDGF (126), which tethers the viral integrase
enzyme to the host-cell chromatin. Chromosomal integration
is required for viral replication. Integration also yields the
form of the viral genome responsible for establishing a long-
lived, latent reservoir in the host.

The activation of HIV transcription and gene expression
from the integrated provirus is dependent on the activity of
both cellular and viral factors. The virion-associated protein
Vpr is a weak transactivator of transcription and may stim-
ulate the initial expression of viral RNAs (75). Specific sites
within the 5¢ LTR are recognized by cellular transcription
factors including NF-kB, AP-1, SP1, and nuclear factor of
activated T-cells (NFAT), several of which are induced
during the activation of T cells (127). Transcription is ini-
tiated from a single site in the viral 5¢ LTR, the 5¢ boundary
of the R region. The activity of the HIV promoter is re-
pressed by chromatin structure; chromatin remodeling in-
duced by histone acetylation can relieve this repression and
activate transcription (128). The primary transcript is al-
ternatively spliced to generate over 30 species of viral
mRNAs. The early viral transcripts are extensively spliced
to form a group of mRNAs that are 1.8 to 2.0 kb in size
and which encode the proteins Tat, Rev, and Nef (129).
Tat increases the level of viral transcription markedly by
recruiting cellular factors to the nascent RNAs, facilitat-
ing their elongation as discussed above. Once Rev is syn-
thesized, the incompletely spliced- (approximately 5 kb)
and unspliced- (9 kb) viral mRNAs are exported from the
nucleus (130). These RNAs encode the accessory gene
products Vif, Vpr, and Vpu, all the structural and enzymatic
proteins, and the genomic RNA. Thus, Rev mediates a
transition from early gene expression (Tat, Rev, and Nef) to
late gene expression (Gag, Pol, Env, Vif, Vpr, and Vpu)
about six to eight hours after infection in vitro (105).

The assembly of virions occurs primarily at the plasma
membrane (131). The Gag and Gag-Pol precursor poly-
proteins are synthesized in the cytoplasm and associate with
the plasma membrane via N-terminal myristoylation and
binding to specific membrane lipids (132). Dimerization of
the Gag precursor activates the viral protease, which cleaves
the precursor proteins to generate the individual structural
and enzymatic polypeptides described above. In contrast to

Gag, the Env glycoproteins are synthesized in association
with cellular membranes. Env is then recruited into the
forming virion at the plasma membrane by association of the
cytoplasmic domain of gp41 with p17 MA. The capsid
protein p24 forms the core structure, and the nucleocapsid
protein p7 binds the genomic RNA. The Gag polyprotein is
sufficient for virion assembly and budding. Budding requires
a specific domain (the “L-domain”) in the p6 region of Gag,
which binds endosomal proteins (the ESCRT complexes)
involved in the biogenesis of multivesicular bodies (MVBs)
(133, 134). MVBs are late endosomal structures that contain
internal vesicles, and the viral budding process is topologi-
cally similar to the formation of the vesicles within MVBs.
Virion assembly occurs selectively at the basal-lateral sur-
faces of polarized epithelial cells, at the uropod of Tcells, and
at regions of cell-cell contact that are enriched in cellular
transmembrane proteins termed tetraspanins (135, 136).
HIV-1, like measles and influenza virus, buds from special-
ized regions of the plasma membrane that are enriched in
cholesterol and glycolipids (so-called “lipid rafts”) (137).
This modified lipid composition presumably facilitates
budding and/or the fusion of the virions with target cells. In
addition to the virally-encoded proteins, virions of HIV-1
incorporate a number of cellular proteins, including major
histocompatability antigens (138), adhesion molecules, such
as intercellular adhesion molecule 1 (ICAM-1) (139), cy-
clophilin A (140), and several cytoskeletal and endosomal
proteins (141). The roles of most of these virion-associated
cellular proteins for the virus are not clear, although the
incorporation of CD55 and CD59 protect virions from in-
activation by complement (142).

Host Range, Tropism, CPE
The natural host range of HIV-1 and HIV-2 is restricted to
humans, although chimpanzees can be infected with HIV-1
under experimental conditions (143, 144), and cynomolo-
gous monkeys and rhesus macaques have been infected with
HIV-2 (145, 146). Unlike infection in humans, HIV-1 is
generally nonpathogenic in chimpanzees, and virus repli-
cation declines over time.

Studies of the molecular determinants of the host range
of primate lentiviruses have revealed novel, innate intra-
cellular defense mechanisms that restrict infection. For ex-
ample, Old World monkey cells cannot support infection
with HIV-1 due to the species-specific activity of the host
protein TRIM5a, which targets the capsid protein of in-
coming virions to inhibit viral replication (147). Similarly,
human BST2 presented a barrier to the cross-species trans-
mission of SIVcpz to humans, which was overcome by
evolution of the vpu gene (148).

The primary cellular targets for HIV-1 infection in vivo
are CD4+ T lymphocytes and macrophages. In vitro, HIV-1
replicates efficiently in primary cultures of CD4+ T cells,
while only a subset of isolates are capable of replication in
immortalized CD4+ T-cell lines. This cellular tropism is the
result of the selective interaction of Env glycoproteins with
specific coreceptor molecules (149). Many primary isolates
(derived from patients by minimal passage in primary cul-
tures of T cells) utilize CCR5 exclusively and fail to grow in
T-cell lines, which typically express CXCR4 but not CCR5.
Other primary isolates utilize both CCR5 and CXCR4, and
consequently these isolates grow in both primary cells and T-
cell lines. Exclusive use of CXCR4 is a feature of occasional
clones from later-stage patients and laboratory strains of
HIV-1 that have been adapted by extensive passage using
CXCR4-expressing immortalized Tcells. Macrophage-tropic
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isolates utilize CCR5 as the cellular coreceptor. The basis of
macrophage tropism remains incompletely understood be-
cause, although these cells express CXCR4, they are not
permissive for the replication of viruses that use only this
coreceptor. Within Env, the principal determinants of specific
coreceptor usage and macrophage tropism map to the V3
loop, but other regions of gp120 are also important (150,
151). Macrophages have very low levels of CD4, and the
ability of certain Env proteins to enable viral entry into cells
expressing such low levels might be the key determinant
of macrophage tropism (152). HIV enters dendritic and
Langerhans cells via the interaction between gp120 and C-
type lectins on the cell surface. Although these professional
antigen-presenting cells do not support robust productive
infection, they can retain infectious virions and transmit them
to CD4+ Tcells (153, 154). This so-called transinfection may
be an important part of the mechanism of transmission of HIV
at mucosal surfaces and of its initial spread to regional lym-
phoid tissue.

In vitro, the fusion of infected and uninfected cells leads
to a cytopathic effect characterized by the formation of
multinucleated giant cells (syncytia) (Fig. 6). Not all pri-
mary isolates of HIV-1 induce syncytia in immortalized T-
cell lines in vitro. Isolates derived early in the course of in-
fection are usually nonsyncytium-inducing (NSI), while
isolates from later stage patients often, but not always, have a
syncytium-inducing (SI) phenotype (155, 156). The NSI
phenotype is caused by exclusive use of CCR5 by the Env of
the isolate, while the SI phenotype is caused by the addi-
tional ability to use CXCR4, allowing viral growth in T-cell
lines. In longitudinal analyses of patient isolates, the ac-
quisition of tropism for cells expressing only CXCR4 is as-
sociated with more rapid decline in CD4+ Tcells and clinical
progression of disease (157, 158). The use of CXCR4 en-
ables the virus to infect naïve CD4-positive T cells, whereas
the use of CCR5 enables the virus to infect memory CD4-
positive Tcells (159). Thus, the additional use of CXCR4 as
a coreceptor is a marker for expanded tropism including both
naïve and memory CD4-positive T cells, potentially ex-
plaining the association of this phenotype with more rapidly
progressive disease.

Inactivation by Physical and Chemical Agents
HIV is sensitive to a variety of chemical agents including
glutaraldehyde, hypochlorite, quaternary ammonium com-
pounds, phenolics, ethanol, and iodine (160). Cell-free virus
is inactivated most readily; infectivity is decreased by at least
106-fold after 1 minute of exposure of cell-free virus to 0.5%
glutaraldehyde or 35% ethanol. Cell-associated virus is less
susceptible to inactivation; exposure of cell-associated virus
to 35% ethanol for five minutes is inadequate, but exposure
to 75% ethanol for one minute is sufficient. Cell-associated
virus suspended in blood is the most resistant to inactiva-
tion; glutaraldehyde (0.5%), hypochlorite (25,000 ppm),
and 75% ethanol are effective after one minute, but qua-
ternary ammonium compounds and phenolics are ineffective
even after 10 minutes.

HIV is also sensitive to ultraviolet light (160). As in the
case of chemical inactivation, cell-associated virus and virus
in blood are more resistant to inactivation by ultraviolet light.
A 10-minute exposure of cell-free virus to ultraviolet light in a
typical biosafety cabinet is sufficient to inactivate HIV, but 30
minutes is required to inactivate cell-associated virus, and
even 60 minutes fails to inactivate cell-associated virus sus-
pended in blood. HIV-1 is inactivated by heating, which is
useful not only for the safety of preparations of clotting factors
but also for the safety of breast milk from HIV-infected
mothers (161, 162).

EPIDEMIOLOGY
Distribution and Geography
The AIDS pandemic can be viewed as a composite of
multiple epidemics, each occurring in specific geographic
regions and populations. While HIV-2 has remained largely
confined to West Africa, HIV-1 has spread throughout the
world. Group M viruses are responsible for the vast majority
of HIV-1 infections. Distinct subtypes or clades of Group M
viruses have been isolated in geographically distinct regions
of the world. In the United States, Europe, and Australia,
the prevalence of subtype B illustrates a founder effect in
which one or several viral variants were introduced and then
disseminated through the population (163). Subtype B is
found rarely in Africa, whereas subtype A predominates in
West Africa, subtype A and D in East Africa, and subtype C
in southern Africa. Variants of HIV-1 appear to quickly
expand to become the major subtype when introduced into a
specific population or geographic area. For example, in
Thailand, subtype B viruses predominated among intrave-
nous drug users in Bangkok, while CRF-01AE (formerly
designated subtype E) recombinant viruses spread through-
out the country by heterosexual contact (164).

The distribution of HIV-1 subtypes is complex, uneven,
and probably reflects a stochastic dissemination. In regions
like central Africa, Southeast Asia, and South America,
where different subtypes are prevalent, the incidence of co-
infection and subsequent recombination between subtypes
may be high (165). Intersubtype recombination may be high
in areas such as Africa and Southeast Asia, where multiple
subtypes of HIV-1 are known to circulate simultaneously. For
example, in Camaroon, mixed infections were observed in
approximately 10% of cases and included co-infection with
two subtypes within group M, co-infection with M and O
viruses, and even co-infection with HIV-1 and HIV-2 (166).
Recombination events have been described between all of
the HIV-1 subtypes belonging to group M. Recombination
has also been described between Group M and O viruses
(167).

FIGURE 6 Formation of syncytia during replication of HIV-1 in
a culture of T lymphoblastoid cells. In immortalized T-cell lines, the
interaction of the viral-glycoprotein complex with the cellular re-
ceptors CD4 and CXCR4 allows cell-cell fusion and the formation
of multinucleated giant cells. The formation of syncytia begins with
cell clustering, followed by cell-cell fusion and the ballooning of cell
membranes.
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Incidence and Prevalence of Infection
According to WHO estimates, approximately 30 million
people are estimated to have died, while 35 million are
living with HIV infection or AIDS. About 2.5 million new
cases were estimated to occur globally during the year 2006.
Approximately 95% of all HIV infections have occurred in
the developing world and among young and middle-aged
adults.

The prevalence and incidence rates of HIV infection vary
considerably in different regions of the world and reflect the
progress of local epidemics, fueled by distinct modes of
transmission, socioeconomic environments, and behavioral
factors (168). Sub-Saharan Africa accounts for over 60% of
the current cases of HIV infection and for 75% of the world’s
HIV-infected women and children, although it contains
only 10% of the world’s population. The overall prevalence
of disease in adults between 15 and 49 years of age in sub-
Saharan Africa is approximately 6%, but many countries in
this region have prevalences exceeding 10%. Although the
prevalence of infection has stabilized in some regions of
Africa, this reflects approximately equal rates of incidence
and mortality. Africa continues to account for the majority
of new cases in the world. Asia accounts for over 20% of the
world’s cases of HIV-1 infection, with over 6 million cases as
of the 2006. The majority of these have occurred in India.
Latin America accounts for over 4% of the world’s cases of
HIV infection, with 1.6 million cases. Although the adult
prevalence in Europe is less than 1%, regions in Eastern
Europe have experienced marked recent increases attribut-
able to high rates of injection-drug use. Eastern Europe and
Central Asia now account for 1.6 million cases. North
America accounts for approximately 4% of the world’s cases
of HIV infection.

Transmission
Transmission of HIV occurs through direct contact with
infected body fluids, including blood and blood products
(169), semen (169), vaginal and cervical secretions (170),
amniotic fluid (171), and breast milk (172). Despite detec-
tion of HIV-1 RNA in saliva and tears (173, 174), there have
been no documented cases of transmission via these body
fluids. Transmission most commonly occurs during sexual
contact with the exchange of semen, genital secretions, or
blood from an infected individual to the uninfected partner.
Unprotected receptive anal intercourse, with associated
mucosal trauma, carries the highest risk of sexual transmis-
sion. In the majority of instances, heterosexual transmission
occurs during vaginal intercourse, although cases have oc-
curred after fellatio. Sexual transmission is facilitated by the
presence of underlying sexually-transmitted diseases includ-
ing chancroid, herpes genitalis, and syphilis, which disrupt
the integrity of the skin or mucosal linings (175, 176).

Transmission is also more likely when the source partner
is acutely infected and the concentration of virus in genital
secretions is highest (177). The exact mechanism of sexual
transmission is unclear. The form of the transmitted inocu-
lum may be cell-associated virus or cell-free virions. How
HIV breaches the mucosal barrier is also uncertain; the
possibilities include facilitation at areas of disruption in the
mucosa, as noted above, transcytosis of virions through ep-
ithelial cells with release into the lamina propria, or uptake
of virions into Langerhans cells with transinfection of Tcells
as discussed above.

Infection also occurs through direct inoculation of in-
fected blood, particularly re-use of contaminated needles,

transfusion of infected blood products, and transplantation
of infected tissues. The risk of HIV-1 transmission, following
occupational percutaneous exposure to infected blood via a
contaminated needle, is approximately 0.3% (178, 179).
The likelihood of transmission is influenced by many factors,
including the type of needle (hollow versus solid bore), the
depth of penetration, the volume of the inoculum, the
amount of infectious virus in the inoculum, and the post-
exposure use of antiretrovirals.

The third primary mode of transmission of HIV-1 is from
an infected mother to her child during pregnancy, delivery,
or breastfeeding. The risk of maternal-fetal transmission is 13
to 40% in the absence of antiretroviral therapy (180), but
this can be significantly reduced by the prevention ap-
proaches discussed below.

Patterns of Transmission
The primary modes of transmission vary in different regions
and populations. The mode of transmission in sub-Saharan
Africa is heterosexual in 90% of cases; almost 60% of the
HIV-positive individuals in this region are women. This
region also accounts for 87% of the world’s total of HIV-
infected children, in whom infection is acquired perinatally.

The pattern of spread of HIV in South and Southeast Asia
is exemplified by the epidemic in Thailand, which began
among injection-drug users and sex workers, then spread into
the general population. Peak prevalences reached 10% among
military recruits and 6.4% in prenatal clinics by 1993–1994,
but they have declined subsequently due to control measures
like condom use in commercial sex establishments (168).
Heterosexual transmission plays a major role in the epi-
demics in Southeast Asia, as evidenced by the fact that
25% of the infected adults are women. In Latin America,
the initial epidemic primarily involved men having sex
with men. However, injection-drug use and heterosexual
transmission have become significant modes of spread in
this region.

The dramatic rise in incidence rates in Eastern Europe
and Central Asia has been fueled by injection-drug use,
primarily among men in the Ukraine and countries of the
former Soviet Union (181). Eastern Europe has also been
the site of nosocomial outbreaks of HIV infection caused
by improper reuse of medical equipment. In Western and
Northern Europe, the initial epidemic involved men having
sex with men. More recently, the incidence of infection in
other populations has increased, with heterosexual contact
and injection-drug use accounting for an increasing number
of cases.

In the United States, both the overall prevalence and
incidence of new HIV infections remain greatest among
homosexual and bisexual men, with disproportionate case
numbers in African-Americans. The proportion of infec-
tions in women in the United States has progressively in-
creased to a quarter of all cases, with higher rates in African
American and Hispanic women. In contrast, the HIV in-
fections diagnosed among infants declined dramatically from
907 cases in 1992 to 53 in 2011, attributable to the treat-
ment of infected women, prenatal screening, and peripartum
chemoprophylaxis.

PATHOGENESIS
Incubation Period
In classic terms, the incubation period is the interval be-
tween acquisition of the infection and onset of the illness.
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For HIV-1 infection, the term is problematic in the sense that
a symptomatic illness, called primary HIV-1 infection, de-
velops in some infected individuals within one to four weeks
after exposure, while clinical immunodeficiency (AIDS)
typically appears after a prolonged asymptomatic period
measured in years following primary infection. During this
time, active viral replication and critical pathophysiologic
changes occur. Patients with advanced HIV-1 infection show
numerous immunologic abnormalities, the most prominent
of which are severe quantitative and qualitative defects in
the CD4+ T lymphocyte compartment. Much of the decline
in CD4+ T-cell counts occurs during the asymptomatic pe-
riod between initial infection and the development of
clinically-apparent immunodeficiency. In adults, the average
length of this asymptomatic period is 10 years. Opportunistic
infections (OI) by organisms that do not cause disease in
immunocompetent individuals herald the development
of AIDS. These usually do not occur until the level of
CD4+ T cells has dropped from the normal levels of 600 to
1000 cells/ml to below 200 cells/ml. The degree of loss of
CD4+ T cells is an excellent predictor of progression to
AIDS, and a CD4+ T-cell count below 200 cells/ml is now
considered to be an AIDS-defining condition. Susceptibility
to particular opportunistic infections appears in a predictable
way, such that some infections appear as the CD4 count falls
below 200 cells/ml (Pneumocystis jiroveci pneumonia), while
other infections are seen only in patients whose CD4 counts
have fallen to below 100 cells/ml (Mycobacterium avium
complex infection) or 50 cells/ml (cytomegalovirus [CMV]
retinitis). These findings suggest that the loss of CD4+ Tcells
is central to the development of clinical immunodeficiency.

Therefore, understanding the mechanism of CD4 depletion
is the central problem in AIDS pathogenesis.

Patterns of Virus Replication

Organ and Cell Specificity
In untreated individuals virus is detected in the blood
throughout the course of HIV-1 infection, but virus repli-
cation occurs predominantly in the peripheral lymphoid or-
gans, especially the spleen, lymph nodes, and gut-associated
lymphoid tissue (182, 183). However, HIV-1 virions can
infect CD4+ cells in any tissue. Target cells include not only
mature CD4+ Tcells in lymphoid tissues but potentially also
developing T cells in the thymus and the ubiquitous tissue
macrophages, which express low amounts of CD4. While
fusion and entry occur if appropriate coreceptors are ex-
pressed, subsequent steps in the replication cycle depend
upon the cell type (CD4+ Tcell versus macrophage) and the
state of activation of the cell.

CD4+ T Lymphocytes
The cellular dynamics of infection of CD4+ T lympho-

cytes by HIV-1 are illustrated in Fig. 7. CD4+ T cells are
heterogeneous with respect to activation state (resting versus
activated) and previous antigen exposure (naïve versus
memory), and HIV-1 pathogenesis must be considered in the
context of this heterogeneity. Normally, the majority of
mature CD4+ T lymphocytes are in a resting G0 state. These
resting Tcells are among the most quiescent cells in the body
and are simply waiting to encounter antigen. About half are
memory cells, which have previously responded to some
antigen, while the remainder are naïve T cells.

FIGURE 7 Cellular dynamics of HIV-1 infection of CD4+ Tcells. Successive steps in the life cycle of the virus are indicated by horizontal
arrows. Transitions between resting (small) and activated (large) CD4+ Tcells are illustrated by vertical arrows. HIV-1 can infect resting and
activated CD4+ T cells, but integration of the reverse-transcribed HIV-1 provirus, which is necessary for virus production, occurs only in
antigen-activated T cells. Productive infection requires antigen-driven activation of recently infected resting CD4+ cells or infection of
antigen-activated CD4+ Tcells. Productively-infected cells generally die within a few days from cytopathic effects of the infection, but some
survive long enough to go back to a resting state, thereby establishing a stable latent reservoir.
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The frequently-transmitted CCR5-tropic (R5) forms of
HIV-1 can bind to, and fuse with, activated CD4+ T cells
and a small subset of resting memory CD4+ T cells (184).
CXCR4-tropic (X4) viruses can enter essentially all CD4+ T
cells due to the broad expression of CXCR4 in CD4+ Tcells.
Resting CD4+ T cells do not generally support productive
infection due to numerous blocks in the viral life cycle.
SAMHD1, a host cell restriction factor, is a deoxynucleoside
triphosphate (dNTP) hydrolase that restricts HIV-1 in
nondividing cells by hydrolyzing dNTPs required for reverse
transcription (77, 78, 185). Its action may account for the
fact that reverse transcription occurs very slowly in resting
CD4+ Tcells (186). As reverse transcription slowly proceeds
in these cells, the resulting viral DNA can be sensed by a
cytoplasmic DNA sensor, interferon-g-inducible protein 16
(IFI16), which triggers an innate immune response, leading
to caspase-1 activation and pyroptosis, an inflammatory form
of cell death (187–189). Even if reverse transcription is
completed in resting CD4+ T cells, entry of the preintegra-
tion complex containing the reverse transcribed HIV-1
DNA into the nucleus may not occur (190). Thus, in resting
T cells, reverse-transcribed HIV-1 genomes reside in the
cytoplasm for a finite period of time (days to weeks) before
the preintegration complex becomes nonfunctional. If the T
cell is activated by antigen before the preintegration com-
plex becomes nonfunctional, then the subsequent replica-
tive steps can occur. In this sense, resting T cells carrying
unintegrated HIV-1 DNA represent a latent reservoir for the
virus known as preintegration latency (191). In untreated,
asymptomatic HIV-1-infected individuals, most of the viral
DNA present in resting CD4+ T cells is in this unintegrated
form (192, 193). Because transcription of unintegrated viral
DNA in the cytoplasm cannot occur, latently-infected cells
carrying this form of viral DNA presumably escape detection
by immunologic mechanisms. In addition, there are blocks
at subsequent steps in the virus life cycle. For example, lack
of key host-cell transcription factors NFkB and NFAT in the
nucleus of resting CD4+ Tcells ensures that resting CD4+ T
cells probably do not become productively-infected without
some form of activating stimulus.

Following encounter with antigen, resting CD4+ T cells
undergo blast transformation and enter a state in which they
are highly susceptible to productive infection by HIV-1. In
activated T cells, there is no block to nuclear import. Thus,
the infection progresses rapidly to integration, viral gene
expression, and virus production. Gene expression from the
HIV-1 LTR is dependent upon host transcription factors,
such as NFkB that are upregulated in activated Tcells (194).
This adaptation allows HIV-1 gene expression and virus
production to be dramatically increased in activated CD4+ T
cells and largely shut off in resting CD4+ T cells.

From this point, there are several possible fates for in-
fected cells (Fig. 7). In vitro studies have shown HIV-1 in-
fection can be highly cytopathic for activated CD4+ T cells
and can induce cell killing by mechanisms that are described
below. Some of these cells can also be destroyed by immu-
nologic mechanisms, including HIV-1-specific cytolytic T
lymphocytes. The resulting half-life of productively-infected
CD4+ Tcells is relatively short, generally 1.5 days. However,
some of the productively-infected CD4+ T cells escape both
the viral cytopathic effects and immunologic effector
mechanisms and revert to a resting memory state carrying
integrated provirus (195). This is a reflection of the normal
physiology of T-cell activation; a fraction of the T cells that
respond to any given antigen survive and enter the long-
lived pool of memory Tcells. In a resting state, these memory

CD4+ T cells are likely to have little or no virus gene ex-
pression and therefore go unrecognized by the immune sys-
tem. Because the viral DNA is in an integrated state in these
cells, it is highly stable. Thus these cells provide a long-term,
stable latent reservoir for the virus, a phenomenon termed
postintegration latency (193, 195). The distribution of HIV-1
in various subsets of T cells reflects the physiologic factors
described above (196). Levels of HIV-1 infection are lowest in
naïve CD4+ T cells. Latent virus persists in resting memory
CD4+ Tcells. The virus persists in various subsets of memory
cells including central memory cells, effector memory cells,
and transitional memory cells (197). These subpopulations
have somewhat different trafficking patterns and prolifera-
tive potential. Importantly, they all harbor latent HIV but to
different extents in different patients.

As discussed below, the pool of latently-infected cells
represents a major barrier to curing HIV-1 infection. Upon
subsequent exposure to antigen, these cells will become
activated and release infectious virus. Thus, antigen plays a
critical role in driving CD4+ Tcells into states in which they
are susceptible to productive infection by HIV-1 and sub-
sequent destruction by viral cytopathic effects or immune
mechanisms (Fig. 7).

Macrophages
The cellular dynamics of HIV-1 infection are different in

macrophages as compared to CD4+ T cells. HIV-1 can rep-
licate in macrophages (198, 199), although integration and
replication can occur only in dividing cells for most retro-
viruses. Specific amino acid sequences in the HIV-1 Gag,
Vpr, and integrase proteins, and even a portion of the
reverse-transcribed HIV-1 DNA, all have been reported to
participate in targeting the viral preintegration complex for
nuclear import, permitting integration and replication in
nondividing cells, such as macrophages (59, 123, 200). In-
fection is not cytopathic in macrophages, and in vitro studies
suggest that infected macrophages can continue to produce
virus over long periods of time (198, 199). Infected macro-
phages may thus serve as a reservoir of virus in vivo; however,
the role of macrophages as an obstacle to potential cure
remains unresolved. The detection of viral DNA in mac-
rophages from subjects appropriately treated with antiretro-
viral drugs may reflect phagocytosis of dead or dying infected
CD4+ T cells that are infected (201). Virus production by
macrophages is particularly apparent late in the course of
disease when few CD4+ T cells remain and in the setting of
opportunistic infections (202).

Time Course of the Infection
The natural history of HIV-1 infection may be divided into
three phases (Fig. 8). During the initial phase, known as
primary or acute HIV-1 infection, virus replication produces
a viremia that spreads the virus throughout the body. Vir-
emia is eventually reduced by the emergence of CD8 T-cell
responses. These events occur during the first several weeks
following exposure to HIV-1. In the 50 to 70% of individuals
who develop constitutional symptoms during primary in-
fection, a transient illness resembling infectious mononu-
cleosis appears two to three weeks after exposure (see below).
During the acute illness, levels of genomic HIV-1 RNA in
the plasma (a reflection of the free virion concentration) are
usually greater than 106 copies/ml and can be as high as
108 copies/ml. Antibodies to HIV-1 are initially absent, and
seroconversion usually occurs within a few weeks after onset
of the acute illness.
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As the immune response to HIV-1 develops, there is a
dramatic reduction in the level of viremia. Typically viremia
falls to a lower plateau level (the “set point”). Set point
values for plasma HIV-1 RNA are usually between 103 and
105 copies/ml. The CD4+ T-cell count is typically reduced
during symptomatic primary HIV-1 infection, reflecting
both virus-induced depletion and sequestration of circulat-
ing CD4+ Tcells in lymphoid organs. After the acute illness
resolves, peripheral CD4+ T-cell counts generally rise again
but usually not to preinfection levels.

During acute infection, there is rapid and dramatic de-
pletion of CD4+ T cells from the gut-associated lymphoid
tissue (183, 203, 204). This early CD4 depletion in the gut is
much more pronounced than CD4 depletion in other or-
gans. The early loss of CD4+ Tcells from the gastrointestinal
mucosa allows translocation of microbial products, which
causes immune system activation and, in turn, contributes to
CD4 depletion and end-organ disease (205).

Primary HIV-1 infection provides clues regarding the
importance of various immune effector mechanisms in
controlling HIV-1 infection. Virus-specific CTL appear early
and likely represent a critical host factor in the control of
acute HIV-1 infection (206, 207). In rhesus monkeys de-
pleted of CD8+ Tcells, the viremia of primary SIV infection
is not brought under control, and the animals progress
quickly to AIDS (208). Thus it is very likely that, through
the lysis of infected cells and perhaps also through the release
of chemokines like MIP-1a, MIP-1b, and RANTES that
inhibit HIV-1 entry, CTL help to reduce the level of cir-
culating virus to the lower levels that are characteristic of
the asymptomatic phase of infection.

The initial seeding of the latent reservoir occurs during
acute infection. In the SIV model of HIV-1 infection, a
stable reservoir is established as early as day 3 postinfection,
since prolonged administration of suppressive antiretroviral
therapy beginning on day 3 postinfection is not curative and
viral rebound occurs when treatment is stopped (209).

The second phase of HIV-1 infection is the long asymp-
tomatic period between primary infection and the develop-
ment of clinical immunodeficiency. The most important and
characteristic pathophysiologic feature of the asymptomatic
phase of HIV-1 infection is the gradual loss of CD4+ T cells,
although virus replicates continuously during this period. As
primary infection resolves, plasma virus levels fall to a rela-
tively stable steady-state level, which is different in different

patients and which determines the rate of disease progression
(210). The higher the set point of plasma HIV-1 RNA
(often referred to as the viral load), the more rapidly the
patient will lose CD4+ T cells and progress to AIDS. The
plasma HIV-1 RNA level determines how rapidly CD4 cells
will be lost, and the CD4 count reflects the degree of im-
pairment of immunologic function and the risk of opportu-
nistic infections.

There is tremendous individual variation in the length of
the asymptomatic period in different infected individuals.
Some individuals progress to AIDS within two years of in-
fection, whereas others termed long-term nonprogressors
(LTNP) have lived with HIV-1 infection for over 20 years
without experiencing significant CD4 depletion. Many in-
dividuals in this category eventually do progress to AIDS in
the absence of antiretroviral treatment. Nevertheless, a
subset of LTNP, termed “elite controllers,” actually have no
measurable viremia in the absence of treatment (211). Many
of these individuals harbor forms of HIV-1 that appear to be
replication competent, but it appears that the virus is held in
check by immunologic mechanisms (212). These individu-
als frequently carry the class I MHC allele HLA B*5701,
suggesting a role for cytolytic T lymphocytes (213). It is
likely that both virologic and host immunologic factors
(discussed below) play a role in limiting HIV-1 replication
and disease progression in elite controllers and LTNP. Some
LTNP are infected with strains of HIV-1 that are defective in
accessory genes like nef (214). Polymorphisms in structural
and regulatory regions of other chemokine receptors or
chemokine genes have subtle but significant effects on the
rate of disease progression (215, 216).

Viral loads are, on the average, lower in women in the
first five years after infection, although rates of disease pro-
gression are similar to those observed in men (217). Rates of
disease progression may be influenced by environmental
factors, particularly concurrent infections. Although a direct
relationship between rate of progression and concurrent
infections has not yet been clearly established, the activation
of CD4+ T cells in response to other infections provides the
virus with an increased number of target cells, allowing
transient spikes in viremia, which can also be observed after
immunizations with recall antigens (218).

Another important factor in disease progression is the
evolution of viral variants with substitutions in the envelope
protein leading to a change in the pattern of chemokine
receptor utilization, specifically from CCR5 to CXCR4.
These so-called X4 viruses have a potentially wider host-cell
range due to the broader distribution of CXCR4 and have
been associated in some studies with more rapid replication
rates and higher cytopathic potential. The appearance of X4
viruses is temporarily associated with more rapid CD4 cell
decline (219). The rate of disease progression is thus influ-
enced by the characteristics of the infecting virus, host ge-
netic factors influencing virus entry and antiviral immune
responses, and possibly environmental factors related to
immune system activation.

Factors in Disease Progression
Although rates of progression differ, the fundamental rela-
tionship between viral load and the rate of CD4 cell loss
remains a central feature of AIDS pathogenesis, indicating
that viral replication is the driving force for CD4 depletion.
However, the exact mechanisms are still uncertain. For ex-
ample, it is unclear whether the fraction of cells infected is
high enough to account for the depletion of the entire CD4+
T-cell compartment as a consequence of direct infection. At

FIGURE 8 The three stages of disease in a hypothetical case of
HIV-1 infection.
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any given time, only a small fraction of CD4+ T cells are
productively-infected. Thus, it is likely that additional
mechanisms contribute to CD4+ T-cell depletion. These in-
clude alterations lymphoid tissue microenvironments and
chronic immune activation.

Histopathologic Changes
During the asymptomatic phase of the infection, there are
important changes in the structure and function of the pe-
ripheral lymphoid organs (182). Early in the asymptomatic
period, the lymph nodes show characteristics of immune
activation. Scattered productively-infected CD4+ Tcells are
seen throughout the lymph nodes. The B-cell areas of the
lymph nodes show a pattern of follicular hyperplasia indic-
ative of intense B-cell stimulation. Virus particles are readily
detected in the germinal centers where they are found as-
sociated with the network of follicular dendritic cells (FDC).
These cells express Fc receptors and three types of comple-
ment receptors (CR1, CR2, and CR3) and, as a result, are
capable of binding antigens that have bound antibody or
activated complement. FDC may serve as filters that trap
virus particles and thereby lower the level of infectious virus
in the circulation. FDC are not susceptible to HIV infection;
however, they play an important role in the activation of B
lymphocytes in response to antigen. During the asymptom-
atic phase of HIV-1 infection, there is progressive disruption
of the normal architecture of the lymph nodes, with loss of
the FDC network and follicular involution (182). Fibrotic
changes in the lymph node microenvironment may impair
the homeostatic mechanisms that maintain T-cell popula-
tions (220). The loss of FDC may, in part, be responsible for
the abnormal B-cell function observed in HIV-1-infected
individuals. In contrast to FDC, blood-derived dendritic
cells (DC), which have an important role in the presenta-
tion of antigens to T cells, can bind virus and transmit the
virus to the CD4+ T cells with which they interact during
the course of an immune response (221). Following stimu-
lation with inflammatory cytokines, immature tissue DC
migrate to the lymph nodes where they present antigens
taken up in the tissues to Tcells in the lymph nodes. DC may
carry virions bound via dendritic cell-specific intercellular
adhesion molecule-3-grabbing non-integrin (DC-SIGN) to
the nodes where they mediate infection of CD4+ T cells
(154), but the importance of this pathway of infection re-
mains unclear.

Viral Dynamics
Analysis of changes in the level of viral RNA following the
initiation of antiretroviral therapy has provided a striking
picture of the very dynamic nature of the infection (222)
(Fig. 9). All current antiretroviral drugs have the effect of
blocking the new rounds of infection of susceptible cells
without inhibiting release of virions by cells that are already
infected. Following the initiation of therapy, plasma virus
levels drop by approximately two logs within less than two
weeks, indicating that the half-life of plasma virus is very
short (now estimated to be on the order of minutes) and that
the half-life of most productively-infected cells is also very
short (1.5 days) (51, 223). Thus activated CD4+ Tcells that
are only recently infected produce most of the plasma virus
(224). Continuous new rounds of viral replication sustain
the infection.

Because the rates of clearance and decay are largely in-
dependent of stage of disease and other factors, the level of
viral RNA in the plasma reflects the rate of virus production.
Because the half-life of free virus particles is extremely short,

the steady-state level of viral RNA genomes in the blood
reflects very recent virus production (106). The magnitude
of the first phase of decay indicates that infected cells with
longer half-lives, such as chronically infected macrophages,
make a relatively minor contribution to plasma viremia in
untreated individuals.

After the rapid initial phase of decay, there is a second
slower phase of decay, reflecting either the clearance of vi-
rions that have accumulated in the germinal centers or the
decay of a longer-lived population of virus producing cells
(225), perhaps infected macrophages or infected CD4+ T
cells that are in a lower state of activation (224). The second
phase of decay usually reduces plasma virus levels to below
the limit of detection of current assays (50 copies or fewer of
HIV-1 RNA/ml of plasma). The rapid drop in viremia ini-
tially raised hopes that eradication of the infection with
antiretroviral therapy might be possible (225). Resting
memory CD4+ Tcells in the postintegration state of latency
(Fig. 7) persist; however, even in patients who have re-
sponded well to highly-active antiretroviral therapy (ART)
and have had no detectable free virus in the blood for several
years (226–228). These cells appear to represent the major
barrier to curing the infection with antiretroviral drugs
(229). The reservoir of resting memory CD4+ T cells with
integrated HIV-1 DNA is established early in primary in-
fection (230) and shows minimal decay in infected adults
(229) and children (231). Although early treatment usually
leads to a smaller reservoir, recent studies indicate that the
reservoir decay rate is nevertheless extremely slow (232).

Several hypotheses have been proposed to explain the
extraordinary stability of the latent reservoir. The first is that
the stability is simply a reflection of the fact that the virus
has taken up residence in memory T cells, which, by nature,
survive for prolonged periods of time. In this sense, the

FIGURE 9 Hypothetical plot of plasma virus in a patient who is
started on an effective regimen of drugs that block infection of new
cells. Plasma virus titer drops rapidly in the first two weeks of
treatment, reflecting the short plasma half-life of the virus and the
short half-life of most of the productively-infected cells. These cells
appear to be activated CD4+ T cells. The decline in plasma virus
shows a second, slower phase, which is due to turnover of cells
infected before initiation of therapy. These may be persistently in-
fected macrophages or CD4+ T cells that are in a lower state of
activation. Alternatively, this RNA could represent the clearance of
virions that had accumulated in the germinal centers of lymphoid
tissue. The second phase brings the viral load down to below the
limit of detection, but the virus persists in reservoirs, including an
extremely stable reservoir of latent virus in resting memory CD4+ T
cells. Reproduced from reference (484) with permission.
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mechanism of HIV-1 persistence resembles that of Epstein
Barr virus (EBV), which establishes latent infection in
memory B cells with viral persistence exploiting a funda-
mental feature of the immune system, the long-term survival
of memory T cells. The stability of the memory T-cell re-
sponse is due not only to the long half-life of individual
memory T cells, but also to the process of homeostatic pro-
liferation in which memory T cells occasionally enter the
cell cycle and divide. The proliferation of latently-infected
cells could contribute to the stability of the latent reservoir.
Recent studies of HIV-1 integration sites have provided di-
rect evidence for the proliferation of infected cells (233,
234). In some cases, the integration of HIV-1 into genes
associated with cell proliferation may actually have driven
the observed clonal expansions. What is not yet clear from
these studies is whether the integrated proviruses are func-
tional, as the overwhelming majority of proviruses in resting
CD4+ Tcells are defective due to large internal deletions or
APOBEC3G-mediated hypermutation (235).

A distinct, but not mutually exclusive hypothesis, is that
the reservoir is continually reseeded by a low level of viral
replication that may continue even in patients whose plasma
virus levels are below the limit of detection (236–240). Even
in patients who have suppression of viremia to below the
limit of detection of ultrasensitive clinical assays (50 copies
of HIV-1 RNA/ml), free virus particles are continuously
present (236). Recent studies suggest that a new steady-state
level of viremia is reached in patients on HAART, with
average values of approximately 1 copy/ml (241). While all
patients on HAART are continuously viremic, direct anal-
ysis of this residual viremia does not provide evidence for
viral evolution (242, 243), and it is possible that the residual
viremia simply reflects release of virus from latently-infected
cells that become activated or from other stable reservoirs
and not ongoing replication (244). If this is the case, then
the use of even more intensive drug regimens would not
accelerate the intrinsic decay rate of the latent reservoir,
and, in fact, no study of treatment intensification to date has
shown a decrease in residual viremia (245).

T Cell Dynamics and Mechanisms
of CD4 Depletion
In infected individuals, the rate of CD4+ T-cell loss exceeds
the rate at which CD4+ T cells are produced by thymic
differentiation and clonal expansion of peripheral CD4+ T
cells. CD4+ Tcells may be lost through a number of potential
mechanisms, some operative for noninfected cells. In addi-
tion, the possibility that the production of CD4+ T cells is
decreased in HIV-1 infection needs consideration. HIV-1
infection accelerates the thymic involution that normally
occurs with age. The decline in naive CD4+ and CD8+ T
cells in the peripheral blood of infected individuals has been
interpreted as indicating a defect in thymopoeisis (246), but
it is difficult to measure directly the rate at which new Tcells
are produced in the thymus. To monitor ongoing thymic
production of new T cells, studies have quantitated T-cell
receptor excision circles (TRECs) produced as a by-product
of the VDJ recombination reactions that occur in the thymus
as new T cells are generated (247). These DNA circles are
stable in cells after the gene rearrangements occur that
produce functional T-cell receptors. Lower than normal
TREC levels in peripheral blood CD4+ and CD8+ T cells
have been observed in some HIV-1-infected adults, with
partial reversal upon treatment. Analysis of TRECs gener-
ated by rearrangement of the a and b chains of the T-cell

receptor has provided convincing evidence for a defect in
thymocyte proliferation in HIV-1-infected individuals (248).

Accelerated CD4+ T-cell loss is a critical factor in CD4+
T-cell depletion. Under some experimental conditions, HIV-
1 infection of susceptible cell types in vitro results in death of
the infected cell. Syncytia (multinucleated giant cells) may
form by the fusion of infected cells expressing Env protein
and noninfected cells expressing CD4 (249). Inclusion of
noninfected CD4+ T cells in short-lived syncytia provides a
potential mechanism for CD4+ T-cell depletion. The extent
to which syncytium formation contributes to CD4+ T-cell
depletion in vivo is unclear.

In addition, under some conditions, HIV-1-infected T
cells appear to die from infection independent of any cell-
cell fusion events (250, 251). Most potential mechanisms for
HIV-1-induced single-cell killing involve the Env glyco-
protein, which is poorly tolerated by many cell types. The
fusogenic properties of the Env protein are an important
determinant of the intrinsic toxicity of this protein for host
cells (250). Other HIV-1 proteins, including Nef, Vif, and
Vpr, have also been implicated in the death of infected cells
(252, 253). Nonproductive or abortive infection of resting
CD4+ T cells may lead to their rapid death through the
process of pyroptosis (187–189). In these cells, the viral
DNA intermediates, generated during reverse transcription,
appear to be sensed by innate immune sensors, resulting in
the triggering of cell death pathways.

Another obvious mechanism for the loss of CD4+ Tcells
involves the destruction of such cells by components of
the immune system, particularly CD8+ CTL. As is discussed
below, the natural immune response to HIV-1 infection
includes a strong CD8+ CTL response, and it is quite likely
that CD8+ CTL mediate the destruction of infected cells
in vivo. The destruction of productively-infected cells by
CTL is beneficial to the host because it leads to a more rapid
cessation of virus production from cells that are destined
to die. CTL provide a strong selective force that leads
to the rapid evolution of viral variants with mutations in
key epitopes recognized by CTL (see below). Nevertheless,
while CTL are clearly important in controlling viral repli-
cation in vivo, it has been difficult to demonstrate that
they actually shorten the lifespan of productively-infected
cells (254).

During HIV-1 infection several interesting reactions can
potentially cause the loss of CD4+ T cells that are not in-
fected. As discussed above, disruption of the architecture of
the lymph nodes may contribute to CD4 depletion. Fibrosis
is commonly observed in the lymph nodes of patients with
advanced infection, and it is likely that the disruption of the
microenvironment where CD4+ T cells reside contributed
to CD4 depletion. HIV-1 infection is also associated with
high levels of immune activation, and activated T cells
are susceptible to apoptosis (255). In situ studies of lymph
nodes from HIV-1-infected children and SIV-infected rhe-
sus monkeys have shown that cells undergoing programmed
cell death are distinct from cells productively-infected with
virus, supporting the notion that indirect cell killing
mechanisms may contribute to CD4 depletion (256). Rates
of T-cell proliferation are increased several fold, and steady-
state considerations suggest that this increased rate of CD4+
T-cell proliferation must be more than balanced by an in-
creased rate of destruction of T cells in the periphery (257,
258). The proximal cause of the immune hyperactivation
seen in untreated HIV-1 infection remains unclear. One
theory suggests that microbial translocation from the gas-
trointestinal tract contributes to the activation. Continuing
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exposure to HIVand to other viruses, such as CMVare likely
to also contribute to immune activation.

In addition to the depletion of CD4+ T cells, qualitative
defects in the function of the surviving CD4+ T cells and on
B-lymphocyte function. While normal absolute numbers of
circulating B cells are found in HIV-1-infected individuals,
circulating levels of immunoglobulins are high, reflecting
polyclonal B-cell activation, but antibody responses to spe-
cific immunogens are very poor, particularly in patients with
AIDS. Part of the B-cell defect may be intrinsic and not
simply a consequence of defects in CD4+ T cell help. How-
ever, the precise mechanisms remain obscure.

Immune Responses
Immunodeficiency develops in HIV-1 infected individuals
despite the presence of readily detectable B andT lymphocyte
responses to HIV-1. Virtually all infected individuals develop
antibody responses to several of the protein products of the
HIV-1 genome. Even more striking is the finding that most
infected individuals also have very high levels of virus-specific
CTL.On the other hand,CD4+ T-cell responses are generally
reduced. Current research is focused on understanding which
elements of the immune response are the most important in
controlling viral replication and why the response as a whole
is not more effective in eliminating the virus.

Antibody Responses
All infected individuals develop readily measurable antibody
response to HIV-1. Only antibodies to the extracellular
portion of the Env glycoprotein can neutralize the virus. In
general, levels of neutralizing antibodies are low even when
high levels of anti-Env antibodies are present, indicating that
many are not neutralizing. When neutralizing antibodies do
arise, the virus can escape by accumulating mutations in the
env gene. Of the viral proteins, the Env glycoprotein gp120
shows by far the most sequence variability. Neutralization-
resistant variants have been selected in vitro in the presence
of neutralizing antibody and arise readily when HIV-1 in-
fection of human T cells is maintained in immunodeficient
SCID mice (259). Antibodies present in patient sera can
neutralize autologous virus isolates obtained at earlier time
points, but generally cannot neutralize the contemporaneous
isolate (28, 260), which results from the rapid and contin-
uous evolution of the ectodomain of Env as a consequence of
the selective pressure of the neutralizing antibody response
(261). B-cell depletion studies in the SIV model have pro-
vided evidence that neutralizing antibodies contribute to the
control of viral replication during chronic infection.

Antibodies to gp120 become detectable in the sera of
HIV-infected individuals within two to three weeks after
infection (27); however, these early antibodies are not
neutralizing. They appear to be directed against disassembled
envelope glycoproteins, and they recognize the interactive
regions of gp120 and gp41, which, although immunogenic,
are not exposed in the assembled, trimeric, glycoprotein
complex (25). Subsequently, antibodies appear that are
neutralizing but are usually restricted in activity to the in-
fecting strain (28). Finally, antibodies appear that have more
broadly neutralizing activity against a variety of isolates but
in relatively low titers. A major recent advance has been the
development of methods for cloning the antibody gene en-
coding these broadly neutralizing antibodies (bNAbs) (262,
263). Many of these bNAbs interfere with the binding in-
teraction between gp120 and CD4. Such antibodies recog-
nize discontinuous epitopes, the key residues of which are
located within the binding pocket for CD4 on gp120 (the

so-called CD4BS epitopes). Other broadly neutralizing an-
tibodies recognize epitopes that are near conserved structures
involved in coreceptor binding (the so-called CD4i epi-
topes), membrane proximal epitopes, or epitope composed
largely of gp120 oligosaccharides. A common feature of
these bNAbs is that they have unusual structures, likely the
result of a long period of co-evolution of the virus and the
host immune response. Whether it will be possible to induce
these antibodies in a vaccine setting is not yet clear.

CTL Responses
HIV-1 specific CD8+ CTL are readily detected in healthy
seropositive individuals and are sometimes detected in pa-
tients with AIDS (264, 265). As discussed above, CTL ap-
pear early in response to acute HIV-1 infection and help to
control the high-level viremia characteristic of this stage of
infection by lysing productively-infected cells. CTL may also
control viral replication through the release of chemokines
(266). Vigorous HIV-1-specific CTL responses are observed
in many long-term survivors of HIV-1 infection (267). The
frequency of HIV-1-specific CTL appears to decline as dis-
ease progresses. In the SIV system, CD8+ T cells help to
control viremia in both acute and chronic infection (208,
268). MHC genotype influences the rate of disease pro-
gression (269), and particular class I-MHC alleles have
been associated with slower disease progression, probably
as a result of the capacity of the relevant alleles to pres-
ent conserved epitopes in HIV-1 proteins to CTL. Certain
MHC-class I alleles are overrepresented among patients who
control viremia without antiretroviral drugs. The breadth of
the CTL response is also important, and perhaps, as a con-
sequence, heterogeneity at the class I loci is also associated
with slower disease progression (270).

The HIV-1-specific CTL response can lead to the evo-
lution of epitope escape variants, which accelerate AIDS
pathogenesis (271, 272). Viral escape from CTL responses
can involve mutations that diminish viral fitness, as evi-
denced by reversion of the mutations upon transmission of
the virus to a new host with a different HLA genotype (273).
While mutational escape provides one mechanism by which
HIV-1 persists in the face of an ongoing CTL response, the
functional capacity of HIV-1-specific CTLs is compromised
in patients with progressive disease. HIV-1-specific CTLs
express the inhibitory receptor PD-1, which is associated
with clonal exhaustion (274–276). In contrast, the main-
tenance of “polyfunctional” CTLs has been associated with
slower disease progression (277). Escape mutations may
complicate HIV-1 eradication efforts because patients who
start treatment in the chronic phase of the infection will
have archived viruses with escape mutations in major CTL
epitopes in the latent reservoir (278).

Helper T-Cell Responses
The one component of the immune response that is not
readily demonstrable in most infected people is the helper T-
cell response to HIV-1 proteins. HIV-1-specific CD4+ Tcells
are inactivated early in the course of the infection. They can
be readily detected only in those rare individuals in whom
the disease does not progress (long-term nonprogressors).
Treatment of infected individuals with antiretroviral therapy
early in primary HIV-1 infection facilitates this HIV-1-
specific immune response to develop.

Central Nervous System Disease
Neurological problems are common inHIV-1 infection (279).
In addition to opportunistic infections and malignancies
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affecting the central nervous system (CNS), there is a
unique dementia syndrome, HIV-associated neurologic dys-
function dementia (HAND), that appears to result from
direct effects of HIV-1 on the CNS. HAND appears late in
the course of disease, roughly coincident with the develop-
ment of clinical immunodeficiency, and is an AIDS-defining
condition.

The pathogenesis of HAND is complex and poorly un-
derstood but involves interactions between various types of
infected and uninfected cells in the CNS. HIV-1 probably
gains access to the CNS from the blood stream, which re-
quires a mechanism for crossing the blood-brain barrier. This
may occur either by direct infection of capillary endothelial
cells (280), or, more likely, by ingress of infected monocytes/
macrophages (281). This “Trojan horse” mechanism re-
sembles the mechanism by which other lentiviruses gain
access to the CNS. Although CNS disease does not become
apparent until late in the course of infection, entry of HIV-1
into the CNS may occur very early. Studies using an artificial
blood-brain barrier demonstrated that upregulation of ad-
hesion molecules and proinflammatory cytokines are critical
for transendothelial migration. Heightened trafficking may
occur with peripheral activation of monocytes in late-stage
HIV-1 infection, which is generally when HAND occurs.
Proinflammatory cytokines like TNF-a may also alter the
permeability of the blood-brain barrier to free virus (282).

The principal cellular target cells for HIV-1 replication in
the CNS are brain macrophages and microglial cells (283).
Both cell types are derived from peripheral blood monocytes
and are presumed to undergo gradual turnover. In some cases,
syncytia composed of numerous infected macrophages and
microglial cells can be observed in the vicinity of blood
vessels in the CNS. No convincing evidence exists for HIV-1
DNA in neurons, endothelial cells, or oligodendrocytes
(284, 285). Progress in the understanding of the extent of
infection within the CNS has been hampered by the obvious
difficulty in obtaining tissue and by uncertainties with regard
to the relationship between level of virus in the cerebrospi-
nal fluid (CSF) and levels of virus in the brain parenchyma.

The development of HAND is not universal in advanced
AIDS, suggesting that there may be viral, as well as host,
genetic determinants of heightened risk. Indeed, distinct
strains of HIV-1 isolated from both peripheral blood and
the nervous system of the same individual can have differ-
ent biological characteristics and cellular tropisms. Brain
isolates tend to be more macrophage-tropic with specifi-
cally conserved regions in a portion of the envelope, the V3
domain (286, 287). These observations suggest that certain
strains of HIV-1, having an increased propensity to invade
(neurotropism) and cause damage in the nervous system
(neurovirulence), might lead to clinically significant CNS
involvement (288, 289).

How viral infection of brain macrophages and microglial
cells leads to CNS dysfunction is still unclear. The simplest
hypothesis is that infected cells release soluble products that
damage other cells in the CNS. The long list of potential
mediators includes viral proteins like gp120, Tat, and Nef, as
well as inflammatory mediators such as TNF-a, NO, and
prostaglandins (283). Concern exists that the virus might
persist in the CNS and produce disease even in treated pa-
tients who have no detectable plasma virus, in part because of
the limited CNS penetration of certain protease inhibitors.
Other important factors include the active efflux of antire-
troviral drugs through transporters including p-glycoprotein
(290). While case reports, describing patients who had un-
detectable or low plasma HIV RNA levels yet significantly

higher CSF HIV RNA levels, alerted clinicians to this
possibility, there have been relatively few clinical examples
of “CNS escape.” In fact, significant reductions in the in-
cidence rates of HAND have been noted since 1996 (291).
HAART regimes can actually improve neuropsychological
performance and radiological abnormalities in those with
HAND (292). Turnover of infected microglial cells over the
course of weeks to months may result in replacement by un-
infected monocytes from the blood. Thus, as is the case with
HIV-1-induced immune deficiency, HAND appears to be
driven by active viral replication.

CLINICAL MANIFESTATIONS
The cardinal manifestation of HIV-1 infection is the pro-
gressive loss of CD4+ T lymphocytes. The resulting defect in
cellular immunity leads to development of the opportunistic
infections and malignancies that characterize AIDS. In ad-
dition, certain organ-specific syndromes may be caused di-
rectly by the virus itself. A comprehensive discussion of the
myriad complications of HIV-1 infection is beyond the scope
of this chapter, and the reader is referred to the many ex-
cellent textbooks of infectious diseases and AIDS medicine
for more detailed discussions of specific syndromes and op-
portunistic pathogens.

Major Clinical Syndromes

Primary Infection
Symptomatic primary infection with HIV-1 occurs in ap-
proximately 30 to 70% of infected individuals (293). Symp-
toms begin around 14 days after exposure and peak virus
titers occur a week later (294). The most frequent symptoms
include fever, pharyngitis, headache, arthralgias, myalgias,
and malaise (Table 2). A nonpruritic, maculopapular rash on
the face and trunk is also commonly observed. Generalized
lymphadenopathy is a frequent finding. Mucocutaneous
ulceration occurs and helps to differentiate primary HIV-1
infection from other viral syndromes. Oral candidiasis occurs
frequently, and candidal esophagitis is well-documented (293).
Other gastrointestinal symptoms can include nausea, vomiting,

TABLE 2 Frequency of signs and symptoms in patients
with acute HIV-1 infection

Frequency (%)
Kinloch-de

Loesa Daarb Sydneyc Schackerd

Sign/symptom (n=31) (n=40) (n=74) (n=41)

Fever 87 88 80 395
Lethargy/fatigue 26 n/a 67 390
Myalgia 42 60 63 360
Rash 68 58 53 330
Headache 39 55 51 355
Sore throat/Pharyngitis 48 43 51 370
Lymphadenopathy 6 38 43 350
Arthralgia 29 28 26 n/a
Diarrhea 32 n/a 32 345
Night sweats n/a 50 n/a 345
Oral ulcers 13 8 30 n/a

aFrom reference (479).
bFrom reference (350).
cGroup 3 from reference (480).
dEstimated from Fig. 1 in reference (481).
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and diarrhea. Aseptic meningoencephalitis is the most com-
mon neurological manifestation of primary HIV-1 infection.
Acute peripheral neuropathy, myelopathy, and mononeuritis
multiplex are less-frequently observed (293). In the majority
of patients, symptoms resolve within a month. Persistence of
symptoms beyond 8 to 12 weeks, along with a severely de-
pressed CD4+ lymphocyte count, may be clues to unusually
rapid progression of HIV-1 disease.

The virologic and immunologic aspects of primary HIV-1
infection are discussed in the Pathogenesis section. The
principal laboratory abnormality is a decrease in the absolute
CD4+ lymphocyte count. In most patients there is also an
increase in reactive CD8+ T lymphocytes. Hematologic
abnormalities are uncommon except for mild thrombocy-
tosis. Serum aspartate transaminase and alkaline phospha-
tase levels may be mildly elevated, but clinical hepatitis is an
infrequent finding (293).

Progression to AIDS
In most patients, a prolonged asymptomatic period follows
the resolution of primary infection. In the absence of anti-
retroviral therapy, the median time from acquisition of HIV-
1 infection to AIDS is approximately 8 to 10 years. Use of
the term “clinical latency” to describe this interval is mis-
leading, given the presence of continuous virus replication
and CD4+ lymphocyte depletion. On average, there is a loss
of 30 to 60 CD4+ cells/ml per year, although in many patients
CD4+ lymphocyte counts may remain stable for several years
followed by a period of rapid decline. Progression to AIDS
within one to two years of primary HIV-1 infection occurs in
less than 5% of patients. Rapid progression often follows
severe primary infection and may be associated with trans-
mission of syncytium-inducing (CXCR4 utilizing) variants
of HIV-1 (295).

In many patients, fatigue and lymphadenopathy continue
to be noted during the otherwise asymptomatic phase of
HIV-1 infection. The occurrence of minor clinical events,
such as oral hairy leukoplakia (secondary to EBV), oral or
vaginal candidiasis, herpes zoster, and a variety of other
dermatologic disorders, may be early signs of progression.
Worsening fatigue, night sweats, and weight loss becomemore
common with advancing disease. The risk of serious, poten-
tially life-threatening opportunistic infections increases sig-
nificantly at CD4+ cell counts below 200/ml. For this reason, a
CD4 count of less than 200/ml was selected as a diagnostic
criterion of AIDS according to the 1993 revised CDC case
definition (296).

Systemic and Organ-Specific Manifestations
Infection with HIV produces a variety of clinical manifes-
tations affecting nearly every organ system. Improvement in
most of these manifestations, following the institution of
potent antiretroviral therapy, strongly implicates HIV rep-
lication or immune activation in their pathogenesis. Earlier
initiation of antiretroviral therapy, as a result of changing
treatment guidelines, has made these manifestations signif-
icantly less common in economically-advantaged countries,
although examples are still seen among persons presenting
with advanced disease and in resource-limited settings.

Dermatologic disorders, including pruritus and xerosis,
are frequent symptoms in patients with early infection; a
variety of noninfectious inflammatory conditions are com-
monly observed including seborrheic dermatitis, papular
pruritic eruption, and eosinophilic folliculitis (297).

Neurologic manifestations of HIV infection include dis-
orders of the central and peripheral nervous system, oppor-

tunistic infections, malignancies, vascular complications,
and myopathies. The most frequently recognized “primary”
neurologic manifestation of HIV infection is HAND, or the
AIDS dementia complex, which occurs in up to 27% of
patients with late-stage HIV disease (298). This syndrome
involves progressive cognitive, motor, and behavioral defi-
cits that usually begin in patients with moderately advanced
HIV disease (CD4+ cell counts below 200/ml). Computed
tomography or magnetic resonance imaging studies of the
brain usually show evidence for cortical atrophy, ventricular
enlargement, and diffuse white matter abnormalities. Rapid
clinical improvement in response to treatment argues for a
central role of HIV in the pathogenesis of AIDS dementia
(299).

Disorders of the peripheral nervous system can be clas-
sified as distal symmetric polyneuropathy, toxic neuropathy,
inflammatory demyelinating polyneuropathy, progressive
polyradiculopathy, and mononeuropathy multiplex (298).
Up to 35% of patients with HIV infection develop signs or
symptoms of distal symmetric polyneuropathy in later stages
of disease (300). Symptoms begin as burning pain and
numbness in the feet and may progress to the point that
ambulation becomes impossible. Subjective complaints of
distal polyneuropathy may precede objective findings on
neurologic examination by several months. In more advanced
cases there is diminished vibratory sensation and loss of ankle
reflexes. Inflammatory demyelinating polyneuropathy is char-
acterized by progressive weakness and areflexia resembling
that of Guillain-Barré syndrome. This form of neuropathy,
along with mononeuropathy multiplex, may occur during
primary HIV-1 infection and is thought to have an autoim-
mune basis (298).

Nonspecific interstitial pneumonitis and lymphocytic
interstitial pneumonitis (LIP) have been associated with
HIV infection, as has primary pulmonary hypertension. The
occurrence of LIP is most frequent in infants with mother-to-
child transmission of HIV (see below). Clinical signs and
symptoms of interstitial lung disease are similar to those in
HIV-uninfected patients. Histological features include lym-
phocytic or mononuclear cell infiltration and the absence of
known pulmonary pathogens (301).

Oral pathology attributable to HIV infection includes
xerostomia, recurrent aphthous stomatitis, and gingivitis.
Giant aphthous ulcers of the esophagus also occur but less
frequently than aphthous stomatitis. Diarrheal illness is
common in patients with advanced HIV disease and usually
can be attributed to infection with specific enteric patho-
gens, such as cryptosporidium, microsporidia, or M. avium
complex. Extensive HIV-1 infection occurs in gut-associated
lymphoid tissue, suggesting a direct contribution of HIV-1 to
intestinal dysfunction (302).

Endocrine dysfunction and metabolic disorders are well-
described as complications of advanced HIV infection, in-
cluding hypogonadism, loss of libido, and testicular atrophy.
It is uncertain whether the primary abnormality is at the
level of the hypothalamus or the testis. Fertility is decreased
and the rate of fetal loss increased among women with ad-
vanced stages of disease (303).

Wasting syndrome in HIV infection is defined as the un-
intentional loss of more than 10% of body weight. When
accompanied by constitutional symptoms for longer than 30
days, wasting, in the absence of opportunistic infection, or
malignancy is sufficient tomake a diagnosis ofAIDS (296). In
the developing world, the high prevalence of HIV-associated
wasting has given AIDS the appellation “slim disease.” In
developing countries, some degree of HIV-associated wasting
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occurs in nearly a third of otherwise asymptomatic patients
(in the absence of effective antiretroviral therapy) and in 60
to 90% of patients with AIDS (319). As in starvation and
cancer, death from wasting in AIDS occurs at 66% of ideal
body weight (304).

Anemia and neutropenia are the most frequent hema-
tologic disorders in HIV-infected individuals. Although a
large number of drugs used in the treatment of HIV infection
and its complications can cause bone marrow suppression,
HIV infection per se is clearly associated with anemia and
neutropenia, particularly in late-stage disease. In untreated
patients with AIDS, anemia has been noted in 4% and
neutropenia in 11% (305). The anemia is normochromic
and normocytic, and iron studies are suggestive of the
anemia of chronic disease. Although the hypergamma-
globulinemia associated with HIV infection may lead to a
positive Coombs’s test in 20% of patients, other evidence in
support of hemolysis as a cause of anemia in HIV infection is
rare (306). Similarly, antigranulocyte antibodies detected in
many HIV-infected patients do not appear to play a major
role in the development of HIV-associated neutropenia.
Progenitor cells for myeloid, erythroid, and megakaryocyte
lineages from HIV-infected individuals have a reduced ca-
pacity for growth in vitro. The mechanisms by which HIV
reduces the proliferative capacity of these progenitor cells are
poorly understood.

In contrast to anemia and neutropenia, thrombocytope-
nia in HIV infection is usually due to immune-mediated
destruction of platelets. Platelet-associated antibodies are
detected in the majority of patients with HIV-associated
thrombocytopenia, and examination of the bone marrow
reveals increased numbers of megakaryocytes, suggesting
peripheral destruction of platelets. The incidence and se-
verity of immune thrombocytopenia appears to increase with
diminishing CD4+ cell count. Some degree of thrombocy-
topenia is present in 5 to 10% of patients at earlier stages of
HIV disease and in up to 30% of patients with AIDS (306).

A variety of rheumatologic syndromes have been de-
scribed in HIV-infected individuals, including Reiter’s
syndrome, psoriatic arthritis, polymyositis, vasculitis, and
sicca syndrome (307). Inappropriate immune activation and
polyclonal B-cell activation leading to hypergamma-
globulinemia and autoantibody production are implicated in
the pathogenesis of these HIV-associated syndromes, but
precise pathogenetic mechanisms have not been defined.

HIV infection is also associated with a rapidly progressive
form of glomerulosclerosis (HIV-associated nephropathy)
leading to nephrotic-range proteinuria and renal insuffi-
ciency. The incidence of HIV-associated nephropathy is
highest among African Americans and injection-drug users.
Renal biopsy reveals collapsing focal segmental sclerosis of
involved glomeruli, as well as tubulointerstitial changes ac-
companied by an interstitial mononuclear cell infiltrate and
the presence of HIV-1 RNA in tubular epithelial cells and
glomerular podocytes (308). Effective antiretroviral therapy
has been associated with resolution of histologic changes.
Despite reductions in HIV-1 levels in the kidney, persistence
of viral RNA transcripts suggest that the kidney may serve as
a reservoir for HIV-1 infection.

Complications
1. Opportunistic infections. The incidence and severity of

opportunistic infections increases as cellular immunity
wanes during the course of HIV-1 infection. The widespread
use of potent antiretroviral therapy and chemoprophylaxis
has markedly reduced the incidence of opportunistic infec-

tions in HIV-infected patients in the developed world.
However, because of limited access or avoidance of care,
patients continue to present, late in the course of HIV dis-
ease, with active opportunistic infections.

The CD4+ cell count is the most useful marker for pre-
dicting the immediate risk of developing a particular op-
portunistic infection. Such complications are rare in patients
with CD4 counts above 500 cells/ml. As the CD4 count
drops below 500 cells/ml patients may begin to experience
oral candidiasis, pneumococcal infections, and a host of
cutaneous disorders including recurrent reactivation of her-
pes simplex virus, varicella zoster, dermatophyte infections,
pityariasis, and onychomycosis. The risk of more serious
opportunistic infections, such as Pneumocystis pneumonia,
Candida esophagitis, reactivation of latent histoplasmosis
and other systemic fungal infections, toxoplasma encepha-
litis, and cryptococcal meningitis, increases significantly
as the CD4 count falls below 200 cells/ml. At CD4+ cell
counts under 50/ml, patients are at increased risk for the
occurrence of disseminated infection with Mycobacterium
avium complex, reactivation of cytomegalovirus infection,
cryptosporidiosis, and progressive multifocal leukoence-
phalopathy (PML) due to John Cunningham (JC) virus
infection.

Infection with HIV-1 significantly increases the risk of
pulmonary and extrapulmonary tuberculosis. The HIV-1
pandemic has contributed to a 5- to 10-fold increase in the
incidence of tuberculosis in resource-poor countries, where
more than 80% of patients newly-diagnosed with tubercu-
losis are co-infected with HIV (309). In contrast to other
opportunistic infections, the risk of tuberculosis is increased
even in patients with well-preserved CD4 cell counts. A
study in South African gold miners found that the incidence
of tuberculosis doubled within the first year of HIV infection
(310). Numerous other opportunistic infections have been
catalogued in patients with advanced HIV disease, but are
beyond the scope of this chapter.

2. Oncologic complications. The oncologic manifestations
of HIV infection arise as opportunistic malignancies in the
setting of severe immune deficiency. NonHodgkin’s lym-
phoma (often associated with high-level EBV replication),
Kaposi’s sarcoma (associated with human herpesvirus 8 in-
fection) (311), and cervical cancer (due to oncogenic se-
rotypes of human papillomavirus [HPV] infection) are
recognized as AIDS-defining cancers when they occur in
HIV-infected patients. Anal carcinoma, although not for-
mally considered an AIDS-defining cancer, is also caused by
HPV infection. Other malignancies, including Hodgkin’s
disease, liver cancer, and stomach cancer also occur more
often among HIV-infected patients than in the general
population (312). By contrast, rates of common epithelial
malignancies, such as breast, prostate, and colorectal cancer,
are not increased.

3. Cardiovascular complications. HIV-1-infected patients
have increased risk of myocardial infarction, compared to
control populations matched for traditional cardiovascular
risk factors (313–316). More striking is the finding that
interrupting antiretroviral therapy significantly increases
the risk of cardiovascular events, independent of CD4 cell
count (317, 318). This increased risk is correlated with an
increase in plasma levels of soluble markers of inflammation
and coagulation like interleukin-6 (IL-6), high-specificity
C-reactive protein (hsCRP), and D-dimer (319–321). In
addition, adverse changes in surrogate markers associated
with cardiovascular risk, such as flow-mediated vasodilata-
tion, carotid intimal-media thickness, and coronary artery
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calcification, occur in patients with HIV-1 infection (26,
27). The extent to which these changes can be prevented or
reversed by antiretroviral therapy, anti-inflammatory drugs,
and/or statins is an active area of current research.

HIV-1 Infection in Children
In the absence of preventive antiretroviral therapy, 15 to
30% of children born to HIV-infected mothers acquire HIV
infection through mother-to-child transmission (322, 323).
The course of HIV-1 infection is accelerated in children
with vertically-acquired HIV-1 compared to HIV-infected
adults. Because of the lymphocytosis of infancy, the absolute
CD4+ lymphocyte count may not accurately reflect func-
tional immune status and must be adjusted for age. Without
potent antiretroviral therapy, approximately 20% of infected
infants develop AIDS in the first year of life, and 28% die
before five years of age (324). In the developed world, the
five-year survival rate for children who develop signs of HIV
infection within the first five months of life is 45%, as
compared to 74% for children with a later onset of disease
(325). In lower socioeconomic countries, two-year mortality
of HIV-infected children exceeds 50% (326). Lymphaden-
opathy, splenomegaly, and hepatomegaly are the most com-
mon signs of HIV infection in the first year of life. Growth
failure and developmental delay are manifestations of HIV
infection in children. Progressive encephalopathy is found in
approximately 15% of infected children (327). Another
unique manifestation is lymphoid interstitial pneumonitis,
which occurs in 30 to 40% of children with HIV infection
(327). Abnormalities in immunoglobulin synthesis predis-
pose to recurrent pyogenic infections with organisms that are
common causes of infection in young children, such as S.
pneumoniae, H. influenzae, Staphylococcus aureus, and Sal-
monella sp. The most frequently-encountered opportunistic
infections in children are Pneumocystis pneumonia, Candida
esophagitis, disseminated CMV infection, cryptosporidiosis,
and disseminated MAC infection (327).

Clinical Diagnosis
Before the discovery of HIV-1, AIDS was defined, in part, by
the occurrence of opportunistic infections suggestive of im-
munodeficiency in patients not receiving immunosuppressive
therapy and without a history of congenital immunodefi-
ciency. This definition remains useful in helping to identify
patients with advanced HIV-1 disease. Thus, the occurrence
of opportunistic infections, such as Pneumocystis pneumonia,
Candida esophagitis, cryptococcal meningitis, toxoplasmosis,
or chronic ulcerative herpes simplex, in the absence of a
known cause of immunodeficiency, should raise the possi-
bility of HIV-1 infection. Recurrent or disseminated zoster,
pneumococcal infection in a young adult, oral or recurrent
vulgovaginal candidiasis, disseminated papillomavirus in-
fection, persistent fever, night sweats, lymphadenopathy,
weight loss, and chronic diarrhea all may be evidence of
infection with HIV-1. Similarly, a diagnosis of HIV-1 in-
fection should be entertained in patients with unexplained
lymphopenia, anemia, or neutropenia, and in cases of idio-
pathic thrombocytopenia. In such cases, information should
be sought from the patient to determine if he or she is at risk
for HIV infection (e.g., men who have sex with men, current
or prior injection-drug use, female sexual partners of bisexual
men or injection-drug users, a history of unprotected sex
with a new or unknown partner, or a history of transfusion or
occupational exposure).

It is a difficult challenge to identify individuals during the
asymptomatic stages of infection. Early diagnosis is essential

in order to provide appropriate counseling and advice re-
garding modification of behaviors that may spread the virus
to other individuals and to institute antiretroviral therapy
prior to immune depletion. For this reason, the CDC rec-
ommends that HIV testing be performed as part of routine
medical care at least once in all persons aged 13 to 64 years
and annually in those at high risk of HIV infection (328).
Presence of another sexually transmitted disease, infection
with hepatitis B or C viruses, or active tuberculosis should
prompt testing for HIV-1 infection.

The clinical diagnosis of primary HIV infection is par-
ticularly challenging due to the relatively nonspecific nature
of the presenting signs and symptoms (Table 2), which may
be confused with other viral infections including adenovirus
or enterovirus infection, influenza, and CMV or EBV
mononucleosis. This difficulty is further confounded by the
observation that patients with acute HIV infection who seek
medical attention usually do so in a primary care or emer-
gency room setting, where clinicians may be less attuned to
the possibility of primary HIV infection. In one study, ap-
proximately 1% of heterophile-negative sera from patients
tested to exclude acute mononucleosis were found to be
have high titers of HIV-1 RNA but negative results on HIV
antibody testing, suggesting acute infection (329).

LABORATORY DIAGNOSIS
A diagnosis of infection with HIV can be made by virologic,
serologic, or nucleic acid tests. For the majority of patients
with clinical symptoms suggestive of HIV infection, and for
those at high risk for HIV infection, diagnosis is straight-
forward. The broad application of HIV diagnostic tests to
persons at little or no risk of acquiring HIV infection, how-
ever, requires an understanding of the performance charac-
teristics of these assays.

Virus Isolation
HIV-1 can be cultured from plasma or peripheral-blood
mononuclear cells (PBMC) of infected individuals. A pos-
itive culture provides direct evidence of HIV-1 infection, but
virus culture is rarely necessary to establish a diagnosis. The
overall sensitivity of PBMC culture is 95% or more in pa-
tients with CD4+ cell counts below 500/ml, but sensitivity is
lower in patients with higher CD4 counts. Virus isolation is
limited to research purposes.

Antigen Detection Assays
Circulating HIV-1 capsid (p24) antigen becomes detectable
by immunoassay approximately 15 to 20 days after infection
(Fig. 10). Detection of p24 antigen has been incorporated
into HIV-1/2 antigen/antibody combination immunoassays
to enhance detection of HIV-1 infection during acute in-
fection, prior to the development of HIV-specific antibodies
(see below). After seroconversion, p24 antigen is complexed
with p24 antibodies and becomes undetectable in the ma-
jority of infected individuals. For this reason p24 antigen
assays in isolation are not useful diagnostic tests in asymp-
tomatic individuals at risk for HIV-1 infection.

Nucleic Acid Detection

Qualitative Assays for Proviral HIV-1 DNA
Evidence for HIV-1 infection can be established by dem-
onstrating the presence of proviral DNA in PBMC. Assays
for detecting proviral DNA employ the polymerase chain
reaction (PCR) to amplify conserved sequences in the HIV-
1 gag or pol gene, coupled to a detection step based on
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hybridization of a labeled oligonucleotide probe specific for
the amplified gene sequences. With carefully standardized
procedures and rigorous quality assurance and quality con-
trol, experienced laboratories can achieve 100% sensitivity
and specificity.

Despite the excellent performance of these assays in
proficiency panels, the sensitivity of HIV-1 DNA PCR assays
in clinical practice is only 96 to 99%. As with virus culture
and p24 antigen detection, sensitivity is lower in individuals
with higher CD4+ cell counts due to the lower titer of cir-
culating infected PBMC. The greatest potential clinical
utility of HIV-1 DNA PCR assays is in the early diagnosis of
HIV-1 infection in neonates (see below). Clinical applica-
tions of these tests are relatively limited in adults, but oc-
casionally DNA PCR testing may be helpful in persons with
positive immunoassays but negative plasma HIV-1 RNA
tests, as in elite controllers.

Assays for Quantifying Plasma HIV-1 RNA
Quantitative assay of HIV-1 RNA levels in plasma is used to
monitor the course of disease and the response to antiretro-
viral therapy in patients already known to be HIV-1-infected.
Several assays based on different methodologies have been
approved by the FDA for clinical use.

Despite methodological differences, results of the
commercially-available quantitative HIV-1 RNA assays are
highly correlated (330, 331). The assays have a lower limit of
quantification of 20 to 75 copies/ml, depending on the assay.
The assay range can be extended by using larger volumes
of plasma and pelleting virion particles prior to RNA ex-
traction, but the precision with which plasma HIV-1 RNA
can be quantified diminishes substantially at titers below
200 copies/ml. Serial testing of clinically stable patients not
on antiretroviral therapy (or on a stable failing regimen) has
shown the relative stability of plasma HIV-1 RNA levels
over the short term (weeks to months), with a biological
variation of approximately 0.3 to 0.4 log10 copies/ml (332).
Thus, changes of greater than 0.5 to 0.7 log10 (3- to 5- fold)
are likely to reflect significant changes in HIV-1 replication.

Whereas earlier versions of these assays were specific for
HIV-1 belonging to Group M, newer real-time PCR assays
(COBAS AmpliPrep/COBAS TaqMan version 2, Roche
Diagnostics; RealTime HIV-1, Abbott Molecular; Aptima
HIV-1 Quant, Hologic) can also quantify HIV-1 Groups N,
O, and P; they do not detect HIV-2 (333–335).

Clinical Utility of Plasma HIV-1 RNA Monitoring
Numerous studies have demonstrated the correlation of
plasma HIV-1 RNA levels with stage of disease. Patients
with AIDS or symptomatic HIV infection have significantly
higher titers of plasma HIV-1 RNA than do those with
asymptomatic infection, although HIV-1 RNA level and
CD4+ cell count are weakly correlated. Individuals with
plasma HIV-1 RNA levels greater than 100,000 copies/ml
within six months of seroconversion are 10 times more likely
to progress to AIDS within five years than patients with
lower levels of plasma HIV-1 RNA (336). Although plasma
HIV-1 RNA levels are strong predictors of the risk of disease
progression, they are weak predictors of the rate of CD4
count decline (Table 3) (337). This seeming paradox may be
explained by the large variance observed in CD4 slopes and

FIGURE 10 Order of appearance of laboratory markers of HIV-1 infection (228).

TABLE 3 Association of plasma HIV-1 RNA level
with decline in CD4+ cell count and risk of AIDS and death

Plasma HIV-1RNA
level (bDNA assay)

Change in
CD4+ cell
count per

year
(cells/ml)

Progression
to AIDS
within
six years

Death
from
AIDS
within
six years

< 500 copies/ml - 36.3 5.4% 0.9%
501-3,000 copies/ml - 44/8 16.6% 6.3%
3,001-10,000 copies/ml - 55.2 31.7% 18.1%
10,001-30,000 copies/ml - 64.8 55.2% 34.9%
> 30,000 copies/ml - 76.5 80.0% 69.5%

Adapted from reference (210).
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the weak association between CD4 slope and risk of disease
progression (338).

In the absence of treatment, plasma HIV-1 RNA levels
may provide prognostic information in late stages of disease
(339) and in children with perinatally-acquired HIV-1 in-
fection (340). However, the CD4 count may be a better
predictor of disease progression than is plasma HIV-1 RNA
in patients with very low CD4 counts (below 50 cells/ml)
(341).

The dynamic response of plasma HIV-1 RNA to treat-
ment makes it possible to assess the effectiveness of antiviral
therapy within a matter of weeks. A decrease in plasma HIV-
1 RNA confers a significant reduction in risk of disease
progression, independent of baseline plasma HIV-1 RNA
level and CD4 count, and independent of the increase in
CD4 count due to treatment (342). A 0.3log10 (2-fold) re-
duction in plasma HIV-1 RNA levels confers a 30% re-
duction in the risk of progression to AIDS or death (343); a
1log10 (10-fold) reduction reduces the risk of disease pro-
gression by approximately two-thirds (344). Although initial
studies suggested that HIV-1 RNA was a more significant
predictor of response to antiretroviral therapy than the
change in CD4 count, subsequent studies make clear the
prognostic importance of improvement in both markers
(345, 346).

Sample Collection
Blood for plasma HIV-1 RNA testing should be collected
into tubes containing EDTA as an anticoagulant and the
plasma separated and stored frozen at -70° C until testing.
Studies show that HIV-1 RNA is stable for up to 48 hours at
room temperature in the presence of EDTA, but samples
ideally should be processed within six hours after collection.
Events leading to immune activation, such as vaccination or
acute infectious illness, can transiently raise the plasma HIV-
1 RNA level (218). Therefore, plasma HIV-1 RNA testing
should not be performed within four weeks of an intercur-
rent infection or immunization. Because of differences be-
tween assay formats and commercial laboratories, the same
laboratory should be used for serial tests on an individual pa-
tient.

Current treatment guidelines recommend obtaining
plasma HIV-1 RNA level as part of initial patient evalua-
tion. Virus load testing also should be performed immedi-
ately before and within two to eight weeks after initiating
treatment to assess the initial response to a regimen. A de-
cline in plasma HIV-1 RNA level of approximately 2.0 log10
is expected for treatment-naïve patients within eight weeks
of starting an initial antiretroviral regimen, and plasma virus
titers should fall to undetectable levels (below 50 copies/ml)
by 16 weeks. However, more than 24 weeks may be required
for plasma virus titers to fall below the limit of detection in
patients with high levels of viremia (above 100,000 copies/
ml). Declines of 1log10 or more within eight weeks should be
expected following a change in regimen due to treatment
failure. Subsequently, plasma HIV-1 RNA levels should be
repeated every three to four months to monitor the success
of antiretroviral therapy. The frequency of testing can be
reduced to once every six months in adherent patients with
consistently-suppressed plasma viremia (347).

Plasma HIV-1 RNA Assays for Diagnosing Primary
HIV-1 Infection
The earliest laboratory marker of HIV-1 infection is plasma
HIV-1 RNA, which becomes detectable in plasma approx-
imately 10 days after infection (348, 349). Quantitative

plasma HIV-1 RNA assays are frequently used for diagnosing
primary HIV-1 infection, although they are not approved for
this purpose. These assays are highly sensitive (100%), but
occasional false positive tests result in a specificity of only
97.4% (350). However, HIV-1 RNA levels are less than
3,000 copies/ml in nearly all false-positive assays, whereas
HIV-1 RNA levels exceed 10,000 copies/ml in the great
majority of patients with primary HIV-1 infection (351).
Thus, plasma HIV-1 RNA testing should be considered in
cases in which a history of recent exposure and symptoms
consistent with acute HIV-1 infection provide a high index
of suspicion. Qualitative HIV-1 RNA assays have been ap-
proved for HIV-1 diagnosis (Aptima HIV-1 RNA Qual-
itative Assay, Hologic Gen-Probe; Procleix Ultrio, Novartis
Diagnostics) and are recommended for use in this setting
(352).

Nucleic acid amplification tests also are used to screen
donated blood to exclude presence of HIV-1 (and hepatitis B
and C virus) infection. To maximize efficiency, samples from
many donors are pooled and individual samples tested only if
the pool tests positive (352). Four out of 12.6 million do-
nations, that were p24-antigen-negative and seronegative,
were found to be positive by nucleic acid amplification
testing (1/3,150,000) (353).

Immunoassays
In most cases, infection is diagnosed by demonstrating the
presence of antibodies specific for HIV-1 or HIV-2. Assays
have been developed for detection of HIV antibodies in
serum, whole blood, saliva, urine, and dried blood collected
on filter paper. The appearance of IgM antibodies to HIV
can be detected by 3rd and 4th generation HIV immuno-
assays approximately 25 days after infection (354, 355). The
older 1st and 2nd generation assays, which detect only IgG
antibodies, become reactive one to four weeks later (352).
The time to serologic detection of HIV after initial infection
can be reduced by seven days by the use of “4th generation”
diagnostic tests, which combine detection of HIV antibodies
and core (p24) antigen (Architect HIV Ab/Ab Combo,
Abbott Laboratories; GS HIV Combo Ag/Ab EIA, Bio-Rad
Laboratories) (356, 357). These assays have a sensitivity of
99.8 to 100% for HIV-1 and 100% for HIV-2 (358–360).

Serologic diagnosis is a two-stage process. Previously, sera
that gave a positive reaction by an initial antibody screening
assay (EIA, chemiluminometric, or rapid immunoassay)
were retested to exclude the possibility of clerical or labo-
ratory error, and repeatedly reactive sera were then tested by
a confirmatory assay, such as a Western blot or immunoflu-
orescence assay, to verify that reactive antibodies were di-
rected against HIV antigens. Newer guidelines based on the
availability of combination HIV-1/2 antibody/antigen de-
tection assays have streamlined testing algorithms (Fig. 11).
According to current guidelines, initial testing should be
performed with an antigen/antibody combination immu-
noassay capable of detecting antibodies to HIV-1 and HIV-2,
as well as HIV-1 p24 antigen (352). Such assays will detect
infection in persons with established HIV-1 or HIV-2 in-
fection, as well as with acute HIV-1 infection. Samples that
test positive in this initial step should then be tested by an
assay that can differentiate antibodies to HIV-1 from those
directed against HIV-2 (Multispot HIV-1/HIV-2 Rapid Test;
Bio-Rad Laboratories); samples that are nonreactive on the
initial immunoassay do not require further testing and can be
reported as negative (no evidence of HIV infection). De-
tection of antibodies specific for HIV-1 or HIV-2 is evidence
of established infection with HIV-1, HIV-2, or both,
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depending on the pattern of reactivity. Samples that yield
negative or indeterminate results in the HIV-1/HIV-2 anti-
body differentiation assays should be tested by an HIV-1
nucleic acid test (i.e., plasma HIV-1 RNA assay). A positive
HIV-1 RNA test, along with a negative or indeterminate test
for HIV-1- or HIV-2-specific antibodies, is evidence of acute
HIV-1 infection; a negative result indicates a false-positive
reaction on the initial combination immunoassay. (There
are currently no FDA-approved assays to diagnose acute
HIV-2 infection.)

In addition to the standard HIV immunoassay, rapid di-
agnostic tests based on red cell or particle agglutination, as
well as dot-blot assays, have been developed. The simplicity
and wide range of operating temperature for some of these
rapid tests make them particularly well-suited for point-of-
care testing. Field testing of a rapid test approved for de-
tection of HIV-1/-2 antibodies in whole blood, plasma, and
oral fluids (OraQuick Advance; OraSure Technologies)
found a sensitivity of 99.7% in whole blood and 99.1% in
oral fluid, with specificities of 99.9% and 99.6%, respectively
(361). However, the occurrence of 16 false positives in one
study resulted in a specificity of only 99.0%. For this reason,
a positive result by a rapid HIV antibody test should be
confirmed using the algorithm described above, beginning
with an antigen/antibody combination immunoassay.

Diagnosis of HIV-1 Infection in Neonates
and Infants
Placental transfer of HIV-1 IgG antibodies from infected
mothers to their fetuses poses special challenges to the early
diagnosis of HIV-1 in infants and neonates. All infants born
of HIV-1-infected mothers are initially HIV-1-seropositive
(322, 323). Titers of maternal IgG decay over 12 to 15
months. Persistence of HIV-1 antibodies beyond 15 months
is therefore considered diagnostic of infection in the infant.
Infection with HIV-1 can reasonably be excluded by two or
more negative HIV-1 serologies performed at least one
month apart in infants older than six months of age.

Early identification of infected infants is essential to
maximize the potential benefits of antiretroviral and pro-
phylactic therapies, while minimizing exposure of unin-
fected infants to the potential toxicities of these therapies.
Consequently, the diagnosis of HIV-1 infection in infants
depends on virologic assays (e.g., virus culture or DNA or
RNA PCR). Current guidelines recommend testing infants
born to HIV-infected mothers at age 48 hours, at age one to
two months, and at age three to six months. A positive test
suggests the possibility of HIV-1 infection, which should be

confirmed by a second test as soon as possible. DNA-PCR
testing is positive in approximately 40% of infected children
by age 48 hours and in 93% of infected children by age 14
days (362). Virus culture has similar sensitivity and speci-
ficity as DNA-PCR tests. Plasma HIV-1 RNA testing de-
tected infection in significantly more infected infants at
birth and at six weeks of age than did either HIV-1 culture or
DNA PCR (363). Serum p24 antigen assays are less sensitive
than other virologic assays for diagnosis of HIV-1 infection
in infants and have a high false-positive rate in infants
younger than one month of age (364).

HIV-1 Drug Resistance Testing
HIV-1 resistance to antiretroviral agents can be assessed by
genotypic and phenotypic assays (365, 366) (see also
Chapter 15). Advances in molecular diagnostic techniques
have made these tests routinely available to clinicians.
Genotypic assays determine the sequence of protease (PR),
reverse transcriptase (RT), or integrase (IN) coding regions
of the pol gene, whereas phenotypic assays determine sus-
ceptibility of a patient’s virus to specific drugs in an infected
cell culture system. The two kinds of assays provide com-
plementary information. Each approach has distinct ad-
vantages and disadvantages, and both types of assays share
certain limitations.

Resistance assays for HIV-1 depend upon initial ampli-
fication of the coding sequences of selected HIV genes
targeted by drugs from plasma viral RNA by reverse tran-
scription followed by PCR. For genotypic analysis, the am-
plicons are then subjected to automated DNA sequencing,
probed by hybridization-based assays, or tested by point-
mutation assay. Automated sequencing provides the most
comprehensive data regarding genotypic changes associated
with drug resistance. Phenotypic tests are performed by
generating recombinant viruses or pseudoviruses using se-
quences from patient samples together with a molecular
clone of HIV-1 deleted in the gene of interest. The resulting
recombinant viruses (or pseudoviruses) share a common
genetic backbone but express PR, RT, IN, or Env from the
patient’s virus. This approach eliminates many of the prob-
lems associated with older assays performed with primary
virus isolates in peripheral-blood mononuclear cells, which
had considerable interassay variation.

A limitation shared by currently available drug-resistance
assays is their relative insensitivity to the presence of mi-
nority species in the virus population. Resistant variants of
HIV-1 generally are not detected by most genotypic and
phenotypic assays until they constitute more than 20 to 30%
of the quasispecies. In addition, because of technical limi-
tations in the RT-PCR step required to amplify viral se-
quences from plasma HIV-1 RNA, specimens with HIV-1
RNA levels less than 500 copies/ml may fail to generate a
result.

Genotypic assays have the relative advantage of being
faster and easier to perform, resulting in quicker turnaround
times and lower cost than phenotypic assays. In addition,
sentinel mutations may be detectable by genotypic assay
before a shift in drug susceptibility becomes apparent. A
major limitation of genotypic assays is the difficulty in pre-
dicting the consequences of mutational interactions on
phenotype. Likewise, the extent of cross-resistance among
drugs within a class (e.g., protease inhibitors) can be difficult
to predict on the basis of genotype alone. The Stanford
University HIV Drug Resistance Database (http://hivdb.
stanford.edu/) offers useful guidance and a variety of tools
for the interpretation of genotypic resistance tests. The

FIGURE 11 Testing algorithm for HIV diagnosis (228).
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application of emerging “next-generation” sequencing
technologies may provide the capacity to generate HIV-1
genotypes with higher throughput and at lower cost. These
technologies may make detection of minority variants fea-
sible in clinically useful tests.

Phenotypic assays have the advantage of providing sus-
ceptibility data in a format that is familiar to most clinicians
(i.e., 50% inhibitory concentration [IC50] or fold-resistance),
as well as the capacity to determine drug susceptibility, even if
the genetic basis of resistance to a particular drug is uncer-
tain, and the net effect of different mutations on drug sus-
ceptibility and cross-resistance.

Strong correlations exist between genotype or phenotype
at the time of regimen switch and the subsequent virologic
response to salvage therapy. One meta-analysis showed that
the risk of virologic failure was reduced by 30 to 50% for
each drug in the salvage regimen to which the virus was
susceptible, as predicted by the resistance test employed
(367). In randomized trials (368) selection of a salvage
regimen with the assistance of resistance testing resulted in
significantly greater decreases of plasma HIV-1 RNA or a
greater proportion of patients achieving a plasma HIV-1
RNA level below the limit of detection, although follow-up
in most studies was brief.

Resistance testing is recommended to help guide the
choice of new regimens after treatment failure and in preg-
nant women (369). In addition, resistance testing should be
performed prior to initiating therapy in treatment-naïve
patients, particularly in areas with a high prevalence of drug
resistance in recently transmitted viruses. Testing is also
advisable in patients with primary HIV infection, but
treatment should not be delayed while awaiting results.
Because resistant variants can be replaced by wild-type virus
within weeks of discontinuing treatment, resistance testing is
most accurate when the sample is obtained while the patient
is still on the failing antiretroviral regimen. If high-level
resistance to a drug is detected, that drug is unlikely to be
useful in a treatment regimen. Failure to detect resistance to
a previously-used drug does not necessarily imply activity of
that drug, however, for reasons cited above. Because sample
mix-ups and PCR contamination can lead to reporting of
erroneous results, clinicians should not hesitate to repeat a
resistance test if the results are markedly discordant with the
treatment history or results of viral load and CD4 testing.

PREVENTION
General
The mechanisms and risks for transmission of HIVare clearly
defined. Virus in blood and genital secretions accounts for
practically all infections. By excluding blood donors at risk
for infection and by testing blood products for HIV, trans-
mission by this route can be virtually eliminated. Unless and
until an effective vaccine is available, the combined im-
plementation of the other prevention strategies that have
been proven to be effective remain the best opportunity to
reduce expansion of the pandemic (370).

The major causes of adult transmission of HIV, sexual
intercourse and injection-drug use, represent two extremely
strong biologic drives. Transmission can be significantly di-
minished, if not avoided, by monogamous sex with a known
uninfected partner, use of barrier contraceptives, and not
sharing drug paraphernalia. Many individuals have success-
fully modified their risk behaviors to prevent infection. For
example in the San Francisco homosexual men’s cohort,

HIV spread early and rapidly between 1978 and 1984. When
the mechanism of its transmission was recognized and be-
havior changed as a result, new infections in this cohort
diminished remarkably (371). Unfortunately, new genera-
tions of young men who have sex with men are often ig-
noring these stark lessons; this risk behavior also contributes
significantly to transmission in developing countries (372).
Educational programs regarding condom use have appeared
to have dampened rates of transmission in some locales.
Needle-exchange programs to reduce sharing of contami-
nated paraphernalia by intravenous drug users reduces HIV
transmission, but in many places in the United States, for-
mer Soviet Republics, and Southeast Asia, socioeconomic or
political considerations thwart implementation of this in-
tervention (373, 374). One persisting obstacle to any ef-
fective intervention, whether treatment or prevention, is the
substantial proportion of populations not yet identified as
infected or at risk (375, 376).

Preexposure Prophylaxis (PREP)
The administration of antiretroviral drugs to uninfected
individuals at risk of transmission to prevent acquisition of
HIV has rapidly progressed from an intense area of investi-
gation to an approved indication for the use of a fixed-dose
combination of daily oral tenofovir disoproxil fumarate and
emtricitabine (TDF/FTC). The efficacy of this combination
or TDF alone has been demonstrated in clinical trials with
MSM and transgender women (377), with serodiscordant
heterosexual couples and young heterosexual men and
women in Africa (378, 379), and with injecting drug users
(380). Efficacy was not shown in two clinical trials with
heterosexual women in Africa (381, 382). The prime de-
terminant of reduced efficacy in the successful trials and the
lack of efficacy in the unsuccessful trials appears to be poor
adherence. Animal models have supported both the obser-
vations about efficacy and the requirement for adequate drug
levels in blood and genital and rectal mucosal tissues. In-
jectable antiretroviral drugs with half-lives of weeks to
months, such as cabotegravir and long-acting rilpiverine,
confer prolonged protection in a macaque model and are
undergoing human trials (383).

Many healthcare providers and subjects at risk have been
reticent to implement PrEP more actively. Obstacles to up-
take include drug cost, the stigma of taking antiretroviral
drugs, discomfort with new approaches, poor appreciation by
either subjects or providers of the level of risk for infection,
and concern about encouraging risk compensation. Efforts to
document increased behavioral disinhibition with any pre-
vention strategy have not provided documentation for this
concern. Drug resistance can develop if PrEP is administered
shortly after transmission has occurred (377) or during pe-
riods of suboptimal drug levels resulting from poor adher-
ence. Such situations have occurred, but not commonly
(384). The search for additional drugs and the conduct of
additional clinical studies remain intense areas of investi-
gation.

One special type of PrEP is topical prevention for women
with vaginal preparations. In many cultural and social situ-
ations, women who have limited choice regarding sexual
encounters could utilize effective prophylaxis without the
need of a partner’s consent. The initial high priority in this
area was to develop a vaginal microbicide effective against
HIV (385). Ideally the microbicide would be active against
other sexually-transmitted infections as well, since they in-
crease transmission rates of HIV by producing mucosal ul-
ceration and local inflammation (175). Unfortunately the
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similarity between the retroviral envelope and the host cell
membrane provided a challenge to identify inactivating
agents with selective activity. In phase 3 trials, the topical
microbicides nonoxynol-9 and cellulose sulfate both in-
creased transmission of HIV, presumably by disrupting the
integrity of the natural mucosal barrier (386), while Carra-
guard fared no better than placebo. Consequently, the focus
shifted to the use of safe and effective antiretroviral drugs.
The self-administration of 1% tenofovir gel by South Afri-
can women conferred protection against HIV (and herpes
simplex virus), once again with the degree of success cor-
relating with the level of adherence (387). One clinical trial
with both an oral and a vaginal gel arm showed no efficacy,
attributable to poor adherence (382). Additional drugs and
formulations, including vaginal rings that slowly release
maraviroc or a nonnucleoside reverse transcriptase inhibitor,
davirapine, are being actively investigated. Similarly, for-
mulations for gels to be used intrarectally for prophylaxis are
being investigated. More thorough reviews of all aspects of
PrEP are available (386, 388–390).

Male Circumcision
Male circumcision has been shown in randomized controlled
trials to reduce the transmission of HIV, herpes simplex vi-
rus, human papillomavirus, and genital ulcer disease in men,
and to reduce human papillomavirus, genital ulcer disease,
bacterial vaginosis, and trichomoniasis in their female
partners (391). Randomized trials in uninfected men have
shown a 50 to 60% protective effect of circumcision against
heterosexually-acquired HIV (392–394). This intervention
is less effective than condom use but does not require ad-
herence with each sex act and presumably remains effective
for life. Thus, its cost-effectiveness has prompted many im-
plementation initiatives and has been supported by many
low- and middle-income countries (395). These studies have
consistently confirmed the benefits in heterosexual men
with substantial cost-effectiveness. The benefits in men who
have sex with men remain to be documented. The imple-
mentation efforts in Africa had provided circumcision to
over six million males by 2015 with increasing implemen-
tation in many countries.

Passive Immunoprophylaxis
With the identification of more potent and broadly-reactive
neutralizing monoclonal antibodies, initiatives to assess
these alone or in combination for prevention or treatment
are in progress (396). One critical challenge has been the
difficulty in eliciting potent broadly-neutralizing antibody by
natural infection or candidate immunogens. The adminis-
tration of monoclonal antibodies or polyclonal sera that
provide neutralizing activity against the challenge virus can
confer protection from infection in both murine and rhesus
macaque models (397, 398). The administration of neu-
tralizing monoclonal antibodies, alone or in combination,
suppressed viremia in rhesus macaques and delayed the re-
emergence of detectable viremia in humans after suppressive
antiretroviral therapy was withdrawn (399–401). The vi-
ruses that emerged were neutralization-escape variants to the
monoclonal antibody 2G12, indicating that the selective
pressure conferred by that antibody contributed to the de-
layed emergence of replicating virus. The development of
more promising antibodies (402) and insights into engi-
neering monoclonal antibodies with better effector func-
tions and longer half-lives (403, 404) have renewed the
energy being put into the development of promising bio-

logicals to administer to humans and into clinical trials to
apply these for prevention and treatment (405, 406).

Prophylaxis
Postexposure prophylaxis has proven effective for those ex-
posed either occupationally or during sexual activity (407).
Approximately one in 300 healthcare providers becomes
infected with HIVafter percutaneous exposure with a needle
used on a seropositive patient (178). With the inoculum size
in such transmissions probably representing close to one
human infectious dose, prompt administration of chemo-
prophylaxis may be beneficial. Because of the low rate of
transmission, controlled randomized trials are not feasible,
and decisions must be based on judgment, retrospective
studies, and animal models. A retrospective analysis of the
use of zidovudine for postexposure prophylaxis of healthcare
workers after percutaneous exposure to infected blood sug-
gested an 80% reduction in risk of seroconversion (408).
Prevention of needlestick transmission is best accomplished
by prevention of needlesticks. This requires care and at-
tention by healthcare workers during injection and phle-
botomy procedures, use of gloves, proper disposal of sharp
instruments, and the use of needles with guards and other
devices designed to minimize risk.

The issue of risk to patients from infected providers has
raised much controversy. The mechanism of transmission in
one outbreak associated with a Florida dentist remains un-
explained (409). Nevertheless, routine healthcare provided
by HIV-infected providers poses no measurable risk of
transmission, and effective antiretroviral treatment virtually
eliminates any risk.

Considerations similar to those for healthcare providers
apply to postexposure prophylaxis following sexual exposure
due to rape, broken condom, or other unprotected consen-
sual or nonconsensual sex (410). The decisions regarding
implementation and regimen significantly overlap with
those described for occupational exposure.

Extrapolation from other applications of chemoprophy-
laxis for infections would argue that the earlier the admin-
istration and the more potent the regimen, the greater the
likelihood that the prophylaxis will work. Because many
HIV-infected subjects have been infected with transmitted
drug-resistant virus or they have been treated with antire-
trovirals and thus may harbor drug-resistant virus, guidelines
recommend tenofovir disoproxil fumarate, either lam-
ivudine or emtricitabine, and a third agent (efavirenz, a
boosted protease inhibitor or an integrase inhibitor) (410).
Because of drug tolerability, lack of drug interactions, and
risks of drug resistance in the source subject, integrase in-
hibitors have become the preferred third component. The
recommended 28-day duration of prophylaxis is also based
on judgment and consensus rather than empirical data, al-
though studies in the macaque model indicated equivalent
benefit with shorter durations. Early initiation of prophy-
laxis, potent regimens, and adherence are almost certainly
more important than duration of prophylaxis.

Treatment as Prevention
The suppression of HIV in blood and genital secretions with
antiretroviral therapy is associated with the reduction, if not
the elimination, of the risk of transmissibility (411, 412).
The approach, termed treatment-as-prevention, has been
well documented in studies of heterosexual transmission
among serodiscordant couples (411, 413) but likely applies to
others at risk of transmitting, including MSM and injection-
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drug users. On an epidemiologic basis, reductions in HIV-1
incidence correlate with relative saturation density of cover-
age of antiretroviral therapy (414–416). Certainly the rec-
ommendations to benefit individuals with universal treatment
in resource-rich countries (347) and expanded treatment in
low- and middle-income countries (417) is compatible with
the public health benefits of diminishing HIV incidence with
extensive treatment of populations. The challenge remains
that both the individual and public health benefits of ex-
panded treatment have been constrained by insufficient
screening, access to care, and resources for healthcare and
drugs.

Mother-to-Child Transmission
Maternal-fetal transmission represents a unique opportunity
for prevention because risks can be readily ascertained with
reasonable lead times and effective interventions have been
identified. By 2013, 3.2 million children were living with
HIV infection with over 650 children newly infected daily,
one-half of whom would die by their second birthday
without treatment (418). These numbers reflect diminishing
numbers of new infections because of prevention of mother
to child transmission but increasing numbers of children
living with HIV because of the survival benefits of antire-
troviral treatment. Maternal-fetal transmission occurs ante-
partum by transplacental transmission, during delivery, and
via breastfeeding (419). Thirteen to 40 percent of untreated
HIV-infected pregnant women transmit infection to their
newborn infants (419). Perinatal administration of zidovu-
dine alone to treatment-naïve pregnant women with more
than 200 CD4 cells/ml blood and to their newborns reduced
transmission from 25.5% to 8.3% (157). With these peri-
natal interventions, the protection is primarily conferred as
postexposure prophylaxis in the newborn (420). Im-
plementation of strategies to prevent maternal-fetal trans-
mission in low- and middle-income countries began with the
very low-cost single-dose nevirapine, which led to high
levels of resistance in both mother and child. This led to
increasingly more effective combination perinatal regimens
(421). The current strategy is to offer combination antire-
troviral treatment to the pregnant mother at diagnosis of
infection, regardless of CD4 cell count or clinical stage, and
to maintain treatment for life. This last strategy, called op-
tion B+, is the WHO recommended approach (422), having
the advantage of both providing the most effective (and
cost-effective) (423) approach to preventing transmission to
the newborn and maintaining the health of the mother.
Treating the mother permits breastfeeding with greatly-
diminished risk and results in survival and quality of life
benefits for the mother and for both her infected and un-
infected children. Challenges remain including the testing
of mothers with unknown HIV status, adherence, and re-
tention in care (421, 424). The expensive but potentially
effective approach of prophylaxis with passively adminis-
tered monoclonal neutralizing antibodies as discussed above
has entered clinical trials (425).

Vaccines
The prevention strategies described above can each reduce
transmission; however, a relatively cost-effective interven-
tion with the promise to have a major impact on incidence
almost certainly requires a vaccine. The challenges are
substantial, however (Table 4). Ideally an HIV vaccine
would induce a sustained high level of broadly cross-reactive
neutralizing antibodies, which is the primary correlate of
protection of most effective viral vaccines (426). It is quite

possible that other nonneutralizing activities of envelope-
specific antibody (e.g., antibody-mediated cellular cytotox-
icity) or CD8 CTL responses would contribute to vaccine
efficacy (426–428). However, more than two decades of
efforts to design an effective vaccine have only confirmed
that approaches that have worked for so many effective
vaccines are insufficient to address HIV.

Studies in macaques have indicated the protective value of
passively-administered neutralizing antibody (398). However,
naturally-occurring neutralizing antibody responses to infec-
tion are of low titer and of restricted cross-reactivity in hu-
mans, and most antibodies to the HIV envelope exhibit poor
neutralizing activity. Neutralizing antibody develops within
two to three months after infection; however, this antibody
is strain-specific, and more broadly-reactive neutralizing-
antibody responses develop only over years and only in a
subset of individuals (28). Neutralizing-antibody responses
to candidate vaccines have been weak and restricted to
laboratory-adapted strains rather than primary isolates
(397). Modified envelope-protein preparations have not yet
been designed that elicit neutralizing antibody to heter-
ologous strains. Thus, although neutralizing antibody com-
prises the basis of most protective viral vaccines (426), new
basic insights will be needed to elicit protective humoral
responses to HIV infection.

Extensive efforts have been employed to induce HIV-
specific CTL. Historically this has been done using live,
attenuated virus to express viral antigen in the context of
autologous HLA-restricted presentation of epitopes. The use
of live, attenuated HIV has been complicated by concerns
over the balance between immunogenicity and attenuation
(429), which may be unpredictable and highly variable in
humans with their heterogeneous genetics, ages, health, and
nutrition. Efforts to induce CTL have thus focused on the
expression of HIV antigens either with “naked” DNA or
with viral or bacterial vectors. Virtually every available
vector has been studied as a candidate, but the most ex-
tensive studies with primate and human trials have utilized

TABLE 4 Obstacles to an effective vaccine for HIV
1. The immune responses conferring protection and mediating

viral clearance and the viral antigens that elicit these
responses are not defined.

2. HIV displays great antigenic diversity among individuals.
3. HIV mutates readily to generate escape mutants and genetic

diversity within individuals.
4. TheHIVenvelope glycoprotein is heavily glycosylated, which

shields many potential epitopes.
5. Mucosal immunity may be needed.
6. Enhancing or blocking antibodies may exist.
7. The viral genome integrates into the host cell chromosome.
8. The major target organ of HIV is the immune system.
9. No inexpensive, simple animal models exist.
10. Most effective viral vaccine vectors are subject to pre-existing

antivector immunity and elicit immunity that compromises
re-use.

11. High-titer, broadly-reactive neutralizing antibody responses do
not occur within a year in any subject or over many years in
most subjects with natural infection. Such antibodies require
extensive affinity maturation.

12. No immunogen has been designed that elicits neutralizing
antibody that is not strain-specific or that has a high titer.
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poxviruses (vaccinia and avian) and adenoviruses. The lit-
erature in rhesus macaque models is replete with negative or
borderline levels of protection. Substantial CTL responses
after DNA priming with adenovirus or poxvirus boosting or
after sequential vector immunizations have resulted in re-
ductions in HIV RNA “set point” and rates of progression in
rhesus macaque models of SIV or SHIV infection; however,
the effect is limited in magnitude and duration and is usually
overcome by viral immune-escape mutations (430, 431).
Investigation of approaches to elicit effective cell-mediated
immune responses are focusing on the design of viral vectors
that are effective and resistant to pre-existing immunity in
the population, as well as the design of expression construct
that will elicit effective responses to protective epitopes.
Since no T-cell-based vaccine has been shown to confer
protection in humans, evidence is needed to show whether
this approach can replace or enhance an antibody-based
approach. One innovative strategy that appears to have a
qualitatively superior level of protection in the rhesus ma-
caque model is a vaccine construct in an attenuated CMV
vector, which has been shown to elicit a range of T-cell
responses not characteristic of the usual class I HLA cell-
mediated immune responses (432).

Dozens of candidate HIV vaccines comprised of protein
constructs and gene constructs delivered by naked DNA or
an array of microbial vectors have been tested in phase I and
II clinical trials (433). In general both neutralizing antibody
and cell-mediated immune responses have been lower and
more restricted in breadth than natural infection, which in
itself is poorly protective against superinfection (434, 435).
Larger randomized placebo-controlled trials have also pro-
vided limited encouragement. Gp120 glycoprotein vaccines
elicited some neutralizing antibody against the vaccine
strain, but did not elicit a broad response and conferred no
protection compared to placebo (436–438). Three trials of
vaccines based on adenovirus-5 vectors showed no efficacy
(439–441) with the Step trial suggesting an increased risk of
transmission in uncircumcised men with high-baseline an-
tibody levels to adenovirus 5 (439). The large RV 144 trial
used a canarypox vector expressing a CRF01_AE env as a
priming immunization, followed by a boost with bivalent B
and E monovalent gp120 glycoproteins in alum adjuvant,
and conferred a 31% rate of protection with up to 42 months
of follow-up (442). The components of the vaccine that
most contributed to this activity, to the durability of efficacy,
and to the mechanism of this low level of protection remain
important issues for future vaccine development. Analyses to
find correlates of this low level of protection have suggested
that antibody responses to V1/V2, IgG3 responses, and Fc
function, possibly related to antibody-mediated cellular cy-
totoxicity, may have been related to protection (443). Var-
iants of this approach have been designed for studies to
attempt to confirm efficacy in other populations at risk for
different subtypes of HIV-1.

The development of innovative approaches to the design
of an effective HIV vaccine remains a high priority for a
highly-effective prevention strategy. The identification of a
series of neutralizing monoclonal antibodies that are much
more potent and broadly reactive than previously recog-
nized, as described above, has prompted investigations into
the process immunoglobulin maturation in B cells from germ
line to protective immunoglobulin responses (444). Anti-
bodies are also being studied for efficacy mediated by ac-
tivities conferred by nonneutralizing responses and via
functions of the Fc portion of the molecule (404, 445). Ef-
forts have intensified to design immunogens that can elicit

more than a strain-specific antibody response. A more in-
novative approach is to deliver antibodies or related con-
structs intramuscularly in an adeno-associated viral vector
that can generate high levels of broadly neutralizing anti-
body constructs for years (446, 447).

TREATMENT
The improvement in AIDS mortality statistics reflects the
introduction of combination antiretroviral treatment regi-
mens first in Western Europe and the Americas and later in
low- and middle-income countries (Fig. 12) (448–450).
Opportunistic disease has been reversed and prevented.
Healthcare costs have diminished. Many ill and disabled
patients have returned to normal and functional life styles.
This dramatic impact does come with costs—the expense,
inconvenience, and toxicity of antiretroviral therapy. These
costs and the benefits of treatment initially created a tension
in the decision-making process regarding when to initiate

FIGURE 12 a) Estimated incidence of AIDS and deaths of
adults/adolescents with AIDS in the United States during the pe-
riod 1985–2005. Number of deaths is adjusted for reporting delays.
b) Estimated proportion of persons surviving with AIDS in the US
by year of diagnosis. (Both figures adapted from the CDC; http://
www.cdc.gov/hiv/.) With new infections continuing unabated and
with survival increasing as a result of improving treatment, one
consequence is the progressive accumulation of persons living with
HIV infection.
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therapy. With the development of drugs that can be taken
for decades with low toxicity, as well as fixed-dose combi-
nations that require only one pill daily, the treatment
guidelines have expanded to recommend treatment for all
HIV-infected individuals in resource-rich countries (347,
451) and all individuals in low- and middle-income coun-
tries with CD4 cell counts below 500 cells or who are
pregnant or have active tuberculosis, chronic hepatitis B, or
a serodiscordant partner (417). Earlier initiation of treat-
ment prevents complications and death, preserves immune
function, reduces the size of the latent HIV reservoir, and
prevents transmission.

Because of the rapid advances in treatment, for specifics
regarding the use of antiretroviral drugs and the manage-
ment of HIV infection, the reader is advised to refer to the
updated versions of the guidelines referenced previously.
This chapter, rather than provide a manual for chemother-
apy, will summarize the principles and challenges of the
treatment of HIV infection. The antiretroviral drugs, in-
cluding their mechanisms of action, pharmacology, and
toxicities are summarized in Chapter 11.

Virologic and Immunologic Principles Underlying
Antiretroviral Chemotherapy
The primary goal in the management of antiviral therapy for
the HIV-infected patient is to achieve prolonged suppression
of viral replication. While a small subset of individuals, for
reasons attributable to the genetic composition of the virus
or immunologic responses, may survive years to decades
without an increase in viral burden (452, 453), HIV infec-
tion in most individuals leads to increasing levels of HIV,
decline in CD4 cells, and death.

As discussed in the Pathogenesis section, the turnover of
virus particles in the body is tremendous, clearance of virus
from the plasma is rapid (minutes to hours), and the clear-
ance rate constant varies little among individuals and dif-
ferent stages of disease. The steady-state levels of HIV RNA
in the blood are thus determined by the rate of virus pro-
duction. These rates of production are a function of the
number of infected lymphocytes in the lymphoid tissue (454,
455). The rate of decline of CD4 lymphocytes is thus di-
rectly related to the steady-state level of plasma HIV RNA.
The higher the RNA levels, the faster the loss of CD4 cells,
and the shorter the duration of HIV infection before death
(210). Since the CD4 count determines the risk of disease
and death, and the level of HIV RNA determines the rate of
CD4 cell decline, these values are routinely used clinically to
assess clinical status and response to chemotherapy.

When potent combination therapy is effectively admin-
istered, levels of HIV RNA in plasma and infected cells in
lymphoid tissue rapidly decrease (Fig. 9 and Fig. 13a). Failure
to reduce plasma HIV RNA levels to below the limits of
detection of 20 to 50 copies/ml with the currently-available
assays indicates inadequate suppression and a risk for the
outgrowth of resistant virus. In patients sustaining suppres-
sion below this level (Fig. 13b), many will sustain steady-
state levels of 1 to 40 copies HIV RNA/ml, which is not
associated with clinical progression or with viral evolution
(241). The relative contributions of smoldering replication,
release of virions from activated latently-infected cells, and
persistently-infected long-lived cells have not been well
delineated.

Compartments and Reservoirs
The treatment of HIV is complicated by the existence of
tissue compartments and cellular reservoirs. Although there

is trafficking between the blood and CNS, much virus in the
CNS evolves independently (286,456–458). Similar obser-
vations have been made with virus in semen (459–461).
Drug penetration into these compartments differs from the
circulation and lymphoid tissue and varies with each drug.
Latently-infected CD4 lymphocytes represent a small frac-
tion of infected cells during active infection, but like im-
munological memory, persist for life (229). Such cells
survive, archiving virus that can be drug-resistant, and re-
emerge and propagate after the withdrawal of chemotherapy.

Immunological Restoration with Antiretroviral
Therapy
The immunologic consequences of suppressing virus repli-
cation are dramatic (Fig. 13c). The increase in CD4 lym-
phocyte numbers has two phases. In the first month or two
the increase is often large (20 to 100 cells per mL blood)
(462–465). The magnitude is proportional to the steady-
state HIV RNA levels, which drive the level of generalized
activation of the immune system. The normal distribution of

FIGURE 13 Three-year treatment with indinavir, zidovudine,
and lamivudine. a. Median changes in serum HIV RNA level
(Amplicor assay with quantification limit of 500 copies per milli-
liter) from baseline. b. Proportions of patients with serum HIV
RNA levels less than 50 copies per milliliter (ultradirect assay).
c. Median changes in CD4 cell count from baseline. The number for
contributing patients in each trial and at each time point was be-
tween 30 and 33. Details regarding the study and analyses are
published (464). Adapted from reference (484) with permission.
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lymphocytes is 2% in the circulation and 98% in the lym-
phoid tissues. With the immune activation of HIV infection,
the distribution shifts to 1% and 99% (454, 466). Therapy
largely corrects this shift and results in redistribution of
mostly CD45RO+ memory T cells from the lymphoid tissue
back to the circulation (465, 466). Production of new cells,
mostly of the CD45RA-naive phenotype, is generated both
by bone marrow and by restored thymic mass and function in
younger individuals (247, 467).

It is the restoration of immune function that has trans-
formed the natural history of AIDS. Both CD4 and CD8 T-
cell responses to recall antigens are regenerated (462, 468).
Persistent opportunistic infections are often resolved. Oc-
casionally subclinical chronic infections, with mycobacterial
or cytomegalovirus infections, for example, are manifested
when a restored immune response produces a local inflam-
matory reaction, termed the Immune Reconstitution In-
flammatory Syndrome (IRIS) (469, 470). Patient care has
been transformed with the ability to withdraw prophylactic
or suppressive chemotherapy for pneumocystis, toxoplasma,
cytomegalovirus, Mycobacterium avium complex, Leishma-
nia, cryptococcus, and candidal infections, which had pre-
viously been lifelong commitments.

Drug Resistance in Antiretroviral Chemotherapy
Antiretroviral drugs select for the emergence of drug-resistant
viral variants. These mutations, and their impact on pheno-
type and treatment, have been well-described (366, 369,
471), but it is important to note that the speed, magnitude,
and clinical impact of the emergence of resistance differ
among antiretrovirals. The likelihood that resistant mutants
will emerge is a function of at least four factors: (1) the viral
mutation frequency, (2) the intrinsic mutability of the viral
target site with respect to a specific antiviral, (3) the selective
pressure of the antiviral drug, and (4) the magnitude and rate
of virus replication.

For single-stranded RNA viruses, whose genomic replica-
tion lacks a proofreading mechanism, the mutation frequen-
cies are approximately 10–5 per nucleotide per replication
cycle or approximately 1 mutation for every progeny genome
(472, 473). Some mutations at a single nucleotide will result
in greater than 100-fold reductions in susceptibility, for ex-
ample, to lamivudine or nonnucleoside reverse-transcriptase
inhibitors (366). For many nucleosides and protease inhibi-
tors, high-level resistance requires the cumulative acquisition
of multiple mutations.

With regard to the selective pressure of the antiviral drug,
one definition of an antiviral drug is a compound that
confers sufficient selective pressure on virus replication to
select for drug-resistant mutants. With increasing drug ex-
posure, the selective pressure on the replicating virus pop-
ulation increases to promote the more rapid emergence of
drug-resistant mutants. For example, higher doses of zido-
vudine or of ritonavir monotherapy tend to select for drug-
resistant virus more readily than do lower doses (474, 475).

With current drug treatment, this relationship is most
apparent when patients with suboptimal adherence develop
resistance more readily than those with very poor adherence.
Increasing selective pressure for resistant mutants increases
the likelihood that such mutants will arise as long as sig-
nificant levels of virus replication persist (Fig. 14). As an-
tiviral drug activity increases still more, the amount of virus
replication diminishes to the point where the likelihood of
emergence of resistance begins to diminish, and becomes nil
when virus replication is completely inhibited. No evolution
of an HIV nucleotide sequence can be discerned for over a

decade of fully-suppressive antiretroviral therapy. Thus the
ultimate goal of chemotherapy for HIV is to identify drug
regimens that completely inhibit virus replication.

The magnitude and rate of replication of the virus pop-
ulation have major consequences on the likelihood of
emergence of resistant mutants. Approximately 10 billion
(1010) HIV-1 virions are generated daily (106), and ap-
proximately one mutation is generated for each new genome
of 9200 nucleotides (473). Thus, genomes with each possi-
ble mutation, as well as many with double mutations, should
be generated daily. Incompletely-suppressed viral replica-
tion, with drug regimens sufficient to exert selective pres-
sure, drive the evolution and fixation of drug-resistant virus
at a rate Darwin himself never imagined. Moreover, drug-
resistant virus is readily archived in latently-infected cells to
confound treatment modifications for the remainder of the
patient’s life (227, 228).

Impact of Resistance on Treatment
As resistance mutations accumulate, drug susceptibility di-
minishes, progressively reducing the potency of components
of combination antiretroviral regimens. Continued replica-
tion in the presence of drug selects for even greater levels of
resistance to each administered drug and progressive cross-
resistance to drugs of the same class. Thus, impotent regi-
mens, suboptimal adherence, pharmacologic hurdles, and
ineffectively-treated compartments permit the emergence of
resistant virus. Its emergence drives a vicious cycle of
treatment failure and yet more difficult treatment chal-
lenges. Regimens for patients failing treatment with resistant
virus are constrained by more limited options but must still
contend with the same obstacles of adherence, pharmacol-
ogy, and tolerability that challenged the first regimen.

Resistant virus in genital secretions, blood, or milk can be
transmitted during sexual activity, needle-sharing, child-
birth, or nursing (294). With the more widespread use of
nucleoside-only regimens and then early three-drug combi-
nation regimens in the 1990s, the rates of transmission of
drug-resistant virus increased dramatically, with up to 20% of
primary infections due to drug-resistant virus, many of which
exhibited resistance to multiple classes of drugs (294, 476).
Patients with such resistance are more likely to fail their
first treatment regimen. With more effective and tolerable

FIGURE 14 Hypothetical impact of antiviral drug activity upon
the probability of the emergence of drug resistance. From reference
(485) with permission.
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regimens requiring one or a few pills, the rates of both ac-
quired- and transmitted-resistance have plateaued or even
diminished in resource-rich countries. In low- and middle-
income countries, where the first decade of the rollout
of antiretroviral drugs included thymidine analogues, the
increasing rates of acquired- and transmitted-resistance
recapitulated the earlier experience in more developed
countries (477).

Resistance Testing to Manage Patients
The accumulation of drug resistance due to treatment failure
and transmission raises challenges to the effective treatment
of individuals and to public health. As discussed above, the
use of drug-resistance testing has been incorporated into
standard HIV care (365, 366, 471). Drug-resistance assays
can help determine which drugs will not work, thereby di-
minishing cost, toxicity, and inconvenience, and which
drugs are most likely to be effective.

Antiretroviral Drugs
As of 2015, 30 antiretroviral drugs had been approved for use
in the United States, and several more were in various stages
of clinical development (Chapter 11). Although any func-
tion in a genetically-efficient organism is a candidate for an
inhibitory drug, the currently-approved drugs are directed
against reverse transcriptase, protease, integrase, and viral
entry, with the reverse transcriptase inhibitors being classi-
fied as nucleosides or nonnucleosides.

The use of these drugs in the management of HIV-infected
patients has developed into a remarkably complex specialty.
These drugs must be used in various combinations of three or
more drugs for optimal efficacy. Each drug has a complicated
pharmacology that often interacts with other components of
the regimen or with nonantiretroviral drugs. Treatment suc-
cess is related to rigorous adherence. Initial regimens have
become increasingly effective, tolerable, and convenient, with
many regimens taken once daily. Regimens for treatment
failure become increasingly complex and are attended by
higher rates of undesirable side effects.

THE CHALLENGE OF CURING HIV
The latent HIV reservoir, which persists despite decades of
effective antiretroviral therapy, represents an obstacle to
cure. Antiretroviral therapy must be life-long, and with-
drawal results in the resumption of high levels of virus rep-
lication within weeks. The “Berlin patient” underwent
hematopoietic stem-cell transplantation with cells from a
donor homozygous for the delta 32 deletion mutant of
CCR5 (478). He has had no evidence of detectable virus or
recrudescence of ongoing infection for more than seven
years after discontinuing antiretroviral therapy; however, the
relative contributions to this apparent cure of resistant donor
cells, intensive chemotherapy for leukemia, and a vigorous
graft versus host reaction cannot be dissected with a single
anecdote.

The eradication of the latent HIV reservoir to achieve a
cure has become an active area of investigation. Achieving a
cure could relieve treatment fatigue, reduce drug costs, re-
duce drug toxicity, reduce drug resistance, reduce transmis-
sion, and reduce morbidity and mortality associated with
viral persistence and immune activation (e.g., malignancies,
cardiovascular disease, CNS impairment). The hurdles to
success in achieving a cure include both the biology of la-
tency and the current limitations in both knowledge and
technology. The biological hurdles are several. One in a

million or so CD4 Tcells is latently-infected with replication-
competent virus so the target is a very rare event in a sample.
Two, the majority of the latent reservoir is in extra-circulatory
tissues, which are difficult to access. Three, the mechanisms
for establishment and maintenance of latency are cellular
functions, which means that drug interventions will need to
target host, rather than viral, targets, thus imposing greater
risk of toxicity. Four, enhancing immune function to assist in
clearing these latently-infected cells must address the fact that
the immune system has often selected for escape mutants-to-
host responses (278).

Similarly, the limitations in our knowledge and tech-
nology are several. One, do cells other than CD4 T lym-
phocytes, such as macrophages and microglial cells,
represent a latent reservoir? Two, are there pharmacologic
sanctuaries for latency like the central nervous system?
Three, what are the mechanisms for the establishment and
maintenance of latency that provide targets for candidate
drug interventions? Four, will enhancement of the immune
system with a therapeutic vaccine of monoclonal antibodies
contribute to clearance of the latent reservoir? Five, can
practical gene therapy approaches contribute to curative
strategies? Six, how do we measure the latent reservoir and
reductions in it by candidate interventions when latency
occurs infrequently in cells and at most 1 to 2% of the
reservoir exists in the blood?
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Colorado Tick Fever and Other Arthropod
Borne Reoviridae
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Among arthropod-borne viral infections, Colorado tick fe-
ver is second in incidence in North America only to West
Nile fever (1). As with other viruses, evidence of infection
by arthropod-borne reoviruses, including many newly iden-
tified viruses, as the cause of both human and veterinary
disease continues to accumulate. This likely reflects ad-
vances in detection and diagnostic methods and perhaps also
evolving demographic conditions that facilitate contact
between human populations and the insect vectors that
transmit these viral infections. The clinical importance
of reoviruses will doubtless continue to change in the wake
of the emergence of other arthropod borne infections such as
Zika and dengue viruses.

COLORADO TICK FEVER
The earliest accounts of what was most likely Colorado tick
fever emerged in the 19th century from settlers and moun-
taineers in the Rocky Mountains of North America who
termed it, along with other febrile illnesses, “mountain fever”
(2). By the time the rickettsial disease Rocky Mountain
spotted fever (RMSF) was identified as a distinct entity in
the first decade of the 20th century, cases of RMSF without
rash were also being described, and some of these cases were
likely Colorado tick fever (2–7). In 1930, Becker described
the clinical manifestations and gave them the name Colo-
rado tick fever (8). The clinical features and epidemiology
were further characterized by Topping in 1940 (9). In 1944,
Florio and colleagues reported the experimental transmission
of the disease to animals and adult volunteers, thus estab-
lishing the presumptive viral etiology (10).

The development of viral cultures in chicken embryos
and mice by Koprowski and Cox in the 1940s (11) and
subsequent refinements in viral isolation and molecular bi-
ology permitted further characterization of Colorado tick
fever virus (CTFV). Much is now known about its ecolog-
ical niche and replication cycle in vertebrate and inverte-
brate hosts as well as the epidemiology, pathogenesis, and
clinical course of infection in humans (5,12–17). A growing
body of genetic sequence information has helped to delin-
eate the relationship between CTFV and related viruses
(18–24).

VIROLOGY

Classification
Three genera of arthropod-transmitted viral agents of med-
ical importance are recognized within the family Reoviridae:
Coltivirus, Orbivirus and Seadornavirus (South East Asian
Dodeca RNA virus). The former is further classified within
the subfamily Spinareovirinae (spiked or turreted; spina, Latin
for spiked) while the latter two are classified with the Se-
doreovirinae (non-spiked; sedo, Latin for smooth), although
there is overlap in the morphological appearance of these
genera by electron microscopy (EM) (25). Recognition of
the fundamental difference in their genome structure (10
double-stranded RNA [dsRNA] segments in orbiviruses
versus 12 dsRNA segments in coltiviruses and seadornavi-
ruses) and other genetic attributes are responsible for the
current classification (25–28). Species designations of
members of each genus have been based on analysis of
electropherotypes, RNA cross-hybridization assays, RNA
sequence analysis, serologic reactivity, and the ability to
reassort and produce viable progeny in co-infection experi-
ments (25, 29). Phylogenetic analyses now provide a more
precise picture of the relationships between different viral
species (30) (Fig. 1).

CTFV is the type species of the genus Coltivirus (after
Colorado tick fever). A number of other coltiviruses have
been isolated and partially characterized and identified
to species level. Eyach virus (EYAV) has been isolated from
Ixodes ricinus and Ixodes ventalloi ticks in central Europe
(31, 32). In a serologic survey of patients with meningoen-
cephalitis and polyradiculitis in the former Czechoslovakia,
10% and 20%, respectively, had demonstrable antibody to
EYAV, but a definite causal relationship remains to be proven
(33). A coltivirus isolated from Lepus californicus hares in an
area of northern California (outside the territory of Derma-
centor andersoni) has been designated CTFV-Ca (formerly S6-
14-03 virus) (23, 28, 34). Although this isolate has not been
proven to cause human disease, it has been postulated to be
responsible for Colorado tick fever-like human infection
in California (35). A coltivirus dubbed Salmon River tick
fever virus was isolated from a patient in Idaho with an illness
similar to Colorado tick fever (35, 36). Whether this repre-
sents an antigenic variant of CTFVor a unique virus remains
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to be determined. CTFV and EYAV have been fully se-
quenced. Nucleotide sequence homologies among CTFVs
range from 90% to 100% for conserved segments such as
genome segment 12, while homologies between CTFV and
EYAV isolates range from 53% to 58% in this segment. These
viruses constitute the Coltivirus genus (18–20, 23).

Previously grouped within the genus Coltivirus, the Sea-
dornavirus genus comprises a distinct group of arthropod
borne agents, principally found in East Asia (19, 20, 23, 29)
(Fig. 1). The current taxonomy recognizes three distinct
species:(i) the type-species, Banna virus (BAV); (ii) Kadi-
piro virus; and (iii) Liao Ning virus. The pathogenic po-
tential of these viruses in humans remains to be determined,
although associations of BAV infection with febrile illnesses
and encephalitis are convincing. Seadornaviruses are sero-
logically distinct from CTFV and EYAV, have a lower G+C
content than coltiviruses (37% to 39% vs. 48% to 52%) and
show genetic distances in the RNA-dependent RNA poly-
merase of more than 90% when compared to coltiviruses.
Phylogenetic analysis based on sequences from the RNA-
dependent RNA polymerase suggest that seadornaviruses
are more closely related to rotaviruses than to other
members of the Reoviridae (Fig. 1) (25, 30). Furthermore,

structural studies demonstrate similarities between BAV
proteins and those of rotavirus. The BAV outer capsid viral
protein 9 (VP9) has homology to the rotavirus receptor
binding protein VP8, and there are additional similarities
between BAV VP10 and the VP5 domain of rotavirus
VP4 (37).

At present, there are over 20 recognized orbiviral species
comprising over 200 identified serotypes, as well as a number
of as yet unclassified viruses (25, 29, 38). The best-studied
members of the genus Orbivirus are a number of veterinary
pathogens, including the type-species bluetongue virus and
African horse sickness virus, but several other groups within
the genus (including Changuinola, Kemerovo, Lebombo,
and Orungo) appear capable of infecting humans with or
without causing disease. In the southwestern United
States, orbiviral infection with an agent(s) related to the
Kemorovo-Lipovnik serogroup of the Great Island virus
species or the Six Gun City virus (Chenuda virus species) is
suspected to be the cause of an acute febrile illness charac-
terized by myalgia, abdominal pain, vomiting, and pancy-
topenia (7, 29, 35). It seems quite likely that additional
members of each genera of arthropod-borne reoviruses will
be identified in the future (36).

FIGURE 1 Relationship between members of Coltivirus, Seadornavirus, and Orbivirus with other Reoviridae based on phylogenetic
analysis of the viral polymerase sequence (VP1). Each forms a distinct sequence cluster. Seadornaviruses appear most closely related to
rotaviruses. KDV, Kadipiro virus; BAV, Banna virus; SCRV, St. Croix River virus; AHSV, African horse sickness virus; CHUV, Chuzan virus;
BTV, Bluetongue virus; YUOV, Yunnan orbivirus; PHSV, Peruvian horse sickness virus; CTFV, Colorado tick fever virus; EYAV, Eyach virus;
BoRV, Bovine rotavirus; SiRV, Simian rotavirus; PoRV, Porcine rotavirus; Hu/MuRV, Human/Murine rotavirus. Tree generated using MEGA
4 with a neighbor-joining method. Values at the nodes indicate bootstrap confidence. Bar, genetic distance or approximate number of
substitutions per site. (Reprinted from reference 30 with permission of the publisher.)
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Composition and Biology
CTFV particles consist of nonenveloped double-capsid
structures with icosahedral symmetry and an outer capsid
diameter of approximately 80 nm. While classified in the
subfamily spinareovirinae based on sequence homology,
CTFV spikes are not prominent and capsids appear
smoother than is typically seen for either seadornavirus or
orbivirus particles, with less prominent surface projections
(23) (Fig. 2). BAV has a structure similar to that of rotavi-
ruses, with protein fibers extending from the surface (37).
Though CTFV does not acquire an envelope, electron mi-
croscopy studies frequently demonstrate association of viral
particles with membrane (28,39–41).

The genome of all members of the Reoviridae consists of
segmented dsRNA. Orbiviruses contain 10 segments, rota-
viruses contain 11 segments, and coltiviruses and sea-
dornaviruses contain 12 segments ranging in approximate
molecular mass from 0.24 to 2.53 x 106 u (approximately
0.35 to 3.7 kbp). The 29 kB genome of CTFV is the longest
of any Reoviridae characterized to date (18), while Sea-
dornavirus genomes average 21 KB. Characteristic of the
general genetic organization of the Reoviridae, each segment
encodes a monocistronic message and gene product (22, 27,
28, 42–44). However, genome segment 9 of CTFV produces
two different proteins through the use of a functionally
“leaky” stop codon, allowing translation of both a truncated
protein (VP9, a structural protein) and a longer, “read-
through” protein (VP9’) (45).

Comparatively more is known about the gene products of
orbiviruses and seadornaviruses than of CTFV. BAV (the
prototype seadornavirus) has seven structural proteins. VP4
and VP9 form the outer capsid, while VP1, VP2, VP3, VP8,
and VP10 form an inner core with a smoother surface (37).
VP9 is involved in binding to the cell surface and may play a
role in internalization (46). VP3 has guanyltransferase ac-
tivity (47). VP1 of CTFV has sequence homology to and
includes signature motifs characteristic of the RNA-
dependent RNA polymerases of other reoviruses (18). Pu-
tative functions of other CTFV genes and their orbiviral
homologs have been described previously (Table 1) (22).

The natural segmentation of the genome of Reoviridae
allows reassortment, as has been shown by comparative
studies of CTFV isolates acquired from the same location at
different times. The adaptive advantage of this ability to
reassort presumably outweighs the inherent cost of main-
taining this segmented organization, both by permitting the
generation of a larger number of potentially advantageous
variants (positive selection) and by allowing salvage of
portions of genomes that have suffered deleterious mutations
because of the inherent infidelity of RNA genome replica-
tion (purifying selection) (48, 49).

Some genetic variability has also been demonstrated by
differential polyacrylamide gel electrophoresis mobility of
some of the RNA segments from different isolates obtained
simultaneously from one location (50). Antigenic variation
of CTFV is demonstrable by serum cross-neutralization
studies (51). However, there is relative conservation of
CTFV sequences based on RNA-RNA hybridization under
conditions that allow hybridization with as low as 74% ho-
mology (52). A more complete understanding of the degree
and role of genetic heterogeneity in the biology of CTFV
awaits further characterization of individual gene products
and comparative sequence data.

Studies on bluetongue virus have shown that the endo-
cytic pathway is important to viral entry of orbiviruses and
that completion of the replication cycle necessitates expo-
sure to relatively low pH conditions (53). It is not known
whether coltiviruses and seadornaviruses share similar entry
requirements, but the observed similarities between the re-
ceptor binding proteins of BAVand bluetongue virus suggest
that this may be the case (37).

Orbiviruses, coltiviruses, and seadornaviruses are all ren-
dered noninfectious at a pH of 3. Unlike the orbiviruses,
coltiviruses are relatively sensitive to treatment with deoxy-
cholate, althoughwith rare exception, members of each genus
are relatively resistant to ether and other solvents (28, 54).

EPIDEMIOLOGY AND ECOLOGY
The geographic distribution of Colorado tick fever, which is
defined by the distribution of the arthropod and vertebrate
hosts for CTFV, consists of mountainous and highland areas
at altitudes between 4,000 and 10,000 ft (1,000 to 2,500 m)
in the western United States and southwestern Canada
(Fig. 3) (7, 17). Because reporting of cases is not required,
the several hundred cases reported annually likely underes-
timate the true annual incidence by a factor of 10 or more (1,
6, 16, 36). As an example, the declassification of Colorado
tick fever as a reportable disease in Colorado in the early
2000s resulted in an apparent but misleading decline in dis-
ease incidence in that state. In contrast, active surveillance
in Sublette County in Wyoming in 2009 resulted in the
highest number of cases reported to the Centers for Disease
Control from any one county or state since 1998 (1, 55).

FIGURE 2 Negative contrast electron micrographs of (A) Col-
orado tick fever virus and (B) Banna virus (BAV). (C) Thin section
of BAV-infected C6/36 cells showing viral particles (arrows) in
vacuole-like structures. (Reprinted from reference 23 with permis-
sion of the publisher.)
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Cases occur between March and October, with 90% of
cases occurring between May and September (Fig. 4) (1, 17,
56). This seasonal distribution probably reflects the
heightened numbers and activity of the arthropod vector
Dermacentor andersoni (wood tick) and its natural vertebrate
hosts (including the golden-mantled ground squirrel, Co-
lumbian ground squirrel, yellow pine chipmunk, and least
chipmunk), as well as the greater exposure of human hosts
participating in occupational and recreational activities
during the summer months. Ticks are particularly numerous
in grassy and low-brush areas, on south-facing slopes, and
near streams (7, 17, 57).

In past studies, a preponderance of males between the
ages of 15 and 40 comprised reported cases of Colorado tick
fever. This does not stem from increased susceptibility but
rather reflects the greater likelihood of exposure of this
population to the vector carrying CTFV. There is no dif-
ference in likelihood of infection based on age or sex in
populations when normalized for exposure (10, 58). More
recent studies demonstrate a shift towards higher incidence
rates among those 51 to 70 years of age. This possibly reflects
greater case ascertainment among older patients, although a
change in rates of exposure has not been excluded (1, 55).

Although CTFV has been isolated from several tick
species, D. andersoni has been the only species demonstrated
to transmit disease to humans (5). It has been postulated
that Dermacentor variabilis may transmit CTFV or CTFV-Ca
in regions of California that lie outside the area of distri-
bution of D. andersoni (35). The life span of D. andersoni has
been reported to be as long as 3 years, and once this species is
infected, it remains so for life. Acquisition of infection can
occur in the larval, nymphal, or adult stage with transstadial
persistence, but transovarial transmission does not occur.
Hence, passage of CTFV between generations of ticks re-
quires an intermediate reservoir provided by the small
mammalian hosts. These natural mammalian hosts develop
subclinical infections followed by persistent viremia lasting
weeks to months. Hibernating animals appear to sustain
viremia for longer periods; this may be one mechanism that
allows CTFV to survive the winter and to initiate a new
cycle of infection when fed upon by larval and nymphal ticks
in the spring and summer. The virus titer in an infected adult

TABLE 1 Coding organization of Coltivirus, Seadornavirus, and Orbivirus segmentsa,b

Coltivirus Function Seadornavirus Orbivirusc Function

CTFV EYAV BAV KAV BTV
VP1 VP1 RNA dep. RNA polymerase VP1 VP1 VP1 RNA dep. RNA polymerase
VP2 VP2 Capping enzyme-methyltransferase VP3 VP3 VP4 Capping enzyme-guanylyltransferase
VP5 VP5 Guanylyltransferase (NS) VP5 VP6
VP3 VP3 RNA replication factors VP3 Major subcore protein
VP6 VP7 Nucleotide binding, NTPase VP6, VP2 VP5, VP2
VP7 VP6 RNA replication factor (Protein kinase/NS) VP7 VP7 NS1 Tubule protein
VP8 VP8 Unknown (Core) VP8 VP9 VP7 Major core surface protein
VP9 VP9 Structural and non-structural (Core, stalk base) VP10 VP10 VP2, VP5 Outer capsid protein
VP10 VP10 Kinase, helicase (dsRNA-binding) VP12 VP8 VP6, NS4 Helicase, binds ssRNA, dsRNA
VP11 VP11 Unknown (Cell attachment) VP9 VP11 NS2 Viral inclusion protein
VP12 VP12 RNA replication Factor (NS) VP11 VP12 NS3 Virus budding viral release protein

aAdapted from references 7, 8, 12, 55, 95.
bColtivirus functions shared by homologous segment of Seadornavirus and/or Orbivirus are listed in bold. When putative function of a segment from Coltivirus does

not coincide with function in Seadornavirus, function in Coltivirus is italicized and function in Seadornavirus is in parentheses (). Functions of Coltivirus and
Seadornavirus genetic segments are shown in column 3; functions of Orbivirus genetic segments are shown in column 7. Colorado tick fever virus (CTFV); Eyach virus
(EYAV); Banna virus (BAV); Kadipiro virus (KAV); bluetongue virus (BTV); viral protein (VP); non-structural (NS).

cAlthough Orbivirus contain only 10 segments, segment 9 encodes both VP6 and NS4.

FIGURE 3 Distribution of Dermacentor andersoni ticks (shaded
area) and number of cases of Colorado tick fever from 1990 to 1996.
(Modified from reference 7 with permission of the publisher.)
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tick of 102 to 105 mouse 50% lethal doses/ml (homogenized
tissue) can be maintained for up to a year. Transmission to
humans or animals occurs by transfer of virus in saliva during
feeding. Mature adult ticks prefer blood meals from large
animals such as deer, elk, porcupines, and occasionally, hu-
mans (5, 7, 16, 36). Human-to-human transmission can
occur during the viremic phase of illness, and there has been
at least one documented case of transfusion-related Colo-
rado tick fever (59).

PATHOGENESIS

Organ and Cellular Pathology
EM studies of cultured cells following infection reveal viral
particles in association with granular matrices within the
cytoplasm (40, 41). Filamentous arrays are also seen lying in
parallel bundles, both in the cytoplasm and in the nucleus
(nuclear filaments are not seen with other reovirus infec-
tions). In late stages of infection, the matrices become larger
and viral particles become more numerous, but the viral
particles are still contained within cells. There is no evi-
dence for release of virus until cells undergo dissolution. EM
of neurons infected in vivo fail to demonstrate a comparable
cytopathic effect (23,39–41).

The tropism of CTFV for hematopoietic cells is dem-
onstrated by the ability to detect viral antigen within
erythrocytes by various methods (virus isolation, histo-
chemical staining, fluorescent-antibody [FA] staining, and
EM) long after the acute phase of infection (56, 60, 61).
Since CTFV antigens are intracellular and not found on the
erythrocyte surface, the virus may be shielded from immune
clearance by neutralizing antibody throughout the natural
life span of the erythrocyte. CTFV is able to infect and
replicate in human hematopoietic progenitor cell lines, thus
providing not only an explanation for the intraerythrocytic
persistence but also a possible explanation for the frequently
encountered leukopenia and thrombocytopenia (62). This
pathology could be due to either a direct cytopathic effect on

infected stem cells as they differentiate towards these cell
lineages or a consequence of host immune clearance of those
infected cells capable of displaying viral antigen. In patients
infected with CTFV, mononuclear cells are also less able to
produce colony-stimulating factors, and a circulating in-
hibitory factor (possibly lactoferrins or interferon) can be
demonstrated in patient sera (63).

Only four deaths have been attributed to Colorado tick
fever in the medical literature. Three were children and one
was an 80-year-old man with underlying chronic lung and
cardiac disease. Autopsies of two children, both of whom died
from bleeding diatheses, reported purpura and cutaneous pe-
techiae. Acute respiratory distress syndrome, encephalitis,
and swollen endothelial cells were described in a 4-year-old
boy. A 10-year-old girl had disseminated intravascular coag-
ulation with focal necrosis involving the brain, liver, spleen,
heart, and intestinal tract (4, 64). The adult patient presented
with fever, diarrhea, and leukopenia and then developed
disseminated intravascular coagulation and progressive re-
spiratory failure. The patient developed immunoglobulin M
(IgM) and immunoglobulin G (IgG) against CTFV; CTFV
was recovered in tissue culture but equivocal IgM and posi-
tive IgG against hantavirus were also detected. Post-mortem
findings in this lone published case of an adult death dis-
closed interstitial pneumonia (1). Studies on suckling mice
and hamsters have disclosed histopathological findings sim-
ilar to those described in these cases (65, 66).

Immune Response
High plasma levels of type I interferon (IFN) can be detected
in a majority of Colorado tick fever patients during the first
10 days of infection. These levels appear to correlate with
fever but not with other clinical parameters (67). Although
the events responsible for upregulation of interferon ex-
pression in CTFV have not been described, they have been
investigated for other Reoviridae. Infection of epithelial cells
with bluetongue virus (BTV) upregulates expression of type I

FIGURE 4 Frequency distribution by month of confirmed illness due to Colorado tick fever virus in Colorado during 1973 and 1974.
(Modified from reference 56 with permission of the publisher.)
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IFN and related cytokines in a manner dependent on sensing
and signaling by the cytosolic pathogen pattern recognition
receptors retinoic acid induced gene-1 (RIG-I) and mela-
noma differentiation associated gene 5 (MDA-5) (68). In
contrast, exposure of plasmacytoid dendritic cells results in
MyD88-dependent but toll-like receptor (TLR) 7/8 inde-
pendent IFN production (69). Overexpression of either
RIG-I or MDA-5 in a cell line model impedes BTV infection
(68). One third of patients develop detectable neutralizing
antibody titers within 10 days of onset of symptoms. By 30
days, more than 90% are antibody positive, but many pa-
tients continue to have detectable viremia by either indirect
FA assays or viral culture (presumably due to intra-
erythrocytic persistence) (56). Nearly 50% of patients are
culture positive after 4 weeks and 5% to 17% are culture
positive up to 12 weeks after onset of clinical symptoms.
There is no apparent relationship between the persistence of
viremia and the duration of symptoms. It is not known
whether other immune mechanisms are involved in viral
clearance.

Convalescence is accompanied by lasting immunity
against reinfection. Only a single case has been reported of a
patient experiencing either relapse or reinfection a year after
the initial infection. Interestingly, the second episode was
accompanied by loss of previously demonstrated neutralizing
antibody titers (56). Experimental rechallenge of immune
subjects with CTFV failed to produce clinical disease (with
the exception of several hours of headache in some of the
subjects) (10).

CLINICAL MANIFESTATIONS
Individuals with Colorado tick fever typically have a history
of tick attachment or exposure (> 90%) and residence or
travel within endemic areas. Following an incubation period
of 3 to 5 days (range 1 to 14 days), fever is noted along
with malaise, headache, myalgias, and gastrointestinal upset
(Table 2). In approximately half of all cases a characteristic

“saddleback” fever pattern is seen. This consists of 2 to 3 days
of fever, followed by an afebrile interval of up to several days,
followed by return of fever for 2 to 3 days. Rarely, this can be
followed by yet another febrile period. Thereafter, most pa-
tients recover without sequelae, although some have re-
ported prolonged lassitude lasting weeks to months. Likely,
mild or subclinical infection occurs but has been underrep-
resented in the literature (4, 5, 56).

Physical examination during the acute phase of disease
can reveal altered sensorium, neck stiffness, photophobia,
mild conjunctivitis, and occasionally lymphadenopathy and
splenomegaly. Rash is seen in a minority of cases. When
present, it appears as faint, fine macules or maculopapules on
the trunk or, at times, the extremities (56). Hemorrhagic
diatheses with attendant petechiae, particularly in those
under age 10, have been attributed to thrombocytopenia
and, in at least one case report, to frank disseminated in-
travascular coagulation (DIC) (4, 64). Central nervous sys-
tem (CNS) involvement can range from self-limited
meningitis to encephalitis with coma and death (6, 67).
Other reported complications have included hepatitis,
epididymo-orchitis, pericarditis, myocarditis, and pneumo-
nitis (58, 59, 70–72). Rarely, deaths have been attributed to
bleeding, pneumonitis, and CNS complications (1, 4, 6, 64).

There have been occasional reports of Colorado tick fe-
ver acquired by women during pregnancy, including one case
of abortion 2 weeks after infection, one case of multiple
congenital abnormalities in a mother infected in the first
trimester (Colorado tick fever was thought not to be causal),
and a case of apparent perinatal transmission with self-
limited disease in the neonate (4, 73). No published reports
describe the course of Colorado tick fever in human im-
munodeficiency virus-infected or other immunocompro-
mised hosts, although one clinical review reports that
immunocompromised individuals may be at risk for more
severe disease (74).

Laboratory Findings
The most characteristic routine laboratory feature is a
moderate leukopenia of 2,000 to 4,000 leukocytes/mm3 or
less, with a relative lymphocytosis (approximately 60% of
patients). Other findings can include a “left shift” (at times
with the appearance of metamyelocytes and even myelo-
cytes) and toxic granulation. Thrombocytopenia can occur
with or without DIC. Anemia (usually mild) may be present,
but hemolysis is not a typical feature in the absence of DIC.
There can be mild elevations of hepatic transaminases and
creatine phosphokinase (5, 16, 36, 43, 56).

Mild to moderate cerebrospinal fluid (CSF) pleocytosis
can occur, usually with a lymphocyte predominance (typical
range, 0 to 500 mm3), although there is a single case report
of Colorado tick fever meningoencephalitis with a CSF
leukocyte count of 1,578 and 89% neutrophils. CSF glucose
has ranged from 40 mg/dl to normal and CSF protein has
ranged from normal to 170 mg/dl in Colorado tick fever
patients with meningoencephalitis (58).

Differential Diagnosis
Consideration of a diagnosis of Colorado tick fever must
depend largely on epidemiological features. Because ticks
can transmit a number of other infectious diseases, the dif-
ferential diagnosis includes tularemia, RMSF, ehrlichiosis,
Lyme disease, and tick-borne relapsing fever. Although the
vectors for relapsing fever (Ornithodoros sp.), ehrlichiosis
(Dermacentor variabilis, Amblyomma sp., Ixodes sp.) and Lyme

TABLE 2 Symptom frequency of 320 patients suspected
of having Colorado tick fever in Colorado for the years 1973
and 1974 (222 Confirmed positive and 98 negative)

Symptom
Positive for

CTF (n=222)
Negative

for CTF (n=98)
% %

Fever 97 97
Headache 88 87
Myalgia 79 74
Lethargy 61 63
Abdominal pain* 21 33
Vomiting 24 24
Stiff neck 18 26
Sore throat{ 19 34
Diarrhea 5 8
Skin rash 5 16
Bleeding 0 2
Petechiae 1 5
Vertigo 5 0

*Differences statistically significant (p < 0.05).
{Differences statistically significant (p < 0.01).
(Modified from reference 56 with permission of the publisher.)
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disease (Ixodes sp.) are different than the principal vector
transmitting CTFV to humans, this distinction is often not
made by patients or health care providers (7, 17, 75). Col-
orado tick fever must also be distinguished from a number of
other viral diseases, in particular, those caused by the en-
teroviruses (because of the similar seasonal association) and
in those cases with prominent CNS features, with West Nile
virus. Distinguishing Colorado tick fever from RMSF can be
difficult early in the course of disease. However, the typical
improvement after 2 to 3 days, the possible appearance of the
relapsing-fever pattern, the relative leukopenia, and the
failure of the rash to evolve to a purpuric/petechial nature (as
is seen with the vasculitic process of RMSF) would all point
away from the diagnosis of RMSF (3, 5, 7, 16, 17, 36, 75).

The distributions of human monocytotropic ehrlichiosis
(HME), caused by Ehrlichia chaffeensis, and human granulo-
cytic ehrlichiosis (HGE or anaplasmosis), caused by Ana-
plasma phagocytophila, overlap only marginally with that of
Colorado tick fever (76–78). E. chaffeensis is concentrated in
the southeastern and south central United States, with spo-
radic cases reported from the Rocky Mountain and western
states, consistent with the distribution of Amblyomma amer-
icanum (the Lone Star tick) in the southeast and south
central United States and Dermacentor variabilis in the
western United States (79, 80). HGE has been predomi-
nantly described in the upper Midwest (Minnesota and
Wisconsin), Northeast (New York and Massachusetts) and,
more recently, northern California, conforming to the geo-
graphic distribution of the Ixodes tick vectors (80–84).
Nevertheless, it seems prudent that these two tick-borne
diseases should remain in the differential diagnosis of sus-
pected Colorado tick fever patients, especially those with
severe disease. In particular, the cytopenias seen with HGE
and severe cases of HME might be confused with that of
Colorado tick fever.

LABORATORY DIAGNOSIS
Specific diagnosis of CTFV can be made by (i) viral isola-
tion, (ii) demonstration of viral antigens, (iii) serology, or
(iv) PCR-based detection of viral nucleic acids. Although
CTFV can be cultured directly (in Vero or BHK-21 cells),
the most sensitive method of isolation is intracerebral or
intraperitoneal inoculation of blood clot suspensions or
erythrocytes into suckling mice. The mice sicken and die 4
to 8 days after inoculation. Specific isolation is confirmed by
FA staining of smears of mouse brain or blood or by cell
culture. The blood clot intended for virus isolation should be
stored refrigerated but not frozen. Typically, such procedures
are available only through reference laboratories. When
available, a source tick can be retained for species identifi-
cation and virus isolation.

A more rapid, albeit less sensitive (60% to 70% compared
with culture), approach to specific diagnosis is by direct
immunofluorescence staining of blood smears for the pres-
ence of viral antigen (5, 7, 16, 17, 36, 43). Although diag-
nostic yield by either isolation or direct demonstration of
antigen is greatest during the acute phase of disease, viremia
is at times detectable well into the period of convalescence
(56). Antigen is detectable in erythrocytes by direct FA assay
in nearly 10% of patients as long as 20 weeks after onset of
symptoms.

Paired acute- and convalescent-phase sera can be assayed
for antibody titer in a variety of ways, including complement
fixation (CF), indirect FA assay, enzyme-linked immunosor-
bent assay (ELISA), and an assay for neutralizing antibody
measuring plaque reduction. CF antibodies may appear rela-

tively late, whereas neutralizing antibodies are typically
detectable from 14 to 21 days after onset of symptoms. IgM
detectable by ELISA appears at about or slightly before neu-
tralizing antibody but declines abruptly after 6 weeks (5, 16,
17, 36, 43, 85, 86). A recent ELISA for IgM using synthetic
antigens and a separate Western blot analysis may be more
sensitive than earlier ELISA systems for diagnosis but will
require validation (87). Different ELISAs are also available
for EYAV (using VP6) and BAV (using VP9) (88, 89).

Molecular diagnosis based on reverse transcription-PCR
(RT-PCR) of RNA isolated from cell-free plasma or eryth-
rocytes has been investigated for Colorado tick fever (87,
90). These methods appear to be comparable to or slightly
more sensitive than viral isolation in the first week following
infection but have the important advantage of providing
rapid results and do not require the highly specialized re-
agents needed for virus isolation and identification. They
should be superior to serologic assays for diagnosis in acute
infection. However, these methods have only been applied
to a limited number of viral isolates and retrospectively
collected clinical samples and have not been prospectively
tested except on experimentally infected animals (87).
Furthermore, assays vary in sensitivity depending on virus
strain, presumably due to sequence variation (90), although
recent RT-PCR assays appear to be capable of detecting a
single genome and are at least 10 times more sensitive than
standard plaque assays (87, 91). Notably, some RT-PCR as-
says for CTFV do not detect the related CTFV-Ca, Salmon
River tick fever virus, or EYAV (91). The utility and validity
of these assays should increase when more complete se-
quence data become available from additional clinical viral
isolates, permitting further assay refinement. Such ap-
proaches that permit early diagnosis are needed because the
most important diagnostic and therapeutic decisions are
faced during acute infection when clinical distinction from
RMSF and other potentially more serious tick-borne diseases
is most challenging. Microarrays that have been developed
to simultaneously screen for multiple viral pathogens cur-
rently include probes for Coltivirus and Seadornavirus (92).
Metagenomic approaches, for example, “deep sequencing,”
have been employed for pathogen diagnostics (93, 94) and
discovery (95), including detecting other reoviruses (96).
While there have been no reports of CTFV detection by
these approaches to date, it seems likely in the future as assay
methods improve and are more frequently used.

PREVENTION
Individuals should be educated and encouraged to take
preventive measures when outdoors in endemic areas during
the late spring and summer months. Wearing long-sleeved
shirts and light-colored clothing, frequent self-inspection for
ticks, and use of repellents such as DEET (N,N-diethyl-m-
toluamide) or permethrin (only for treatment of clothing or
bedding) should be advised (5, 7, 17, 43).

Patients recovering from Colorado tick fever should not
donate blood for a period of at least 6 months because of the
intraerythrocytic persistence of virus.

In the 1960s, a Colorado tick fever vaccine was devel-
oped using formalinized infected murine brain extracts (97).
This vaccine elicits a neutralizing antibody response, but
because of the modest morbidity of natural infection, the
vaccine development program has since been abandoned.

TREATMENT
The typical, uncomplicated case of Colorado tick fever
requires no specific therapy. Reassurance, analgesics, and
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antipyretics can be given, with the caveat that aspirin and
other nonsteroidal anti-inflammatory drugs with antiplatelet
activities should be avoided (particularly in children) be-
cause of the occurrence of thrombocytopenia (5, 16, 17, 36,
43, 56).

In vitro activity against CTFV has been demonstrated for
ribavirin, 3-deazaguanine, and to a lesser extent, 3-
deazauridine (MICs of 3.2, 3.2, and 32 mg/ml, respectively, in
MA-104 cells and MICs of 32, 3.2, and 10 to 100mg/ml,
respectively, in Vero cells). In mice inoculated intracere-
brally with CTFV, intracerebral or intraperitoneal ribavirin
triacetate (but not ribavirin) reduced the mortality, while
intracerebral 3-deazaguanine increased the mean survival
time (98, 99). However, no experience with humans has
been published. At present, no specific antiviral therapy
exists for Colorado tick fever (100, 101).

SEADORNAVIRUSES
BAV (102, 103) was first isolated from the CSF and blood of
patients with febrile syndromes and encephalitis (35, 104) as
well as from mosquitoes (35, 102, 105) in southern and
western China in 1987. Numerous additional isolates have
since been reported from patients in China, including
northern, more temperate regions, and Indonesia (106).
Insect vectors for BAV include Anopheles, Aedes, and Culex
mosquitoes. Viral sequences with similarity to BAV have
also been found in cattle and pigs (107), suggesting a po-
tential role for livestock as an animal reservoir. BAV is
currently classified as a pathogen requiring biosafety level 3
laboratory containment and is the only species of the genus

to be isolated from humans (23). BAV is endemic in areas of
tropical and subtropical Asia that overlap with Japanese
encephalitis virus and dengue virus, so it is likely that in-
fection with BAV may be underestimated. Indeed, recent
retrospective surveys of sera from Chinese patients with
suspected Japanese encephalitis and other encephalitic
syndromes suggest BAV infection in 8% to 12% (107). No
specific treatment exists for BAV infection.

Kadipiro virus and Liao Ning virus are serologically dis-
tinct seadornaviruses that have also been obtained from
mosquitoes in Indonesia and China (35, 102, 105). Se-
quence comparisons of the viral polymerase gene show ho-
mology ranging from 24% to 42%. However, these viruses
have not been isolated from humans. Liao Ning virus is the
only species of Seadornavirus that is able to replicate in a
variety of mammalian cell lines and is also able to establish
pathogenic infection in adult mice (108). A serologic assay
for antibody to VP9 antigen (the outer coat protein) of BAV
has been developed (89), as have RT-PCR assays for BAV
and Kadipiro.

More recently, a virus detected in the intestinal contents
of fresh water carp in Hungary by metagenomic analysis and
confirmed by RT-PCR detection, Balaton virus, appears
phylogenetically related to BAV, suggesting that the geo-
graphic distribution of Seadornavirus extends at least to
Eastern Europe (96).

ORBIVIRUSES AND HUMAN DISEASE
The name Orbivirus derives from the appearance of
virus particles as large, doughnut-shaped capsomeres by

TABLE 3 Orbiviruses that naturally infect humansa

Characteristic Changuinola virus Kemerovo virusb
Oklahoma tick
fever virusc Lebombo virus Orungo virus

Geographic
distribution

Panama Russia and Eastern
Europe

Oklahoma
and Texas

Nigeria and
South Africa

Western and
central Africa

Insect vectors Plebotamine flies Ixodes ticks Ticks (presumed) Aedes and Mansonia
mosquitoes

Aedes, Anopheles,
and Culex mosquitoes

Reported
clinical
syndromes

Self-limited febrile
illness in one adult

Fever, encephalitis, ?
polyradiculitis

Fever,
pancytopenia

Fever in one child Fever, headache,
myalgias, nausea,
and vomiting
(diarrhea, flaccid
paralysis, seizures,
normal routine CSF
parameters in
one child)

Specific
diagnosisd

Rise in serologic titer;
viral isolation in
i.c.e-inoculated
suckling mice,
plaques in Vero
and LLC-MK2
cell culture

Rise in serologic titer;
viral isolation in
i.c.-inoculated
newborn mice,
hamsters, chicken
embryos; plaques in
primary chicken
embryo, Vero, and
BHK-21 cell culture

Rise in serologic
titer; viral
isolation yet
to be successful

Rise in serologic
titer; viral
isolation in
i.c.-inoculated
suckling mice,
plaques in Vero
and LLC-MK2
cell cultures

Rise in serologic titers;
viral isolation in
i.c.-inoculated
suckling and weanling
mice, plaques in
Vero and BHK-21
cell cultures

aData from references 110, 76, 55, 27, 30, 97, and 113.
bThe Kemerovo strains include Kemerovo, Tribec, and Lipovnik viruses regarded as strains of the Great Island virus as well as at least 32 other strains that are not

known to be pathogenic for humans.
cSerologically related to the Kemerovo strain of Great Island virus and the Six Gun City strain of Chenuda virus.
dReagents to assay for various combinations of CF antibodies, neutralizing antibodies, IFA and direct nucleic acid testing are available at only a limited number of

reference laboratories. Suspect cases can be referred to Division of Vector-Borne Infectious Diseases, CDC, Fort Collins, CO or to the U.S. Army Medical Research
Institute for Infectious Diseases, Ft. Detrick,

ei.c., intracerebrally.
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negative-contrast EM (orbi from Latin orbis, meaning
“ring”). Although the most studied orbiviruses are agents of
veterinary importance, a number of serogroups within the
genus cause human disease (28, 43). They are predomi-
nantly transmitted by arthropod vectors (ticks, gnats,
midges, and mosquitoes).

Changuinola virus was first isolated from a man in Pa-
nama experiencing a self-limited febrile illness. Serologic
surveys in the area verify human exposure, but the frequency
of clinical disease is unknown. The virus can be isolated
from phlebotamine flies (43, 109). Four tick-borne viruses
(Kemorovo, Tribec, Lipovnik, and Great Island) are cur-
rently classified as variants of the Great Island virus species
(29, 30). Of these, Kemorovo has been implicated in febrile
illness and CNS infection in Russia, and human seror-
eactivity to Kemorovo, Tribec, and Lipovnik viruses has
been detected in parts of eastern Europe (33, 43, 110, 111).
Serologic evidence of infection with a virus related to Lip-
ovnik and Six Gun City viruses (a serotype of the Chenuda
virus) was found in several patients from Texas and Okla-
homa who were hospitalized with febrile illnesses associ-
ated with tick exposure and various degrees of transient
leukopenia, thrombocytopenia and anemia. The etiologic
agent(s) have not been successfully isolated (7, 112). The
clinical syndrome has been given the name Oklahoma tick
fever. Orungo virus has a wide geographic distribution in
western and central Africa (43, 113). The principal vector is
Aedes mosquitoes (though also isolated from Anopheles and
Culex). The epidemiology of infection with Orungo virus
therefore parallels that of yellow fever, and serologic surveys
done during outbreaks of yellow fever demonstrate a high
incidence of apparent coinfection with Orungo virus (114).
In these studies, the contribution of Orungo virus to clinical
illness was thought (understandably) to be small relative to
that of yellow fever virus, but Orungo has been incriminated
in febrile syndromes independent of yellow fever (115), and
in at least one case it has been associated with CNS com-
plications (43, 116). Lebombo virus has been isolated from
a febrile Nigerian child and from Aedes and Mansonia
mosquitoes in Nigeria and South Africa (43, 117). Lebombo
and Orungo viruses are distinct serologically and by
RNA-RNA hybridization and genetic reassortment studies
(118).

Over several years in the 1980s, four laboratory workers
in a South African veterinary vaccine packaging plant were
apparently infected with neurotropic attenuated strains of
African horse sickness virus (119, 120). Three of the four
cases included frontotemporal encephalitis, and all four had
evidence of uveochorioretinitis. The diagnosis was made
based on specific serologic studies (CF, enzyme immunoassay,
and neutralizing antibody) and the serologic exclusion of a
battery of other viral and nonviral entities, including herpes
simplex virus (though two of the four received 10-day
courses of acyclovir) and Rift Valley fever virus. Several
other laboratory workers demonstrated antibody to African
horse sickness virus without overt clinical symptoms. The
mode of acquisition was thought to be inhalation of lyoph-
ilized virus in laboratory accidents. Despite episodic out-
breaks of African horse sickness virus and bluetongue virus
around the world, natural human infection has not been
reported.

Table 3 summarizes some of the clinical aspects of these
naturally acquired human orbiviral diseases. As with colti-
viruses and seadornaviruses, we are likely to encounter more
orbiviruses in the future that have the capacity to cause
human disease.
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36
Acute infectious diarrhea is one of the two most frequent
diseases of young children. Until the early 1970s, numerous
unsuccessful attempts were made to grow viral agents re-
sponsible for acute infectious diarrhea of children. The eti-
ologic agent of epizootic diarrhea of infant mice (EDIM) was
identified by electron microscopy in 1963 (1). Nonetheless,
it was only with the discovery of the virus responsible for calf
scours (with this same approach) in 1969 by Mebus et al (2)
and of the human Norwalk virus by Kapikian et al (3) in
1972 that the methodology for identification of the viruses
responsible for severe diarrhea in children was established.
Using electron microscopy, Bishop et al (4) identified the
first human rotavirus in an intestinal biopsy from a child
with diarrhea. At roughly the same time, other groups used
immune electron microscopy to identify the enteric calici-
viruses and astroviruses, viruses that were also difficult to
grow in vitro, as additional causes of acute infectious diarrhea
in children and adults. Shortly after the discovery of human
rotaviruses, it was realized that the EDIM virus and the calf
scours virus were morphologically and antigenically related,
and all these strains were grouped in the genus rotavirus. In
rapid order, rotaviruses were shown to be among the most
important pathogens of acute diarrhea in the young of many
animals, including humans.

Rotaviruses are responsible for a median of 39% (range
12% to 68%) of all hospitalizations in children under 5 years
of age due to diarrhea worldwide, and it has been estimated
that in 2008 (prior to the introduction of vaccines) they
were responsible for the death of approximately 1,200 chil-
dren daily (5) (Figure 1). In the Global Enteric Multicenter
Study (GEMS study), conducted between 2007 and 2011 in
countries with moderate-to-high mortality in children un-
der age 5 in Africa and Asia, rotavirus was found to be the
principal etiologic agent of moderate to severe diarrhea in
children less than 59 months of age (6).

Rotaviruses do not account for a substantial number of
deaths in developed countries, probably because of efficient
and widespread access to rehydration and other supportive
measures. Moreover, with the advent of rotavirus vaccines
the impact of this pathogen has diminished in recent years in
most developed countries. For example, in the United States
detection of rotaviruses and costs for associated treatment
have drastically diminished after vaccine introduction (7,
8). Although rotavirus was still identified in 12% of children

with acute gastroenteritis in 2009 and 2010, during the same
period norovirus replaced rotavirus as the leading cause of
medically attended acute gastroenteritis in U.S. children
(9). A similar situation may be occurring in some developing
countries, as exemplified in Nicaragua where the epidemi-
ology of diarrhea is changing (10).

VIROLOGY
Classification
Rotaviruses belong to the Reoviridae family of icosahedral,
nonenveloped, segmented double-stranded (ds) RNA viru-
ses. Rotaviruses are classified into five groups (A through E)
depending on the presence of cross-reactive antigenic epi-
topes primarily located on the internal structural protein
VP6. Among these, Group A rotaviruses (RVA) are the
most frequent pathogens of humans, and groups D and E
have been found only in nonhuman animals. Unless oth-
erwise noted, this chapter will address only RVA. Group B
rotaviruses (RVB) are sporadic pathogens of animals but
have been implicated in several large outbreaks of adult
diarrhea in China in the 1980s and less frequently in the
1990s (11). More recently, they have been identified in
children and adults with diarrhea in India and Bangladesh
(12, 13). Group C rotaviruses (RVC) are primarily veterinary
pathogens but have been reported to be sporadically asso-
ciated with diarrhea in children. The seroprevalence of these
rotaviruses is relatively high in humans, especially those
living in rural areas, suggesting transmission from animals to
humans (14). However, in some countries such as India, prev-
alence of antibodies against RVC is the same in urban and
rural populations (15). Despite occasional studies implicat-
ing the importance of RVB or RVC in humans, RVA con-
tinues to be by far the most frequently identified pathogen.

RVA have been serologically classified into subgroups
depending on the presence of epitopes localized on VP6
(11). Four subgroup specificities have been defined: sub-
group I (most animal and a few human strains), subgroup II
(most human and few animal strains), subgroup I + II, and
nonsubgroup I/nonsubgroup II, with only rare human strains
belonging to these last two categories. The subgroup classi-
fication was useful in early epidemiological studies but is less
commonly used today.

doi:10.1128/9781555819439.ch36
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Antibodies that neutralize rotavirus in vitro are used to
further classify the virus into serotypes. The two outer viral
capsid proteins (VP7 and VP4) induce neutralizing anti-
bodies and segregate independently, resulting in a binary
serotyping system much like that of influenza. Antibodies
against VP7 define the G (glycosylated protein) serotype and
antibodies against VP4 the P (protease-sensitive protein)
serotype. Historically, hyperimmune serum and later mono-
clonal antibodies (MAbs) against distinct rotavirus strains
were used to classify viral serotypes.

The classification of G serotypes has been extensive and
clear-cut because antibodies against VP7 generally predom-
inate in hyperimmune sera, and serotype-specific MAbs to
neutralizing epitopes on VP7 have been easy to isolate. The
G protein has also been characterized based on its sequence
analysis (genotype), and this classification correlates well
with traditional serologic designations. In contrast, to obtain
optimal P serotyping reagents it has been necessary to raise
polyclonal antibodies against the different recombinant VP4
proteins (16) and these reagents have not been widely
available. For this reason, many more distinct types of VP4
have been identified by comparison of gene sequence (ge-
notype) than by serology. A significant but not absolute
correlation exists between P serotypes and P genotypes. For
example, the most common human P serotypes, 1A and 1B,
correspond to genotypes [8] and [4], respectively, but geno-
types [2] and [3] both can correspond to P serotype 5B (11).
Worldwide, six G serotypes (G1- G4, G9, and G12) and
three P (P[4], P[6] and P[8]) genotypes account for most
human rotavirus infections (17). Human rotavirus strains
belonging to G1, G3, G4, G9, and G12 serotypes are pref-
erentially associated with P[8], while G2 serotype strains are
most frequently associated with the P[4] genotype.

More recently, a complete genome classification system
was developed for RVAs that assigns a specific genotype to
each of the 11 rotavirus genome segments (18). The VP7-
VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5/
6 genes of RVA strains are described using the abbreviations
Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx (x = Arabic num-
bers starting from 1), respectively. The current guidelines
recommend that nomenclature for individual strains include

the following: rotavirus group/species of origin/country of
identification/common name/year of identification/G and P-
type (18). The prototype simian agent 11 (SA11) rotavirus
strain is designated RVA/Simian-tc/ZAF/SA11-H96/1958/
G3P5B[2] and the full genetic descriptor is indicated by G3-
P[2]-I2-R2-C5-M5-A5-N5-T5-E2-H5 (18).

Composition of Virus

Virion Morphology
Rotaviruses, when studied with conventional electron mi-
croscopy (that does not permit clear identification of the
VP4 spike protein), are 70-nm particles that have a multi-
layered icosahedral structure. In vitro treatment of a com-
plete virus or triple-layered particles (TLP) with calcium
chelating agents removes the outer viral capsid (VP4 and
VP7), producing double-layered particles (DLP) composed
of VP6 on the surface. Within the double-layered particles is
a third layer (composed of VP1, VP2, and VP3), called the
core, which contains the viral dsRNA genome. Pioneering
structural studies of rotavirus using electron cryomicroscopy
(19, 20) obtained detailed functional and structural infor-
mation about this relatively large and structurally complex
virus (Figure 2). More recent studies have elaborated an
atomic model of the infectious particle (21, 22). The di-
ameter of the viral particle, including the spikes, is 1,000 Å.
Both outer and inner capsids are constructed with T = 13l
(levo) icosahedral lattice symmetry. The 60 spike structures
that protrude from the surface of the viral particle have been
shown to be formed by trimers of VP4 that interact at their
base with both the outer layer (VP7) and middle layer
proteins (VP6) (23, 24). The structural changes of VP4
that probably occur during cell penetration recall those of
enveloped virus fusion proteins (23). The localization of
neutralizing epitopes on VP7 has also been identified (25)
and insights into the mechanism of viral penetration ob-
tained (26).

The particle has three types of aqueous channels that
connect the central core containing the genome with the
viral surface. Depending on their location relative to the
icosahedral symmetry, these channels have been classified

FIGURE 1 Map of the world showing rotavirus mortality in 2008, reproduced with permission from (5).
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into three types (I, II, and III) and are thought to be im-
portant in the entry of metabolites required for RNA tran-
scription. Images of actively transcribing double-layered
particles have been obtained (20) and the molecular local-
ization of VP1 identified (27). The exit of nascent mRNA
from the double-layered particles occurs via type I channels
that do not differ in their structure from nontranscribing
double-layered particles. Viral transcription may occur si-
multaneously from each of the 12 type I channels in the viral
particle. Approximately one-fourth of the viral RNA is or-
ganized in an ordered dodecahedral structure localized near a
VP1 (the viral polymerase), VP3 complex at the base of the
type I channels (20). Further studies, in which actively
transcribing particles have been incubated with MAbs that
block transcription, have shown that the continuous trans-
location of nascent mRNA through the capsid is critical for
efficient mRNA elongation and that blockage of translo-
cation causes premature termination of transcription (28).

Viral Genome
Rotavirus contains 11 segments of dsRNA that range in size
from 0.6 to 3.3 kilobase pairs with a total genomic size of
approximately 18 kilobases. These segments are numbered
according to size from largest (segment 1) to smallest (seg-
ment 11) (11). With the exceptions of segments 9 and 11
(which are biscistronic at least in some viral strains), each
RNA segment contains a single open reading frame (ORF)
with relatively short 5’ and 3’ terminal conserved noncoding
regions. These conserved noncoding terminal sequences
differ between RVA, RVB, and RVC and could be one of the
factors that restrict reassortment between different groups of
rotavirus. Positive strands of the dsRNA are capped at their
5’ ends but do not posses a polyadenylation tract at their
3’ end (11).

The genomes of rotaviruses are highly diverse. In de-
creasing order of relative importance, three primary sources
for this diversity have been proposed: point mutations, re-
assortment, and rearrangement of the viral genome (11).
In vitro studies have revealed a mutation rate of <5 · 10 - 5

mutations per nucleotide per viral replication cycle. This
rate of mutation suggests that the average rotavirus genome
differs from its parent genome by at least one mutation.
Reassortment of gene segments also occurs at high frequency
during mixed infections with two or more rotaviruses both
in vitro and in vivo. In humans, the epidemiologic conse-
quences of gene reassortment and the generation of serotypic
diversity are much less dramatic than for influenza, although
reassortment clearly occurs, especially in less developed
countries (17).

Rearrangements (concatemerization, partial gene dupli-
cations, and deletions) of the viral genome segments have
been observed, most frequently among rotaviruses recovered
from chronically infected immunodeficient children (29).
Rotaviruses with rearranged genome segments can also be
generated in vitro following multiple passages at a high
multiplicity of infection. Gene rearrangements generally
involve the nonstructural proteins and VP6.

Viral Structural and Nonstructural Proteins
In addition to six structural proteins (designated as VP fol-
lowed by a number), rotaviruses encode six nonstruc-
tural proteins (designated as NSP followed by a number).
The gene coding assignments for these proteins were ini-
tially established with prototypic rotavirus strains that were
easily cultured in vitro, like the simian table 3 SA11 strain
(Table 1). A few hours after viral entry, perinuclear non-
membrane-bound, electron-dense cytoplasmic inclusions
called viroplasms appear in infected cells, in which RNA
replication, genome packaging, and the initial steps of as-
sembly of double-layered particles take place.

VP1 binds the 3’ end of the viral RNA, but its tran-
scriptase activity is functional only in association with VP2
(22). The viral-like particles (VLPs) formed by VP1/2 are
the minimal combination that supports RNA replication
(11, 22). A conserved rotavirus specific motif present on the
VP1 of RVA, RVB, and RVC is probably important for the
structural or functional activity of the polymerase.

Baculovirus-expressed VP2 binds double-stranded RNA
and DNA and assembles in the cytoplasm of infected cells in
core-like particles 45 nanometers in diameter (11). The role
of VP2 in the assembly of VP1 and VP3 and in replicase
activity appears to be primarily structural and is linked to its
ability to bind the mRNA template for minus-strand syn-
thesis (11).

VP3 is found at the vertices of the inner core and it is a
multifunctional capping enzyme because it has both gua-
nylyltransferase and methyltransferase activities (30). Re-
cently, VP3 was also found to contain a phosphodiesterase
(PDE) motif and to have the capacity to inhibit RNase L-
activation during the innate immune response (31).

VP4 trimers form spikes on the virion surface (24). VP4
has been shown to be the viral attachment protein both
in vivo and in vitro, a determinant of viral growth in vitro, and
a virulence factor in vivo (11, 32). Trypsin treatment of ro-
tavirus cleaves VP4 into VP8* (amino terminal) and VP5*
proteins and greatly enhances viral infectivity in vitro (11).

VP8* contains the most sequence variation in VP4 and
determines the viral P genotype (11). Antibodies against
VP8* neutralize the virus by inhibiting viral attachment.
VP8* has been shown to be responsible for the ability of

FIGURE 2 Computer image reconstruction of a rotavirus triple-
layered particle based on cryoelectronmicroscopy. VP4, the spike
protein, and VP7 compose the outer viral layer, in the cutaway, the
middle layer is composed of VP6 and inside this layer, the core (that
contains VP1 and VP3 and the viral RNA not seen) formed by VP2
can be seen. [Image courtesy of Mark Yeager and reproduced with
permission from (19)].
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TABLE 1 The dsRNA segments and encoded proteins of simian rotavirus SA11

dsRNA
segment
(Size bp)

Proteins
(#: protein
structure/
function)

Protein size:
no. of aa (kDa)

Protein
copies/
particle

Protein
location Functions

1 (3,302) VP1 (Pol) 1,088 (125.005) < 25 inner capsid
at 5 fold axis

RNA-dependent RNA polymerase, ssRNA binding,
located at the 5-fold axis inside the inner capsid,
part of minimal replication complex

2 (2,690) VP2 (T1) 880 (102.431) 120 inner capsid
shell

Inner capsid structural protein, sequence nonspecific
RNA-binding activity, myristoylated, part of minimal
replication complex

3 (2,591) VP3 (Cap) 835 (98.120) < 25 inner capsid
at 5 fold axis

Guanylyltransferase, methyltransferase, basic protein,
part of virion transcription complex, phosphodiesterase
(PDE), likely inhibits RNAse L activation

4 (2,362) VP4 776 (86.782) 120 outer
capsid spike

Trimers form outer capsid spike, P-type neutralization antigen,
haemagglutinin, cell attachment protein, involved in cell
tropism and virulence. Cleavage by trypsin into VP5*
and VP8* enhances infectivity

VP5* 529
*247–776 (60.000)

VP5* permeabilizes membranes

VP8* 247
*1–247 (28.000)

VP8* hemagglutinin, highly variable sequence,
and determines P genotypes

5 (1,611) NSP1 495 (58.654) 0 nonstructural Associates with cytoskeleton, extensive sequence diversity
between strains, two conserved cysteine-rich zinc-finger
motifs, RNA binding, has a role in suppressing the host
IFN response, nonessential for in vitro replication
in some strains

6 (1,356) VP6 (T13) 397 (44.816) 780 middle capsid Major virion protein, middle capsid structural protein,
homotrimeric structure, subgroup antigen, myristoylated,
hydrophobic region required for transcription

7 (1,049) NSP3 315 (34.600) 0 nonstructural Homodimer, specifically binds 3’ end of rotavirus mRNA,
binds eIF4G1, involved in cellular translational regulation

8 (1,059) NSP2 (Vip) 317 (36.700) 0 nonstructural:
in viroplasms

Nonspecific ssRNA-binding, accumulates in viroplasm,
involved in viroplasm formation, NTPase and helicase
activity, homomultimer (4–8 subunits), binds NSP5
and VP1, regulates NSP5 autophosphorylation

9 (1,062) VP7 326 (37.368) 780 Virion surface
glyco-protein

Outer capsid structural glycoprotein, G-type neutralization
antigen, N-linked high mannose glycosylation
and trimming, RER transmembrane protein, cleaved
signal sequence

10 (751) NSP4 175 (20.290) 0 nonstructural Enterotoxin, receptor for budding of double-layered particle
through ER membrane, N-linked high mannose
glycosylation, uncleaved signal sequence, RER
transmembrane glycoprotein, putative Ca++/Sr++

binding site, secreted cleavage product. NSP4 is a
pore-forming protein (viroporin) that elicits the release
of endoplasmic reticulum (ER) lumenal calcium into the
cytoplasm of the infected cell

11 (667) NSP5 198 (21.725) 0 nonstructural:
present in viral
inclusion bodies

Interacts with NSP2 and NSP6, homomultimerizes,
O-linked glycosylation, (hyper-) phosphorylated,
autocatalytic kinase activity, binds ssRNA,
component of viroplasm

NSP6 92 (11.012) 0 nonstructural Product of second out-of-frame ORF, interacts with NSP5,
localizes to viroplasm, other functions unknown

#: Protein structure/function: RNA polymerase = (Pol); Inner virus structural protein with T = 1 symmetry = (T1); capping enzyme = (Cap); Inner virus structural
protein with T = 13 symmetry = (T13); viral inclusion body or viroplasm matrix protein = (Vip). Other species of rotavirus within the genus may have proteins of different
sizes.

*These proteins are produced by the VP4 gene.
Adapted from the table appearing in the previous edition of this chapter.
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selected rotavirus strains to bind sialic acid and for the
hemagglutinating activity present in many animal strains but
absent in most human rotavirus strains. Structural analysis of
the VP8* protein shows that it belongs to the galectin family
of lectins expressed in enterocytes (33).

VP5* has been shown to function as an additional
component of the rotavirus attachment complex (34). Also,
VP5* is a specific membrane-permeabilizing protein which
likely plays a role in the cellular entry of rotavirus (35).

VP6 is the major structural protein of the inner viral
capsid (middle viral layer). VP6 is the most immunogenic vi-
ral protein and carries group- and subgroup-specific epitopes.
TheVP6 domains necessary for binding to VP2 are conserved
in different rotavirus serogroups and are necessary for double-
layered particle formation (11). Although not required for
in vitro replicase activity, VP6 is required for the transcriptase
activity, but its exact role in this function is unknown (36).

VP7 can be coded by gene segments 7, 8, or 9 depending
on the viral strain (11). It is the major constituent of the
outer rotavirus layer and the target of type-specific as well as
heterotypic neutralizing antibodies. VP7 is a glycoprotein
with three potential sites for N-glycosylation that are used
variably, depending on the viral strain. Glycosylation of VP7
can influence its antigenicity. The retention of VP7 in the
endoplasmic reticulum (ER) is mediated by a signal peptide
sequence and other unique residues of the protein (11). Two
neutralizing antibody epitope binding regions have been
structurally defined for VP7 (25, 37), and antibodies rec-
ognizing them inhibit uncoating of the virion outer layer.

The amino acid sequence of NSP1, reported to bind zinc
and RNA, is the most variable of all the rotavirus proteins.
NSP1 has been implicated in host range restriction in the
mouse model, although not in swine (11, 32), and appears to
be dispensable for growth in some cell culture systems.
Depending on the strain and host, NSP1 is used by the virus
to evade the IFN response by promoting degradation of IRF3
or NFkB and inhibiting interferon-mediated STAT1 acti-
vation (38).

NSP2 interacts with NSP5, has helicase activity, and is
present at high concentrations in the viroplasm, where viral
replication takes place. NSP2 functions as an octamer with
multiple enzymatic activities and it is considered the prin-
cipal regulator of viroplasm formation (39).

NSP3 is a sequence-specific RNA binding protein that
binds the nonpolyadenylated 3’ end of the rotavirus mRNAs
(40). NSP3 also interacts with the cellular translation ini-
tiation factor eIF4GI and competes with cellular poly(A)
binding protein (PABP) (40). The competition between
NSP3 and PABP for eIF4G has been postulated to be re-
sponsible for the shut-off of host cell translation seen during
rotavirus infection (11). However, recent data suggest that
rotaviruses reduce host protein translation by blocking the
nucleocytoplasmic transport of polyadenylated mRNAs, in
which NSP3 seems to play a role (41). Moreover, other
recent data also suggest that NSP3 is a translational surro-
gate of the PABP-poly (A) complex and therefore cannot by
itself be responsible for inhibiting the translation of host
poly (A)-tailed mRNAs upon rotavirus infection (42).

The capacity of NSP4 to bind double-layered particles
and insert them into the ER plays an important role in viral
morphogenesis, and it is also a viroporin (11). NSP4 was the
first putative viral enterotoxin described (43). A fragment of
NSP4 is secreted from infected cells via a raft-dependent
pathway (44). NSP4 is associated with virulence in mice
(45), virulence of a porcine rotavirus, and host-range re-
striction of a human rotavirus (46). However, in humans and

mice no clear association between virulence and specific
NSP4 sequences has been identified (11).

NSP5 is a phosphoprotein with putative autocatalytic
kinase activity localized to the viroplasm associated with
NSP2, and it is a key protein during viral replication. NSP5 is
present in infected cells as various isoforms, which vary ac-
cording to different patterns of O-linked glycosylation (11).

NSP6 is the product of the second ORF of segment 11. It
interacts with NSP5 and might have a regulatory role in the
self-association of NSP5 and thus in viral replication (11).

Biology

Replication Strategy
Viral replication is understood mainly from in vitro studies
(Figure 3). The process of viral attachment and entry is
mediated by multiple interactions between rotavirus and the
cell surface, and varies for different rotavirus strains (34, 47).
Historically, RVA has been classified as sensitive to neur-
aminidase (NA) (most animal strains) or NA resistant (most
human strains), depending on their susceptibility to the
treatment of cells with NA and thus the presence or absence
of sialic acid involvement in their attachment process (47,
48). However, NA-resistant rotavirus strains have been
shown to bind to internal sialic acids that are not affected by
NA (34). Moreover, P[8] and P[4] human rotavirus recog-
nize H-type histo-blood group antigens (HBGA), whereas
neonatal P[11] strains recognize the precursor of H-type 2
HBGA, referred to as type II glycans (47, 49, 50). Biochem-
ical studies showing the involvement of N-glycoproteins,
glycolipids, and cholesterol in rotavirus infection suggests
that the integrins and other proteins involved in the at-
tachment and entry process are likely to form part of lipid
microdomains (rafts) in the cell membrane (34). However,
inhibition of viral entry with agents specific for all the
identified putative receptors/coreceptors decreases viral in-
fectivity by less than 1 log, suggesting that more relevant
entry factors are likely to be identified or that these known
entry factors are redundant (34).

Host Range
Animal and human RVA can reassort in vitro and in vivo; for
human RVA, multiple reassortment and interspecies trans-
mission events contribute to their diversity (51). Never-
theless, there is a significant restriction of growth of rotavirus
from one host species in another (host-range restriction); this
restriction formed the basis for the development of Jennerian
rotavirus vaccines (see the Vaccine section).

Growth in Cell Culture
Although initially growth of human rotavirus in vitro was
very difficult, the discovery that trypsin treatment enhanced
viral yield led to the cultivation of most isolates. Biochem-
ical studies of rotavirus gene expression and function have
been done both in the MA104 cell line (monkey kidney
cells) and in polarized intestinal epithelial cell lines (52).
The use of intestinal organoids (fragments of intestinal villi)
has been recently proposed as a more physiological model to
study rotavirus replication (53).

It is possible to construct infectious cDNA for many
RNA viruses. However, transfection of purified rotavirus
RNA or cDNA into permissive tissue culture cells, without
helper viruses, has failed to yield infectious virus. Because of
this, it has been impossible to efficiently use reverse genetics
for rotaviruses, and researchers have been unable to ma-
nipulate the viral genome easily and to perform extensive
functional studies of the viral genes. A reverse-genetics
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method to create rotaviruses with complementary DNA
(cDNA)-derived reassorted genes was developed but, since
this method relies on helper virus functions, it has proven
relatively inefficient (54). At least two additional reverse
genetic methods that also use helper viruses have been
described (55, 56) that may prove more useful. As an al-
ternative approach to study the function of individual viral
genes, inhibition of specific RNAs with small interfering
RNA (siRNA) (57) has proven quite useful.

EPIDEMIOLOGY
Distribution
Rotavirus infection occurs worldwide; most children de-
velop antirotavirus antibodies by the age of 2 years. The

incidence of rotavirus infection is comparable in developed
and developing countries, implying that improvements in
sanitation and hygiene will be ineffective for the control of
this infection.

Incidence and Prevalence of Infection
The estimated incidence of rotavirus diarrhea varies de-
pending on the method used for detection and case definition
and on the epidemiologic settings under study. The incidence
of rotavirus diarrhea defined by prospective studies in de-
veloping countries has varied between 0.07 and 0.8 episodes
per child per year (6, 11). Compared with diarrhea caused by
other microorganisms, the diarrhea produced by rotavirus
infection is particularly severe and frequently associated with
dehydration. Rotavirus infections account for a low per-
centage (8%) of all cases of community-acquired diarrhea,

FIGURE 3 Schematic representation of the rotavirus replication cycle in intestinal polarized epithelial cells. The initial cell attachment
step involves binding to cellular glycans and subsequent interactions with multiple receptors/coreceptors mediated by VP8* and VP5*,
respectively (47). As a second step in entry, RVA have been proposed to interact with integrins a2b1, aVb3, and aXb2 and with the heat
shock cognate protein hsc70 (34). Although not completely established, most studies suggest that rotaviruses enter cells by endocytosis (34)
and then lose VP7 and VP4 (11). In the cytoplasm, double-layered particles gain transcriptase activity and begin to synthesize viral mRNAs.
Viral proteins accumulate in the cytoplasm in an electron-dense region called the viroplasm, where the viral genome is replicated and the
assembly of progeny double-layered particles takes place (22). An initial stage in viral assembly that is incompletely understood involves the
assortment of single-stranded positive RNA strands corresponding to each one of the 11 gene segments (216). A viral intermediate particle
that consists of VP1, VP2, VP3, and probably all the nonstructural proteins, except NSP4, is then formed (11). This complex acquires VP6
and during this process the nonstructural proteins are lost. Subsequently, the double-layered particles via VP6 interact with NSP4 that has
been synthesized by ER ribosomes (217). This interaction leads to budding of the double-layered particles (DLP) into the ER lumen. In this
organelle the particles acquire a transient lipid membrane. Subsequently the viral particles acquire VP7 and VP4 and lose the transient
enveloping membrane. The exit of the mature triple-layered viral particles from the ER and the cell has been incompletely elucidated and
may involve a raft-dependent pathway before cell lysis occurs (218, 219) or may be a postlysis event. The mechanism of cell death induced by
rotavirus (before or after viral exit) is incompletely understood but is dependent on cell apoptosis in vitro and in vivo in mice (220, 221).
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28% of diarrhea associated with outpatient or clinic visits,
and 39% of hospitalizations for diarrhea among young
children (11).

The incidence of various rotavirus serotypes/genotypes
varies by geographic location and time (17, 58). Of the 35 P
and 26 G genotypes described to date, P genotypes [4], [6],
[8], [9], [10], [11], [14], and [25] and G genotypes 1–4, 9, and
12 are epidemiologically important for humans (11, 58). A
review of rotavirus genotyping studies from 1996 to 2007
characterized changes in RVA strains in the prevaccine era
(58). Five genotypes (G1-G4 and G9) accounted for 88%
of all strains, with temporal variation being evident. The
prevalence of G1 strains declined from 2000 onward, while
G3 strains reemerged, and G9 and G12 strains emerged
during the same period. Rotavirus genotyping studies have
been extensively performed in the postvaccine era (2007 to
2012) to determine if vaccine administration influenced
the genotypes of circulating strains (17). Similar to the pre-
vaccine era, the six strains most commonly reported in
people were found in approximately 73% of the samples
(G1P[8], 31.2%; G2P[4], 13.0%; G3P[8], 10.7%; G9P[8],
10.2%; G4P[8], 5.0%; G12P[8], 2.7%). Following pre-
vaccine trends, temporal geographic variations in strain dis-
tribution have been observed in the postvaccine era. For
example, in South America G2[P4] strains, and not G1[P8],
are the predominant strain. In Africa, prevalence of viruses
with genotypes P[6] and G8 was greater than 1%, including
G2P[6] (8.2%), G1P[6] (6%), G3P[6] (5.5%), G12P[6]
(3.5%), G8P[6] (1.7%), G8P[4] (1.8%), and G1P[4] (1.1%).
Moreover, evidence for genetic interaction between vaccine
and wild-type strains was observed, and transient predomi-
nance of heterotypic strains (G2P[4]) was observed mainly in
countries using the RotarixTM vaccine (the human mono-
valent vaccine referred to as RV1, see below), However, this
finding requires further monitoring, and a clear effect of
vaccine introduction on long-term rotavirus strain epide-
miology has not been established.

Subclinical Infections
In a cohort of 200 Mexican children followed from birth to 2
years of age with weekly monitoring of rotavirus excretion in
stool samples and regular serologic testing, approximately
50% of rotavirus infections were asymptomatic (59). The
percentage of asymptomatic infections increased during the
second, third, and subsequent infections, presumably as a
result of the development of both homotypic and heterotypic
immunity.

Epidemic Patterns and Seasonality
In the temperate zones of the world (mostly developed
countries), rotaviral infection occurs primarily during epi-
demic peaks in the cooler months of the year (60). This
pattern is not seen in countries within 10 degrees of the
equator, where infection occurs in an endemic fashion
throughout the year (60). No clear explanation is available
for the rotavirus winter epidemic peaks; higher airborne
transmission (60), higher stability of rotavirus with low rel-
ative humidity, or indoor crowding have all been proposed.
However, clear association between lower relative humidity
and development of rotavirus infections has not been found
in all settings where this variable was analyzed (11).

Before the introduction of rotavirus vaccination, a yearly
wave of rotaviral illness spread across the United States (61)
and Europe (62) following peculiar spatiotemporal patterns.
In the United States this pattern of spread correlated with
variation in birth rates, thereby suggesting that the number

of babies experiencing their first infection is one of the pri-
mary drivers of rotavirus epidemics (63). The high birth
rates in developing countries may also influence the differ-
ential epidemiologic distribution of rotaviruses. The wide-
spread use of rotavirus vaccine has greatly reduced or
eliminated this spatiotemporal spread of rotavirus in the
United States (64).

Age-Specific Attack Rates
The peak incidence of rotaviral illness in children in de-
veloping countries is between 6 to 11 months of age. In
contrast, in developed countries like the United States and
Canada, the highest rates occur during the second year of
life. This difference between developed and developing
countries has been proposed as due to the seasonal pattern of
rotavirus infection in the developed countries; a child born
just after the rotavirus season in a developed country would
have almost a year before being exposed to the next rotavirus
season, whereas a child born in a rotavirus-endemic country
could become exposed throughout the year. Rotaviral in-
fection is frequently asymptomatic in neonates (65–67), and
neonatal strains isolated have been reported to have a par-
ticular P type and also specific differences in their VP7 and
NSP4 genes when compared to pathogenic strains of similar
serotypes (67). For this reason, it has been suggested that
some strains found in newborns are naturally attenuated and
could serve as vaccine candidates (65, 67). However, it is
likely the newborn host rather than the viral strain is pri-
marily responsible for the avirulent phenotype in newborns
(66). The relative resistance to rotavirus illness in infants
less than 3 months old may be a result of antibodies acquired
by placental transfer from the mother (66) and possibly a
difference in the glycans available for viral binding in the
neonatal intestine (50).

Rotaviral disease of adults is seen occasionally in the el-
derly and in people who take care of sick children. In a
prospective study of families, almost 50% of the caretakers of
children with rotavirus diarrhea become infected with ro-
tavirus, and 50% of these infections were accompanied by
mild symptoms (68). In challenge studies of adults with
virulent rotavirus, low levels of preexisting serum antibodies
were associated with symptoms (69). Given the importance
of rotavirus disease in the elderly, trials of pediatric vaccines
are being implemented in this population (70).

Risk Factors and High-Risk Groups
Malnutrition, with its probable associated immunodefi-
ciency, is a predisposing factor for severe life-threatening
dehydration associated with rotavirus disease (71). In de-
veloped countries, low-birth-weight and premature infants
appear to be at greater risk for hospitalization with rotavirus
gastroenteritis (72). Interestingly, HIV has not proven to be
a substantial risk factor for rotavirus illness (73), in contrast
to severe combined immunodeficiency diseases (74). In the
United States, although breast feeding was found to be
protective, low-birth-weight infants, children in daycare,
those covered by Medicaid or without insurance, and those
having another child in the house had an increased risk of
rotavirus hospitalization for rotavirus disease (75). African-
American origin (76), maternal age, and maternal education
less than high school may also increase the risk of hospi-
talization for rotavirus disease (75). On the other hand, in
less developed countries breast feeding was not shown to
protect against rotavirus illness (77). Thus, socioeconomic
factors seem to be most important for increasing the risk of
hospitalization with rotavirus gastroenteritis (75). Also,
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three recent studies that implicate HBGA as RVA receptors
have shown that the HBGA glycan can determine suscep-
tibility to disease in a strain-specific manner (78–80); how-
ever, these results need to be confirmed.

Reinfections
In the cohort of Mexican children mentioned above, rota-
virus reinfections were very common. Of the children stud-
ied, 96%, 69%, 42%, 22%, and 13% were reinfected 1, 2, 3,
4, and 5 times, respectively, during their first 2 years of life
(59). The severity of disease rapidly decreased after the first
infection and, remarkably, no child experienced moderate or
severe disease after the second infection. In a more recent
study in India, 56% of children were infected by 6 months of
age (81). As in the Mexican study, protection against mod-
erate or severe disease increased with subsequent infections
but was only 79% effective after three infections.

Transmission
Rotaviruses are usually transmitted by the fecal-oral route,
but some indirect evidence has suggested that they could
also be transmitted by the respiratory droplet route (82).
While nasal shedding of an attenuated human rotavirus
strain in pigs has been reported, this phenomenon was less
common when a virulent human rotavirus was examined in
swine, suggesting that, if the pig model were relevant for
study of human rotavirus transmission, then this mode of
transmission might vary by viral strain (83). The origin of a
rotavirus that infects a child who is not in contact with other
children is unclear but may be due to subclinical infection in
household adults (11). Although rotaviruses have been
detected in both treated and untreated sewage water, wa-
terborne outbreaks of rotavirus are probably rare because of
the relative instability of rotavirus at high relative humidity
(11). Foodborne outbreaks are also rare, although it has been
reported that oyster and mussel samples can be heavily
contaminated by rotavirus (84).

The efficient transmission of rotaviruses in the environ-
ment is assured, at least in part, because they are shed in the
feces at a very high concentration (up to 1011 particles per
gram) and are very resistant to degradation at ambient tem-
peratures.

Institutions, such as daycare centers, with high concen-
trations of young children have an increased risk of devel-
oping rotaviral disease outbreaks. Moist surfaces including
water fountains and water-play tables are common sources of
rotavirus contamination in daycare centers (85). Rotavirus
infection also occurs frequently in neonatal nurseries and,
although most of these infections seem to be asymptomatic,
some are not (86). Nosocomial rotavirus infections, espe-
cially in newborn nurseries, can be caused by a predominant
rotavirus strain that differs from the strain currently circu-
lating outside of the hospital (86, 87).

PATHOGENESIS IN HUMANS
Incubation period
The incubation period for rotavirus infection has been es-
timated to be less than 48 hours, based on animal studies and
experimental infection of adult volunteers. This very short
incubation period, which permits substantial viral replica-
tion prior to the amplification of a memory immune re-
sponse, may be one of the factors that explains why multiple
reinfections (generally mild or asymptomatic) occur with ro-
tavirus (88).

Patterns of Virus Replication
The duration of viral excretion in infected children, deter-
mined both by ELISA and a sensitive PCR method, ranges
from 4 to 57 days after onset of diarrhea (89). In about 43%
of the children viral excretion stops in 10 days and within 20
days in 70% of the children. Extended excretion (mainly
with the primary infecting rotavirus), but at generally sub-
stantially diminished levels, is detected for 25 to 57 days in
the remaining 30% of the children.

An important study in cattle showed that rotaviruses
penetrate but do not replicate in the intestinal M cells of
Peyer’s patches, an observation suggesting that rotaviruses
can come in contact with the immune system by means of
these cells (90). Although it was once thought that in im-
munocompetent children rotavirus infection was restricted
to the mature enterocytes on the tips of the small intestinal
villi (11), studies in both normal humans and animals clearly
showed that this paradigm is incorrect. Most rotavirus in-
fections are associated with antigenemia (91), RNAemia
(92), and some level of viremia (93) in the initial phase of
rotavirus-induced diarrhea in animals and children. In mice,
the level and location of extraintestinal replication varies
among rotavirus strains, and viral replication seems to occur
in several leukocyte subsets (94). However, the clinical
relevance of the findings of extraintestinal spread and rep-
lication is unclear, and in children and animals the greatest
rotavirus replication occurs in the mature villus tip cells of
the small bowel. Immunostaining with antibodies directed
against nonstructural rotavirus proteins in autopsy samples
from liver and kidney from severely immunodeficient chil-
dren with chronic rotavirus infection suggests that viral
extraintestinal replication occurs under these circumstances
(74).

Pathology and Pathogenesis
The pathologic changes in the intestines of children infected
with rotavirus include shortening and atrophy of the villi,
mononuclear infiltration in the lamina propria, and dis-
tended cisternae of the ER (95). However, a direct rela-
tionship between the extent of histopathology and disease
has not been demonstrated. For example, in a study of in-
testinal biopsies of children with rotavirus diarrhea, 95%
of 40 patients did not have prominent histopathological
changes despite symptoms (96). In the mouse model, rota-
virus disease is associated with very modest histopathological
findings, suggesting that the mechanism or mechanisms for
the induction of rotavirus diarrhea could be similar in mice
and humans. As noted above, the bulk of rotavirus infec-
tion appears to be restricted to the mature villus tip cells of
the small bowel of all species (Figure 4), while low levels of
viremia and extraintestinal replication probably take place
in other organs. Using semiquantitative PCR, a correlation
has been found between the levels of viral RNA in stool and
the severity of diarrhea (97), suggesting that children with
more severe diarrhea excrete more virus than children with
less severe disease.

Study of the physiological basis of rotavirus-induced di-
arrhea in humans and in several animal models has yielded
diverse and at times contradictory findings (95). In the pig
model, rotavirus infection is associated with decreased in-
testinal lactase content, increased fecal lactose loss, and an
increased fecal osmotic gap (95). These findings are con-
sistent with the hypothesis that malabsorption of carbohy-
drates causes an osmotic diarrhea during rotaviral infection.
In humans, a lactase deficiency has also been associated with
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rotavirus gastroenteritis (98). The most common explana-
tion for the malabsorption and lactase deficiency associated
with rotavirus diarrhea is the direct destruction of the en-
terocyte during viral replication. An alternative explanation
that is more congruent with cases of rotavirus disease not
associated with substantial pathologic findings is that rota-
virus affects the turnover of disaccharidases in the microvilli
(99). In support of this theory, it has been shown that ro-
tavirus reduces sucrase-isomaltase expression and activity in
human intestinal epithelial tumor cell lines by disrupting
protein targeting and the organization of the microvillar
cytoskeleton before apparent cell destruction occurs (100).
In children with rotavirus diarrhea, some (98, 101) but not
all (102) studies have shown increased mucosal permeability.
A possible explanation for these in vivo findings has been
suggested by in vitro experiments that show that rotavirus
induces structural and functional alterations in tight junc-
tions of polarized intestinal Caco-2 cell monolayers without
alterations in cell and monolayer integrity (103). A recent
study in mice did not find evidence for increased perme-
ability at the onset of disease (104). The heterologous SA11
recombinant NSP4 and a synthetic peptide derived from it
have been shown to induce an age-dependent secretory di-
arrhea in mice (43). In these studies, mouse pups born to
dams immunized with the NSP4 derived peptide were par-
tially protected from the diarrhea induced by a heterologous
rotavirus strain. The homologous mouse NSP4 has also been
shown to induce diarrhea in mice.

Because cystic fibrosis transmembrane conductance reg-
ulator (CFTR)-knockout mice, which do not respond to any
known intestinal secretagogues, have homologous rotavirus-
induced diarrhea, and NSP4 and the NSP4-derived peptide
also induce diarrhea in these mice, NSP4 may mediate its
effect through a novel secretory (non-CFTR-dependent)
pathway or by another nonsecretory mechanism (11). Rota-
virus also induces intestinal fluid and electrolyte secretion
by activation of the enteric nervous system in the intesti-

nal wall (105). In addition, rotavirus infection and NSP4
stimulate release of serotonin from intestinal sensory en-
terochromaffin cells in vitro and ex vivo (106). Mouse pups
infected with rotavirus responded with central nervous sys-
tem activation in brain structures associated with vomiting,
providing an explanation for this symptom in rotavirus dis-
ease. Also in mice, rotavirus disease is associated with in-
creased intestinal motility via activation of the myenteric
nerve plexus (104). The fact that children with rotavirus
gastroenteritis can be successfully treated with racecadotril,
an enkephalinase inhibitor that can act on the enteric
nervous system, also supports a role for this mechanism in
rotavirus-induced diarrhea (107).

The three factors (malabsorption, NSP4, and enteric ner-
vous system) proposed to explain rotavirus diarrhea could
play different relative roles depending upon the animal
species analyzed and, for a given species, could be operating
together, with the relative importance of each mechanism
varying depending upon the stage of infection. Determining
the relative importance of each mechanism in human
rotavirus-induced diarrhea might help in developing more
effective vaccine strategies or new strategies to treat rotavi-
rus diarrhea.

Immune Responses
As discussed above, although symptomatic reinfection with
rotaviruses can occur throughout life, the severity and num-
ber of rotavirus infections diminishes with increasing age,
and, in most settings examined to date, severe infections
seem to be primarily limited to the first or second infection
(88). This pattern of infection strongly suggests that a pro-
tective immune response against rotavirus develops after
primary infection but that the generation of complete im-
munity requires multiple infections (108). Chronic rotavirus
replication, prolonged symptoms, and extraintestinal infec-
tion in children with severe combined T and/or B immuno-
deficiencies (29, 74) also argue for an important role of the
adaptive immune system in immunity to rotavirus. As is the
case with severely immunocompromised children, some, but
not all, strains of T- and B-cell immunodeficient mice be-
come chronically infected with murine rotavirus (88).

Innate Immunity
Studies in mice have shown that rotaviruses are inactivated
in the stomachs of adult but not newborn mice (109), which
suggests that the development of gastric acid and pepsin
secretion may be an important host defense factor against
the virus. Lactadherin present in human milk specifically
binds to rotavirus and inhibits its replication in vitro (110).
Lactadherin levels in maternal milk are significantly higher
in asymptomatic than symptomatic children with rotavirus
infection, suggesting that this glycoprotein, rather than IgA,
could be mediating an antiviral effect in milk.

The importance of innate immunity against rotaviruses
has been indicated by experiments in which antibiotic
treatment of mice reduces rotavirus infection in a toll-like
receptor (TLR)-dependent fashion (111, 112). A potential
mechanism of immune evasion is rotavirus stimulation of the
secretion of TGF-b in polarized Caco-2 cells, and this effect
has been shown to inhibit the capacity of dendritic cells to
activate Th1 T cells (113, 114). Rotavirus has developed
multiple mechanisms to evade interferon (IFN) innate im-
munity: NSP1, in particular, induces the proteosomal deg-
radation of interferon regulatory factors (IRF) 3, 5, and/or 7,
depending on the strain (115). In addition, NSP1 has re-
cently been shown to inhibit the amplification phase of the

FIGURE 4 Cross-section of the small bowel villi from a rotavirus-
infected mouse immunostained for rotavirus antigen. Note the re-
striction of growth of rotavirus to the mature villus tip cells of the
small bowel.

36. Rotaviruses - 861



innate response by inhibiting STAT1 activation (38). Mice
lacking the receptor for type III IFN, and to a lesser degree
the receptor for type I IFN, have been reported to be more
susceptible to murine rotavirus infection (116). On the other
hand, STAT1 knockout mice (deficient in types I, II, and III
interferon signaling) have been shown to be only marginally
more permissive for homologous murine rotavirus replication
(38). Hence, the relative roles of the IFNs in suppressing
homologous rotavirus replication are not completely clear.
However, the vomiting associated with rotavirus disease has
been correlated with the increased levels of serum IFN-a
found in children with acute rotavirus infections (117).
Interestingly, interleukin (IL)-22 has been shown to act
synergistically with type III IFN to restrict rotavirus replica-
tion (118). Finally, the combined effect of IL-22 and IL-18 is
able to prevent and cure rotavirus infection in mice through
a TLR5/NLRC4 mechanism (119).

Specific Humoral and Cell-Mediated
Immune Responses
The immune response against rotavirus has been extensively
studied in several animal models (88). Because rotavirus re-
plication is primarily restricted to the enterocyte in vivo, the
immune response against rotavirus originates in and exhib-
its its effector function directly at the intestinal mucosa.
Intestinal T cells and neutralizing antibody responses are
relatively weak in neonatal mice following homologous
murine rotavirus infection (120, 121). Moreover, the pres-
ence of the integrin a4b7 (the intestinal homing receptor)
has been shown to be required by B cells, but not CD8+ T
cells, for the migration of the lymphocytes to the intestine to
provide immunity to rotavirus (88). The migration of the B
cells to the intestine also depends on the presence of the
CCR9 and CCR10 chemokine receptors (122). Although
the studies in animal models have been enlightening, the
immune response in humans may differ substantially. For
example, while mice develop a primary lifelong protective
intestinal IgA response against rotavirus, humans do not and
can be reinfected multiple times.

A rotavirus-specific IgA coproantibody response occurs
in 70% to 84% of children after a symptomatic infection
(88). This IgA response has been reported to peak from 1 to
4 weeks after infection and then to decrease rapidly (108,
123). The relatively short duration of human intestinal
antiviral IgA is probably one of the factors that contribute to
multiple reinfections. During the acute phase of infection,
IgM serum antibodies predominate and are subsequently
replaced by IgG and, to a lesser extent, IgA (124). The IgG
serum response is more durable than that of salivary or fecal
IgA (125). During acute infection rotavirus-specific serum
IgA has been shown to be directed principally against VP2
and VP6 and to broaden to include other structural and
nonstructural proteins in the convalescent phase (126).
Secondary infections will generally boost the fecal IgA re-
sponse, and in many but not all children induce protective
fecal antirotavirus IgA levels (108). Studies of human neu-
tralizing antibody responses against rotavirus have shown
that upon first exposures to rotavirus, children develop
higher homotypic than heterotypic antibody levels (127).
However, as the number of rotavirus infections increase,
children develop more heterotypic antibodies.

To better understand rotavirus humoral immunity, spe-
cific B cells have been studied in both animals and children
(128, 129). An important fraction of naïve human B cells
bind rotavirus VP6 with low affinity (130), which highlights
the importance of B cells as an innate component of im-

munity to rotaviruses. However, the Ig genes used by naive
rotavirus-specific B cells are different than those expressed
by memory B cells, suggesting that the latter do not primarily
develop from the former (131, 132). Moreover, rotavirus-
specific B cells are enriched in CD27+ memory B cells that
express IgM (132, 133). Recently, using single-cell mass
cytometry, intestinal and blood circulating rotavirus-specific
B cells have been compared, and antibody secreting cells in
the intestine and blood have been shown to be highly
clonally related (134).

Based on ELISPOT and intracellular cytokine staining
assays (135–138), healthy adults have circulating rotavirus-
specific CD4 Tcells that secrete IFN-g or IL-2, whereas cells
producing IL-4, IL-13, IL-10, or IL-17 were below detection
limits. The frequencies of rotavirus-specific CD4 T cells
producing IFN-g in these subjects are comparable to those
specific for other mucosal respiratory viruses (138). How-
ever, the majority of rotavirus-specific CD4 Tcells were IFN-
g single producers, followed by a low percentage of double
IFN-g/IL-2 producers cells (138); they had the phenotype of
terminally differentiated effector cells and were probably
unable to provide long-term immunity (139). In agreement
with their proposed intestinal origin, human rotavirus-
specific CD4 T cells detected with a tetramer express both
a4b7 and CCR9 (140).

Correlates of Immune Protection
Studies in animal models and humans have shown that local
intestinal antibody is probably the primary protective ef-
fector mechanism against rotavirus (127). In mice, other
mechanisms, such as CD8+ T cells induced by natural in-
fection, can also mediate modest levels of short-term pro-
tection (88). Protective humoral immunity in several, but
not all, animal models, is associated with the presence of
neutralizing antibodies directed at VP4 and/or VP7 (88). In
mice, non-neutralizing IgA antibodies directed against VP6
are able to protect against viral infection (141), probably by
mediating intracellular viral inactivation during transcytosis
through the enterocyte (141, 142). In addition, suckling
pups nursed by dams vaccinated with an NSP4-derived
peptide can be partially protected from heterologous rota-
virus diarrhea (43). However, in pigs (the only animal model
in which protection from disease and not viral infection is
measured) NSP4 antibodies do not correlate with protection
(143). Thus, immunity may vary according to the vaccine,
the animal species, the route of vaccination, and age of the
vaccinees (121).

In studies performed in daycare centers and orphanages,
in which antibodies to rotavirus have been measured very
shortly before a rotavirus outbreak, intestinal and serum
antibodies have correlated with protection against natural
rotavirus reinfection (88). Rotavirus-specific antibodies
(stool IgA in particular) have also been correlated with
protection in some (108) but not in other studies involving
naturally infected as well as vaccinated children (88). In
general, serum antibody levels have been better correlated
with protection following natural infection than following
vaccination (144). At present, we do not have a precise and
reliable marker of protection induced by vaccination (127).
This deficiency has been an impediment to the development
of new rotavirus vaccines because the only way of deter-
mining whether a vaccine is effective is in large-scale field
efficacy trials. Both serum-neutralizing antibodies and serum
and stool G-type specific antibodies have been shown to
correlate with protection in studies carried out in an or-
phanage and daycare center as mentioned above (123).

862 - THE AGENTS—PART B: RNA VIRUSES



Nonetheless, neutralizing antibodies have not been shown
to correlate with protection in other settings (88). Likewise,
in vaccine studies, some investigators (145) but not others
have found a correlation between the presence of neutral-
izing antibodies and protection (88). The age at which
children receive their first dose of the human RV1 seems
critical in inducing neutralizing antibodies, and the fre-
quency of children developing these antibodies is signifi-
cantly below the level of protection induced by the vaccine
(146). Thus, although neutralizing antibodies seem to play a
role in protection, it is possible that antibodies against other
proteins (VP6 and NSP4) or other mechanisms can also play
a role in immunity. Recently, IgA antibodies against rota-
virus have been shown to correlate with protection induced
by RV1 (147). In addition, titers of rotavirus-specific IgA
correlated with mortality in children under age 5 for both
RV1 and RotaTeqTM (the bovine pentavalent rotavirus
based vaccine referred to as RV5) (148). Polymeric anti-
bodies (IgA or IgM) that have been secreted into the
intestinal lumen can, by an unknown mechanism, be retro-
transcytosed and reach the blood (88). In a small trial of a
precursor to RV1, both titers of rotavirus-specific serum IgA
and secretory antibodies correlated with protection, but this
result needs to be confirmed (149).

The relative importance of maternal antibodies acquired
transplacentally and from milk in protection against rota-
viruses is unclear. In the pig model, antibodies acquired
transplacentally (simulated by the passive transfer of serum
from rotavirus-infected animals) or by colostrum could re-
duce the severity of primary rotavirus disease (150). These
antibodies also inhibited the development of an effective
mucosal immune response, and animals that received these
antibodies were more susceptible to viral reinfection than
the ones that did not receive the antibodies (150). It has
been postulated that the relative resistance of newborns to
rotavirus diarrhea is due to transplacentally acquired serum
antibodies (66). Children breastfed with milk that contains
antirotavirus neutralizing antibodies develop diarrhea to a
similar extent as nonbreastfed children or those breastfed
with milk lacking the antibodies (151). Breastfed children
and nonbreastfed children seem to develop symptomatic or
asymptomatic rotavirus infections to the same extent (110).
The concentrations of lactadherin, but not rotavirus-specific
secretory milk IgA, are higher in children with asymptom-
atic infection than in children with diarrhea. Thus, breast-
feeding probably confers some limited protection against
rotavirus but this effect is relatively minor compared to
the effect breastfeeding has against several bacteria-induced
diarrheas. Although some studies have shown slightly de-
creased vaccine “take” rates with breastfeeding (151), with-
holding breastfeeding during vaccination does not improve
vaccine immunogenicity (152).

Correlates of Disease Resolution
The mechanisms that mediate disease resolution are multi-
ple and probably redundant. In mice, CD8 T cells are prob-
ably the first immune mechanism that mediates rotavirus
clearance (88), but in their absence antibody or other
mechanisms can also perform this function.

Clinical Manifestations

Major Clinical Syndromes
The primary clinical syndrome caused by rotavirus infection
is acute gastroenteritis. Typically, rotavirus-induced diarrhea
is watery, lasts for approximately 5 days, is often preceded by

the sudden onset of vomiting usually lasting 1 to 2 days, and
is frequently accompanied by several days of fever (37.9°C or
greater) and dehydration (153). Respiratory symptoms, al-
though common in children with rotavirus infection, have
not been specifically linked to this virus. Severe diarrhea in
an age-susceptible child during the cool months of the year
in a country with a temperate climate strongly suggests the
diagnosis of rotavirus infection. Nonetheless, the clinical
characteristics of rotavirus illness are not distinct enough
to permit diagnosis based solely on physical examination
and history, and laboratory confirmation of the diagnosis is
necessary. However, laboratory diagnosis is seldom needed
for therapeutic purposes in children with mild or moderate
gastroenteritis.

Laboratory abnormalities in children with rotavirus in-
fection are related to the extent of vomiting and dehydration
(high urine specific gravity and electrolyte alterations) and
should be investigated depending on the severity of these
findings. The presence of reducing sugars in stool samples
should alert the clinician to probable associated lactose in-
tolerance (154). Occult blood and fecal leukocytes are found
in small proportions, less than 16% and 39%, respectively, of
rotavirus-infected children, but these findings are present at
higher frequencies in children with bacterial infections and
may suggest the differential diagnosis (155). Overtly bloody
stools, prolonged diarrhea, leukocytosis, and a raised eryth-
rocyte sedimentation rate also suggest a bacterial etiology
(153). Children with rotavirus gastroenteritis often have
elevated alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST), suggesting that some hepatic involve-
mentmay occur during natural rotavirus infection (156, 157).

Rotavirus infection can cause severe and prolonged dis-
ease in children with severe combined primary immunode-
ficiency disease, some of whom shed virus chronically and
develop disseminated infection (74). Acquired immunode-
ficiency also predisposes to severe rotavirus disease, and the
virus can be a particular threat to severely immunosup-
pressed children with bone marrow and liver transplants
(158). The role of rotavirus-induced disease in immuno-
suppressed adults with HIV and adult transplant patients is
much less important (73, 159), although in some series
death of patients with transplants has been associated with
rotavirus infection (160).

Complications
Rotaviruses are not a major cause of prolonged diarrhea.
However, diarrhea of rotavirus origin, especially in devel-
oping countries, can be the initiating factor for malnutrition
with its accompanying immunodeficiency, which in turn
makes children susceptible to other infectious diseases (161).
Thus, the effects of rotavirus disease may not be limited to
the morbidity and mortality associated per se with an epi-
sode of acute diarrhea. Some (but not all) studies have
not found an association between natural rotavirus infection
and intussusception (162–164). In mice, rotavirus enhances
lipopolysaccharide (LPS)-induced intussusception (165).
Moreover, natural rotavirus infection thickens the intestinal
wall and enlarges mesenteric lymph nodes (166), suggesting
a potential mechanism by which infection could promote
intussusception. Studies aimed at clarifying this potential
association are of great relevance, because RotaShield, the
first licensed rotavirus vaccine, was withdrawn from the
market because of its temporal association with very rare cases
of intestinal intussusception. These cases mostly occurred in
the first week after administration of the first vaccine dose
(167). Although studies have failed to identify the reasons
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RotaShield induced intussusception, it is important to note
(see section on rotavirus vaccines) that this complication
occurred mostly (80%) in children older than 3 months of
age (168). A relationship between rotavirus infection and
the development of diabetes has been proposed but not
supported by experiments in mice or observations to date
in children (169, 170). A possible association between RVC
and the development of biliary atresia has been proposed by
some (171) but not other studies (172). However, in rodents
certain strains of heterologous simian RVA induce a biliary
obstructive disease (173), which may be autoimmune in
nature, since adoptive transfer of T cells from mice with
rotavirus-induced biliary atresia into naive syngeneic recip-
ient mice with severe combined immune deficiency resulted
in bile-duct-specific inflammation in the absence of detect-
able virus. Also, some preliminary evidence suggests a pos-
sible association with celiac disease (174, 175). Seizures have
been reported during rotavirus illness and in association with
mild gastroenteritis caused by other viruses (176). The casual
relation between rotavirus and seizures has been supported by
the detection of rotavirus by PCR in some cerebrospinal fluid
samples (176) and by the fact that rotavirus vaccination
protects against childhood seizures (177). Electrolyte ab-
normalities and fever associated with infection could also
explain some of the seizures, so a firm conclusion concerning
the mechanism of seizures cannot be drawn at present. Many
other rare complications have been associated with rotavirus
infection, but due to the high frequency of rotavirus infec-
tions these associations probably occurred by chance.

Laboratory Diagnosis

Virus Isolation
Cell culture: At present cultivation of human RVA is a
relatively straightforward task although rarely done in clin-
ical laboratories. In contrast, very few RVB and RVC have
been grown in vitro. Best results for growing human RVA are
obtained using fecal samples (rectal swabs are less efficient)
(11).With pretreatment of virus with trypsin (5 to 10 mg/ml)
and subsequent incorporation of trypsin (0.5 to 1 mg/ml) in
the medium of infected MA104 cells in roller tubes, 75% of
human rotaviruses can be grown in vitro (11). Primary simian
kidney cells (178) and intestinally derived cell lines such as
the human colon adenocarcinoma cell line CaCo-2 (179)
are probably superior to MA104 cells for primary isolation of
rotavirus.

Antigen Detection
The first method available for making the diagnosis of ro-
tavirus infection was electron microscopy. Although this
method has generally been replaced by the more readily
available and sensitive solid phase immunoassays, it can still
be of use, for example, for detecting nongroup A rotavirus
and mixed infections with other enteric viruses. Of the
commercially available latex agglutination tests and ELISA
kits for the detection of rotavirus in stool samples, the latter
are more sensitive and are probably the most commonly used
assay for making the diagnosis of rotavirus infection (180).
The commercial ELISA kits available can have a sensitivity
and specificity of up to 98% and 100%, respectively. Among
the ELISA tests, those that employ specimen-specific neg-
ative controls (preimmune serums as capture antibodies) are
superior in minimizing false-positive reactions (180). ELISA
kits that use G- and P-serotype-specific MAbs are also avail-
able to type the most frequent rotavirus strains that infect
humans.

Nucleic Acid Detection
Because in the early rotavirus studies it was impossible to
culture the different viral isolates, the characteristic migra-
tion patterns of RNA during polyacrylamide gel electro-
phoresis were an important laboratory and epidemiological
tool. This method of differentiating rotavirus strains is called
electropherotyping. Although this method is still useful to
differentiate RVA from rotavirus of other groups, among
group A strains the different electropherotypes do not cor-
respond to specific serotypes and are of limited value (11).

PCR amplification of rotavirus nucleic acid from stool
specimens is the most sensitive way to detect RVA, RVB,
and RVC (181–183). With this method, in a case control
study up to 29% of asymptomatic children less than 1 year of
age were positive for rotavirus (183). Although it is not clear
that the RNA detected reflects active viral replication,
symptomatic children generally shed much more viral RNA
than asymptomatic children. A correlation has been ob-
served between the severity of rotavirus diarrhea and the
quantity of RNA shed (97). G (184) and P genotyping by
PCR (185) is more sensitive than serotyping using ELISA
with specific serotype-specific MAbs.

Serologic Assays
Detection of rotavirus-specific serum and stool antibodies is
generally performed by ELISA and typically is restricted to
epidemiological and vaccine studies. The most sensitive and
rapid immunologic test to diagnose primary infection seems
to be the detection of virus specific IgM in serum (124). A
four-fold increase in convalescent as compared to acute se-
rum titers of IgA and IgG can also be used to diagnose pri-
mary infections. An increase in IgA titer in convalescent
stool samples is a more sensitive marker of rotavirus reinfec-
tion than is seroconversion (125). However, measurement of
these antibodies in breastfed children is complicated by the
fluctuation of these antibodies as a result of the presence of
maternal milk IgA. Measurement of rotavirus-neutralizing
antibodies is commonly performed by plaque reduction or
focus reduction assay (146). Serotype-specific responses to
defined epitopes of VP7 can be measured by an immunoassay
that uses neutralizing MAbs to compete with the test serum
as an alternative to traditional neutralization assays (186).

Prevention

General
Strict isolation of rotavirus-infected hospitalized patients is
unnecessary, since the risk of nosocomial rotavirus infection
is not enhanced by room contact with a rotavirus-infected
patient or by the sharing of attending personnel. Precautions
should be exercised in disinfection of surfaces thought to be
contaminated with rotavirus, since these viruses have been
shown to be highly resistant to many commonly used dis-
infectants. A spray composed of 0.1% o-phenyl phenol and
79% ethanol is highly effective in decontaminating surfaces
with rotavirus (187). These measures, combined with careful
hand washing, will limit the spread of infection in hospitals
or other institutional settings. Nonetheless, the fact that the
incidence of rotavirus infection is similar in developed and
less developed countries suggests that these measures will not
replace the need for an effective vaccine.

Passive Immunoprophylaxis
The feasibility of passively protecting newborns by immu-
nizing mothers with rotavirus has been demonstrated in
animal models and human trials in which oral vaccination of
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mothers increased virus-specific antibodies in breast milk
(188); however, the protective efficiency of this strategy in
humans has not been evaluated.

Active Immunization
Because animal and human rotaviruses share antigens ca-
pable of inducing protective immunity (189), Jennerian
vaccines (vaccination of humans with a naturally attenuated
animal virus) have been the most extensively tested for ro-
tavirus. A quadrivalent vaccine with the four most common
human G serotypes was made by combining a Rhesus rota-
virus (serotype 3) and three mono reassortants of this virus
that possessed the gene for VP7 of human rotavirus serotypes
1, 2, and 4. The quadrivalent Rhesus vaccine (RotaShield,
Wyeth/Lederle) was licensed for use in the United States but
then withdrawn from the market because of its association
with intussusception (167). However, the impact of this
vaccine on the total attributable risk of intussusception was
relatively small (estimated at 1/10,000) and age dependent
(190).

Two live-attenuated rotavirus vaccines are currently li-
censed for use in many countries worldwide and are re-
commended by the WHO (191). The vaccine produced by
Merck (RotaTeqTM, or RV5) contains five monoreassortants
of a bovine virus with G1, G2, G3, G4, and P1A[8] human
rotavirus genes given in a three-dose schedule (192). The
vaccine produced by GlaxoSmithKline (GSK, RotarixTM, or
RV1) is an attenuated human G1P1A[8] virus given in a
two-dose schedule (193). In trials that involved over 60,000
infants, both of these vaccines were shown to be safe and to
provide protection against any and severe rotavirus diarrhea
of over 70% and 98%, respectively. Importantly, both vac-
cines reduced the rates of all gastroenteritis related hos-
pitalizations of any cause by over 40% (127). However, in
developing countries in Africa and Asia these vaccines
are less effective (194–196). The recommendation of the
Advisory Committee on Immunization Practices (ACIP),
which has been endorsed by the American Academy of
Pediatrics, is that three doses of RV5 be given at 2, 4, and 6
months of age with an interval of at least 4 weeks between
doses. Two doses of RV1 are recommended to be given at 2
and 4 months of age (197). Both vaccines are contra-
indicated for 1) infants with a history of severe allergic re-
action (e.g., anaphylaxis) after a previous dose of rotavirus
vaccine or exposure to a vaccine component, 2) infants
diagnosed with severe combined immunodeficiency (SCID),
and 3) infants with a history of intussusception (198). Both
RV1 and RV5 can be coadministered with other childhood
vaccines. Initially, for both vaccines the maximum age for
dose 1 was 14 weeks and 6 days of age and for the last dose
was 8 months of age, but recently WHO removed the age
restriction for rotavirus vaccination after considering that
benefits outnumber the potential excess vaccine-associated
intussusception deaths (191). Nonetheless, early immuni-
zation is still favored (as soon as possible after 6 weeks of
age), but each country establishes its own policy concerning
age restrictions for vaccine administration, and rotavirus
vaccination of children older than 24 months of age is not
recommended.

Rotavirus vaccines have had a rapid impact on diarrhea
induced by rotavirus and all other causes (199). After in-
troduction of vaccines in the United States, rotavirus and
all-causes diarrhea hospitalizations have declined 60% to
83% and 29% to 50%, respectively, in children less than 5
years of age (199). Indirect protection of older unvaccinated
children and young adults has been detected in several de-

veloped countries, and more importantly, Mexico, Brazil,
and Panama also detected declines in diarrhea mortality
following vaccine introduction (199). Postlicensure moni-
toring of increased risk of intussusception has been con-
ducted in some countries with similar results: e.g., 1 to 5
excess cases per 100,000 vaccinated children in U.S. studies.
Also, both DNA from porcine circovirus types 1 and 2 were
detected in rotavirus vaccines; however, these viruses are not
known to cause human infection or disease and are very
common in pigs. Again, WHO and regulatory authorities
considered that benefits of vaccination greatly exceed these
low risks and reaffirmed the global recommendation for use
of rotavirus vaccines (199).

In addition to the newly licensed vaccines, several other
live oral vaccines are being evaluated or in use (127): The
Lanzhou lamb rotavirus strain, which was developed in
China and used in the United States since 2000, induces
only partial protection when given to children between 9
and 35 months old (200). A bovine reassortment vaccine
developed in the United States by the National Institutes of
Health has been shown to provide high levels of protection,
and, in a new approach to vaccine development, this vac-
cine was licensed to seven companies in three developing
countries, where it is currently under development and
evaluation (201). This strategy may be be useful to lower the
price of rotavirus vaccines. Based on the observation that
neonatal rotavirus infection protects against severe rotavirus
gastroenteritis later in life (65), vaccines derived from neo-
natal rotavirus strains (the Indian 116E and the Australian
RV3 P[6]G3) are also under evaluation (202, 203). The 116
E candidate was recently shown to be safe and effective in a
large Phase 3 trial in India (203) and is now licensed and
being marketed in India under the trade name of Rotavac�.
As a strategy to lower the risk of intussusception, some in-
vestigators are proposing neonatal administration of live oral
vaccines, since at this young age intussusception is very rare
(204). Also, to try to minimize this complication, strategies
for future rotavirus vaccines include inactivated and several
nonlive vaccines (e.g., recombinant viral antigens [VP6]),
rotavirus-virus-like particles, DNAvaccination with selected
rotavirus genes and vaccination with synthetic peptides
(127). It is unknown if current rotavirus vaccines directed at
RVA are cross-reactive with RVB or RVC, and vaccines
against the latter agents have not been tested in humans.

Treatment
Since rotavirus disease spontaneously resolves in a few days
to 1 or 2 weeks without treatment, therapy is aimed at
preventing dehydration, which is the main serious compli-
cation (205). The standard hydration solution in use was
derived from the formula initially used to treat secretory
cholera diarrhea and thus has a high sodium concentration
and an osmolarity of 331 mmol/L. Rehydration formulas
with reduced osmolarity (224 mmol/L) have been suggested
to be superior for treatment of children with non-cholera-
induced diarrhea, especially the subset of patients with the
most severe persistent disease (191, 205).

Several studies have indicated that passive oral immu-
notherapy (antirotavirus immunoglobulin from bovine co-
lostrum, for example) can shorten the duration of rotavirus
infection in animals and humans. The rationale for this
type of treatment has been studied while treating immune-
compromised children with chronic rotavirus diarrhea (206).
More recently, a llama-derived, heavy-chain antibody frag-
ment specific for rotavirus reduced stool output in male in-
fants with severe rotavirus diarrhea (207). It is unclear,
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however, whether these strategies will be economically fea-
sible or logistically practical. In animal (208, 209) models
and children (210), administration of some strains of Lacto-
bacilli (the bacteria present in yogurt) can stimulate a
stronger immune response to rotavirus and shorten the du-
ration of diarrhea. These bacteria are considered to be safe,
are currently recommended for use in Europe (211), and a
clinical report by members of the American Academy of
Pediatrics finds that there is evidence to support their use for
the treatment of gastroenteritis, although more studies are
necessary (212). Because of the associated side effects, such
as ileus, the use of opiates and atropine are contraindicated
for treatment of children with diarrhea. Several other
compounds, such as racecadotril (an enkephalinase inhibitor
with antisecretory and antidiarrheal actions) (107) and
nitazoxanide (213) have been shown to be safe and effective
in rotavirus-induced diarrhea but have been tested only in
limited clinical studies (205). Zinc supplementation is ef-
fective in preventing and treating diarrhea in children in
developing countries, but its use in developed countries
needs further evaluation (191, 205).

Early refeeding after rehydration of children with diar-
rhea is recommended (214). A meta-analysis found that this
practice does not prolong diarrhea and it may reduce the
duration of diarrhea by approximately 0.5 day (214). Re-
commended foods include complex carbohydrates (rice,
wheat, potatoes, bread, and cereals), lean meats, yogurt,
fruits, and vegetables. Fatty foods and foods high in sim-
ple sugars (including juices and soft drinks) should be
avoided. The American Academy of Pediatrics initially
recommended gradual reintroduction of milk-based formulas
or cow’s milk in the management of acute diarrhea, begin-
ning with diluted milk mixtures. Based on several studies
(154), this recommendation was changed and at present the
recommendation is that children with diarrhea can receive a
regular age-appropriate diet, including undiluted milk but
with active clinical monitoring to detect the few children
who develop malabsorption and lactose intolerance (214).
Lactose intolerance should be suspected if diarrheal disease
severity worsens 3 to 4 days after the onset of diarrhea, and
for those who are passing significant amounts of reducing
sugars in their stool (154). In Thai and other Asian children
with genetically determined low lactase levels, lactose-free
diets seem to be better for recovery after rotavirus infection
(215).
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Respiratory syncytial virus (RSV), human metapneumovirus
(HMPV, MPV), and the parainfluenza viruses (PIVs) are the
most important causes of lower respiratory tract illnesses in
infants and children. RSV was first isolated from chimpan-
zees with coryza in 1956 (1) but was soon shown to be the
major cause of bronchiolitis and pneumonia in infants (2).
RSV was named after the cell fusion that is characteristic of
its growth in some continuous cultured cell lines. PIV types
1, 2, and 3 were first recovered in 1956 (3, 4) and were
recognized as the major causes of croup, or laryngotracheo-
bronchitis, in children. PIV types 4A and 4B have been
recovered from adults and children with upper respiratory
illnesses but historically were difficult to isolate in cell cul-
ture (5). MPV was first discovered in the Netherlands in
2001 (6) and soon thereafter was documented to be an
important cause of lower respiratory tract illness in children
worldwide. In older children and adults, these three viruses
cause frequent reinfections that are generally mild in healthy
persons, but they may cause serious disease in the very young
or elderly, immunocompromised patients, and persons with
underlying cardiopulmonary diseases.

VIROLOGY
Classification
RSV, PIV, and MPV belong to the Paramyxoviridae family.
RSV is a member of the genus pneumovirus; MPV is a
member of the genus metapneumovirus, and the PIVs are
members of the genus paramyxovirus. A number of related
human and animal paramyxoviruses are important respira-
tory pathogens, including measles (Chapter 39) and mumps
(Chapter 38) viruses (Table 1; see also Chapter 40 on Zo-
onotic Paramyxoviruses). RSV is comprised of two subgroups
that are antigenically distinct, classified as RSV/A and RSV/
B (7). The subgroups are further classified into genotypes
based on the variability of the distal third of the G gene;
amino acid variability is up to 20% within group A and 9%
in group B (8). The major difference between the subgroups
is the antigenic properties of the attachment (G) surface
glycoprotein protein (8), while the F or fusion surface gly-
coprotein remains relatively conserved (Table 2) (8). Of the
three surface proteins (small hydrophobic or SH, F, and G),
only the F and G surface glycoproteins evoke antibody re-
sponses that are important for conferring protection against
life-threatening RSV illness.

In contrast to RSV, PIVs have no clinically significant
antigenic variants within each of the recognized 5 types (1, 2,
3, 4A, and 4B) (9). Immune responses to the two PIV surface
glycoproteins hemagglutinin and neuraminidase (HN) and F
appear to correlate with protection against infection.

Several MPV genes including F, G, and phosphoprotein
(P) have been used for subtyping, and phylogenetic analysis
of these sequences have defined two major genetic subgroups
of MPV, A and B, each with two minor subgroups (10, 11).
The two major MPV groups (A and B) show significant ge-
netic variability in the G gene (50%–57% nucleotide iden-
tity with 30%–37% amino acid identity betweenMPV/A and
MPV/B subgroups) and relative conservation in the F gene
(84% nucleotide identity with 94%–97% amino acid identity
between subgroups) (11). F protein induces neutralizing an-
tibodies and appears to be the major protective antigen.

Structure
The virions are pleomorphic, varying from almost spherical
to filamentous in shape, and range in diameter from 150–
300 nm (12). Large filamentous forms are often noninfec-
tious because they may lack a nucleocapsid. All of these
viruses have an envelope consisting of a lipid bilayer derived
from the host cell with spike like membrane-anchored gly-
coproteins. The main elements of their structures are illus-
trated in Fig. 1. The lipid-containing envelope is lined by
a matrix protein that surrounds the helical nucleocapsid.
The diameter of the nucleocapsid of PIV is 18 nm whereas
that of RSV is slightly smaller at 12 to 15 nm. The genomes
are composed of single-stranded RNA with negative sense
polarity but vary in size. The RSV genome consists of 15.2 x
103 nucleotides, the PIV genome consists of 15.5 x 103
nucleotides, and the MPV genome consists of 13.3 x 103
nucleotides.

The organization of the genome differs for the three vi-
ruses (Fig. 2). Eleven proteins are encoded by the RSV ge-
nome, two of which are nonstructural. PIVs have at least six
structural proteins and one or more nonstructural proteins.
MPV encodes nine proteins analogous to those of RSV but
lacks NS1 and NS2. The nucleocapsid comprises the RNA
bound to the nucleoprotein (N) with the P protein, the
transcription processivity factor M2-1, and large L proteins
that have RNA-dependent RNA polymerase activity.

The compositions and major proteins of RSV, the PIVs,
and MPV are compared in Table 2. RSV, PIV, and MPV all
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have an F protein in the envelope, but each has a distinct
second large surface glycoprotein. PIV has an HN protein
with both hemagglutinating and neuraminidase activities,
while RSV and MPV have a large glycoprotein, designated
the G protein, that is important for attachment but lacks
these activities. RSV and MPV have a relatively conserved
SH protein in the envelope that appears to form a viroporin
with undefined biological function (13).

Replication
Infection is initiated by attachment of the virion to a sus-
ceptible cell by the HN, G, or F protein (14–17). The pu-
tative receptor for RSV G protein is heparin sulfate (18, 19),
although recent work suggests CX3CR1 is a receptor for G
on primary airway epithelial cells (20, 21), Nucleolin is a
putative receptor for RSV F (22). PIV HN binds to cell
surface sialic acid to initiate infection (5). MPV F binds to
Arg-Gly-Asp (RGD)-binding integrins to mediate attach-
ment and infection and is capable of entering cells by en-
docytosis (16, 17, 23), and viruses with mutations of the
RGD motif are attenuated in rodents (24). MPV F and G
proteins bind to heparan sulfate, which may serve as a re-
ceptor (15, 25). The F protein must be cleaved by cellular
proteolytic enzymes to become activated and capable of fu-
sion. The cleaved F proteins (F1 and F2) act to fuse the host
cell membrane to the virus lipid envelope to allow the nu-
cleocapsid to enter the cytoplasm. RSV, PIV, and MPV
replicate solely in the cytoplasm with no requirements for

nuclear processing. The virion polymerases (P+C and L)
transcribe the negative-strand RNA to mRNA for produc-
tion of the viral proteins (Fig. 3). The negative-strand RNA
also serves as a template for synthesis of the genomic inter-
mediate positive-strand RNA. The virion-complementary
RNA is then copied into progeny negative-strand RNA.
The virion is assembled with the progeny negative-strand
RNA and structural virus proteins, and then released by
budding from the host cell membrane.

New understanding of viral entry mechanisms of RSV
and PIV is being elucidated. HPIV infects its target cells by
coordinated activity of the HN receptor-binding protein and
the fusion envelope glycoprotein F (26). The prefusion F
undergoes a structural transformation following binding of
the HN and F, inserting itself into the target cell membrane,
and then changing into a postfusion structure that mediates
fusion of the viral and cell membranes (26). Fusion mech-
anisms and machinery differ in strains grown in human
airway epithelia and those adapted for in vitro replication.
Unlike most paramyxoviruses, RSV appears to enter the cell
by macropinocytosis, followed by cleavage of the second
furin site of the F protein in the endocytic compartment,
with subsequent fusion and release of infectious nucleocap-
sid (27). MPV is also capable of entering cells to initiate
infection via clathrin-mediated endocytosis, as well as fusion
at the cell membrane (23).

Host range
Human RSV infects nonhuman primates and, under ex-
perimental conditions, rodents, including cotton rats and
mice (28–32). Disease manifestations due to RSV in pri-
mates and cotton rats have similarities to those in humans;
RSV infection in mice is characterized by constitutional
symptoms such as weight loss and fur ruffling with minimal
pulmonary symptoms, despite histopathologic changes in
the lungs. Viruses closely related to RSV cause symptomatic
disease in cattle, sheep, and mice (33). Counterparts of the
human PIVs are found in animals, and human PIV strains
are also found in wild nonhuman primates (34) (Table 1).
MPV is most closely related to avian metapneumovirus
(formerly turkey rhinotracheitis virus) type C, which is an
important pathogen in agricultural poultry. Although an
initial report indicated MPV did not replicate in experi-
mentally inoculated chickens and turkeys (6), another group
reported that turkeys inoculated intranasally with MPV
developed rhinitis associated with MPV RNA detection by
RT-PCR but without confirmed productive MPV replication

TABLE 1 Animal viruses related to human respiratory
paramyxoviruses

Human
strain

Related animal
straina

Animal
host(s) Disease

PIV type 1 Sendai virus Rodents Pneumonia
PIV type 2 Simian virus 5 Dogs Canine croup
PIV type 3 Bovine PIV type 3 Cattle Shipping fever
RSV Bovine/ovine RSV Cattle,

sheep
Shipping fever

MPV Avian metapneumovirus
(formerly turkey
rhinotracheitis virus)

Turkeys,
chickens

Swollen head
syndrome

aSendai virus of rats is closely related to PIV type 1. Simian virus 5, a cause of
canine croup, is related to PIV type 2. Bovine PIV type 3 contributes to the
economically important shipping fever complex of cattle and is closely related to
human PIV type 3.

TABLE 2 Proteins of RSV, MPV, and PIV

RSV MPV PIV
Gene Protein Gene Protein Gene Protein

F Fusion F Fusion F Fusion
G Attachment G Attachment HN Hemagglutinin-neuraminidase
M Matrix M Matrix M Matrix
N Nucleoprotein N Nucleoprotein NP Nucleoprotein
P Phosphoprotein P Phosphoprotein P+C Polymerase complex
L Large polymerase complex L Large (RNA polymerase) L Large polymerase complex
SH Short hydrophobic SH Short hydrophobic
M2-1 Nonstructural M2-1 Nonstructural
M2-2 Nonstructural M2-2 Nonstructural
NS1 Nonstructural
NS2 Nonstructural
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(35). MPV is capable of infecting cotton rats, hamsters,
ferrets, mice, and nonhuman primates under experimental
conditions (36–40). MPV has also been reported to cause
disease in wild chimpanzees and gorillas, likely transmitted
from human tourists (41, 42, 43). Some experimental chal-
lenge studies suggest that the inoculum size is an important
variable for achieving RSV and PIV infections in adults and
possibly infants and children (44–46). A limitation of most
animal models is that they require a large inoculum.

Stability
Because of their lipid-containing envelopes, these respiratory
viruses are sensitive to ether and other lipid solvents. RSV
and the PIVs differ in their lability; RSV is relatively un-
stable, and isolation in cell culture is enhanced by immediate
inoculation into sensitive cells without freezing the speci-
men. By contrast, PIV are relatively stable and remain viable
in a virus-stabilizing medium for up to 5 days at 4o C (15).
MPV is relatively stable to repeated freeze-thaw cycles, and
infectious particles can persist on nonporous surfaces for up
to 6 hours (47).

EPIDEMIOLOGY
Geographic Distribution
RSV, PIV, and MPV are recognized as causes of upper and
lower respiratory tract disease across all age groups world-
wide. These ubiquitous pathogens are especially important

causes of disease in young children. In particular, RSV in-
fection in infants is associated with high morbidity and
mortality (48, 49). Importantly, respiratory diseases remain
the most important cause of mortality in young children
worldwide, with an estimated 3 to 4 million deaths annually
of children less than 5 years old (50).

Age-specific infection rates
Infections with all three viruses are common during early
childhood (51–53). Approximately two-thirds of infants are
infected with RSVand PIV type 3 during the first year of life
(Table 3). Most primary infections in children occur during
the first 2 years of life and are symptomatic; RSV infections
are more likely to involve the lower respiratory tract, while
PIV type 3 infections are more likely to produce illnesses
limited to the upper respiratory tract (Table 3). Infants and
young children are also commonly infected with MPV, al-
though the mean age of hospitalization with MPV infection
is approximately 6 months older (54–65). Virtually all
children are infected with RSV by 2 years of age and with
MPV by 5 years of age. Infections with PIV types 1 and 2
occur at a lower rate; by age 5 years 74% and 59% of children
have been infected with types 1 and 2, respectively (66).
Hospitalization for RSV, PIV, or MPV illness is common in
U.S. children (Table 4) and elsewhere.

Severe disease due to RSV infection in children without
underlying chronic conditions is most common in infants
younger than 6 months of age. After primary infection, the

FIGURE 1 Cartoon model of the structure of viruses of the family Paramyxoviridae including MPV, PIVs, and RSV. Abbreviations: F,
fusion protein; HN, attachment protein for PIV; G, attachment protein for RSV, MPV; M, matrix, L, large protein of the polymerase complex;
NP or N, nucleoprotein; P, phosphoprotein.

FIGURE 2 Schematic presentation of the RSV, PIV, and MPV genomes. Abbreviations: NP, nucleoprotein; P, phosphoprotein; P+C,
small proteins of the polymerase complex; M, matrix; F, fusion; HN, hemagglutinin-neuraminidase; L, large protein of the polymerase
complex; NS, nonstructural proteins; N, nucleoprotein; SH, strongly hydrophobic protein; G, attachment protein; M2, small envelope
protein. Gene sizes are roughly to scale.
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incidence of RSV lower respiratory tract falls with increasing
age (52, 67), until late adulthood, when increasing rates are
again noted in the elderly (68). Immunity induced by pri-
mary infection has a limited effect on illness associated with
the first reinfection, but the severity of illness is significantly
reduced by the third RSV infection (52). Repeated infec-
tions in children and adults occur frequently, indicating that
protection against reinfection is incomplete (52). Asymp-
tomatic infection is more common in adults and may con-
tribute to spread (69).

For PIVs, lower respiratory tract infection occurs most
frequently in children younger than 4 years of age (51).
Relatively few cases of severe disease in infants less than 4
months of age have been documented, although severe
disease has been reported in premature infants or those
hospitalized in neonatal intensive care units (70). Immunity
elicited after infection appears to be very important in re-
ducing the severity of disease following reinfection.

Hospitalization of children for MPV infection occurs
primarily in the first year of life, although many studies re-
port that the peak age of hospitalization for MPV is from 6 to
12 months of age and thus later than the peak age of hos-
pitalization for RSV (54–65). MPV is rarely detected in
asymptomatic children (65, 71, 72).

RSV and MPV are important causes of acute respiratory
infections in adults, especially among older adults and high-
risk adult populations (68, 73–80). RSVand MPV infections
are more common in adults at high risk, such as those with
chronic cardiopulmonary disease, immune compromise, or
age greater than 65 (73, 74, 77, 78, 81–90). Medically sig-
nificant PIV infections appear to be less common in adults,

although there are fewer published studies (91–94). Most PIV
disease in adults occurs in high-risk populations (95–100).

Reinfection
Reinfections with these viruses are common. Overall, 76%
and 67% of children are reinfected with RSV and PIV type
3, respectively, during the second year of life (Table 5).
Repeated infection is common but usually results in upper
respiratory infection or inapparent infection, with markedly
lower rates of lower respiratory tract disease (51). Only 3% of
children less than 5 years old develop lower tract disease
with PIV type 3 reinfection compared to 11% who have
lower tract disease with RSV. Reinfection with MPV can
cause upper or lower respiratory tract disease (53, 72, 101).
Reinfections with these viruses also cause a sizable propor-
tion of upper respiratory illnesses in healthy older children
and adults. RSV, PIV, and MPV reinfections are common
causes of hospitalization of adult patients with chronic lung
conditions such as asthma and chronic obstructive pulmo-
nary disease (86,102–104). RSV and MPV can cause serious
lower respiratory tract infection among immunocompro-
mised adults, residents of long-term care facilities, and the
elderly who live in the community (73, 75, 77, 78, 94, 105–
109). Of pneumonia hospitalizations and deaths in older
adults, 2% to 9% are due to RSV, and 2% to 11% to MPV
(76, 110).

Clinical Attack Rates
RSV, PIV, and MPV are the most important causes of acute
lower respiratory tract disease in children (111–113). Al-
most 30% of infants have a medically attended illness due to
RSV in the first year of life that is usually diagnosed as
bronchiolitis or pneumonia (114). RSV-related hospitaliza-
tion rates for lower respiratory tract diseases are similar in
developed and developing countries (115). At least 2% of all
infants are hospitalized with RSV disease, with the peak
occurrence in the second month of life, though hospitali-
zation rates are higher in high-risk groups such as premature
infants (116, 117). Infants from low-income households and
many Native American or aboriginal populations have a
much higher risk of hospitalization than those from upper-
and middle-income groups (102). The frequency of RSV
lower tract disease decreases gradually during the preschool
years. In a classic Houston family study, about two-thirds of
children were infected during each of the first 2 years of life,
with the risk of illness at least 30 per 100 children per year
(51). In a Chapel Hill daycare study, the age-specific attack
rate for PIV3 lower respiratory tract disease paralleled that of
RSV, with annual attack rates ranging from 7 to 15 per 1000
children per year for children less than 3 years old. Boys have
a greater frequency of clinical croup (118).

FIGURE 3 Schematic presentation of the replication strategy of
viruses of the family Paramyxoviridae. Abbreviations: (-), negative
sense; (+), positive sense.

TABLE 3 Primary infection rate for RSV and PIV type 3 in children younger than 3 yearsa

RSV PIV type 3

Age (mo)
Total no.
of children

No. (%)
Infected

No. (%)
with LRDb

Total no.
of children

No. (%)
Infected

No. (%)
with LRDb

0–12 125 85 (68.0) 27 (21.6) 121 75 (62.0) 13 (10.7)
13–24 34 33 (97.1) 2 (5.9) 37 30 (81.1) 8 (21.6)
25–36 1 1 (100) 0 3 2 (66.7) 0
Total 160 119 (74.4) 29 (18.1) 161 107 (66.5) 21 (13.0)

aData from references 51 and 52.
bLRD, lower respiratory tract disease.
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RSV is associated with a substantial number of hospi-
talizations for acute respiratory infections in adults. A lon-
gitudinal cohort study over four seasons found that RSV was
associated with approximately 11% of all hospitalizations for
pneumonia, similar to the rate for influenza (74). The
mortality of hospitalized adults with RSV (8%) was similar
to the death rate for influenza (7%). Another study used a
modeling approach to combine hospital discharge data with
national respiratory virus surveillance data to estimate age-
specific hospitalization rates for RSV and influenza (119).
This study found a rate of 86/100,000 for RSV hospitaliza-
tion in adults greater than age 65, less than the rate for
influenza of 309/100,000. Other studies also found high rates
of RSV among hospitalized older adults (79, 80, 120–124).

Rates of hospitalization, clinic visits, and emergency de-
partment visits for MPV disease are lower than that of RSV
and similar to influenza (65, 79, 125). PIV type 3 infects
children at an early age, but these infections are much less
likely to involve the lower respiratory tract. The highest
incidence of lower respiratory tract disease due to PIV types
1 and 2 occurs between 6 and 18 months of age (126). The
total impact of the three PIVs combined, as reflected by
admissions to the hospital, is about the same as that of RSV.
Attack rates of PIV4 may be as high as those for PIV 1, but
there are fewer data on PIV4 epidemiology (127). The PIVs
have lower rates than does RSV in infants but higher rates
than RSV in the 1-to-4-year age group (66).

The health and associated economic impacts of RSV in-
fections are substantial and extend beyond the acute episode
(128). In the Unites States approximately 2 million health
care visits for RSV occur annually in children less than 5
years of age, of which 1.7 million are office visits and 580,000
emergency room visits, resulting in 60,000 to 144,000 hos-
pitalizations with an average stay of 3.4 to 3.9 days (117).
The annual direct medical cost is estimated to be $1.15
billion dollars with another $625 million due to lost income

and other expenses for caregivers (129). The annual com-
bined cost for hospitalizations due to PIV types 1, 2, and 3 in
the United States is $259 million (130). Fewer data are
available for MPV, but one study used the population-based
burden of hospitalization for MPV (65) to estimate an annual
cost for hospitalizations due to MPV at $277 million (131).

Epidemic occurrence and seasonality
Distinct seasonal patterns of infections occur for these agents
in the temperate zones (51, 132). In temperate climates RSV
produces annual midwinter epidemics that are characterized
by bronchiolitis in infants, particularly in large urban cen-
ters, but some variations occur. For example, in the southern
United States, the RSV season generally begins earlier than
in other regions of the country. Epidemics that alternate
between large midwinter epidemics followed by small early
spring outbreaks in the following season have been reported
in some countries. RSV outbreaks are less clearly delineated
in tropical areas, where year-round infection is reported with
or without epidemics (132). RSV/A infections usually pre-
dominate, but sometimes RSV/B infections are more prev-
alent, and in certain settings, RSV/B may alternate with
RSV/A (7, 133). In recent years, the RSV/B/Buenos Aires
genotype and the RSV/A/Ontario genotype have become
the dominant RSV genotypes in circulation worldwide (134,
135). These genotypes are distinctive in that they have a 60-
or 72-nucleotide insertion in the distal third of the G gene,
possibly increasing viral fitness compared to other genotypes.

PIV type 1 causes croup epidemics every other year in the
autumn (51). PIV type 2 infections usually follow the same
pattern as PIV type 1, but the manifestations of PIV type 2
infections are milder. PIV type 3 circulation is the least
predictable; infections occur in an endemic pattern most of
the time but outbreaks do occur, usually in the spring, and
disease is characterized by both upper and lower respiratory
tract infections. PIV-3 remains the most common PIV type
detected in both hospital-based and outpatient studies; ei-
ther PIV-1 or PIV-4 may be the second most common PIV
detected in children, depending on the year (136, 137). PIV
type 4 may be detected year round (137), is associated with
less severe respiratory symptoms compared with other PIVs,
and is not associated with croup (127). Although PIV-4a has
typically been more commonly reported, subtype 4b has been
detected nearly as often in recent studies in China (138).

Different lineages of MPV frequently circulate in a
community during the same winter season, although one
subgroup may predominate in a given year (53, 139, 140).
Viruses from each subgroup appear capable of causing severe
lower respiratory tract disease; different subgroups have not
been convincingly associated with varying severity of disease
(141–144).

TABLE 4 RSV, MPV, and PIV type 3 hospitalization
rates in U.S. children younger than 5 yearsa

Incidence of hospitalization per 1000 children
Age (mo) RSV MPV PIV3

0–5 16.9 3 1.6
6–11 5.1 2 1
12–23 2.7 1 0.7
24–59 0.4 0.5 0.2
Total 3 1.2 0.5

aData from references 65, 72, 126, 130, and 177.

TABLE 5 Reinfection rates for RSV and PIV type 3 in children 1 to 5 years of agea

RSV PIV type 3

Age (mo)
Total no.
of children

No. (%)
Infected

No. (%)
with LRDb

Total no.
of children

No. (%)
Infected

No. (%)
with LRDb

13–24 58 44 (75.9) 11 (19.0) 55 37 (67.3) 2 (4)
25–36 64 29 (45.3) 7 (10.9) 62 21 (33.9) 2 (3)
37–48 39 13 (33.3) 3 (7.7) 39 13 (33.3) 1 (3)
49–60 24 12 (50.0) 0 24 4 (16.7) 0
Total 185 98 (53.0) 21 (11.4) 180 75 (41.7) 5 (3)

aData from references 51 and 52.
bLRD, lower respiratory tract disease.
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Outbreaks of infections with these respiratory viruses are
common in closed populations of young children, especially
in pediatric hospital wards or large daycare centers (145).
Reports of epidemic RSV disease in nursing homes (146) and
homes for adolescents with developmental disabilities (147)
have also been described. Similarly, numerous epidemics of
PIV and MPV have been documented in pediatric wards,
neonatal intensive care units, and hematology-oncology
wards, as well as in long-term care facilities (70, 90, 148–153).

Epidemics of RSV or PIV can be recognized by clinical
syndrome, for example, seasonal outbreaks of bronchiolitis
in infants in the autumn and winter months or croup epi-
demics due to PIV types 1 and 2 in slightly older infants and
toddlers in the autumn. PIV type 3 outbreaks tend to occur
in late winter or spring. MPV generally follows the RSV
season in the late winter or early spring. Many upper respi-
ratory illnesses that occur in older children and adults during
these periods are caused by reinfections with these viruses.
However, in general, these viruses are not clinically distin-
guishable.

Transmission
Most evidence indicates that these viruses are transmitted by
respiratory secretions through direct contact or via fomites
(154) or by large droplet spread (155). RSV has been re-
covered from environmental surfaces in infected patients’
rooms for up to 6 hours (156) andMPV can remain viable on
nonporous surfaces for 6 hours (47). Entry likely occurs
through contact with nasal mucosa or eyes, in contrast to the
less permissive oral route (46). Transmission by small particle
aerosols of RSV has not been proven, and if it occurs, it is an
infrequent route. Clinical observations suggest PIVs and
MPV are transmitted similarly to RSV (157). Although PIV
types 1 and 3 have been recovered from air samples collected
in the vicinity of infected patients (158), direct contact and
transmission via fomites are likely to be more important. The
high initial and subsequent infection rates suggest that these
viruses spread readily, that reinfected persons may be infec-
tious, and that relatively small inocula are necessary to infect.

A preschool or school-age sibling is the most likely source
of RSV and PIVs in the family, with approximately half of
family members becoming infected once the virus is intro-
duced (159). On average, the time between primary and
secondary infections in family members is 5 to 6 days.

Nosocomial infections
RSV, PIVs, and MPV are common causes of nosocomial
infections, contributing to significant morbidity and mor-
tality in pediatric wards, and can involve health care workers
and patients both as sources and transmitters of disease (148,
160–164). PIV outbreaks may be more difficult to bring
under control due to prolonged asymptomatic shedding,
particularly in young children and immunocompromised
hosts (165). Nosocomial RSV and PIV infections in adults
with leukemia and bone marrow transplants are associated
with a high mortality (83, 164, 166). The transmission of
identical strains of RSV from the outpatient setting into the
hospital has been documented, demonstrating the impor-
tance of infection control measures (162). Nosocomial
transmission of MPV also occurs, with outbreaks in both
inpatient and outpatient units. In one study, 15 patients
were diagnosed with MPV within 7 weeks in a tertiary care
cancer unit (163). Molecular subtyping revealed infection
with genotype A2a virus, implicating nosocomial transmis-
sion. Four patients (26.6%) died from MPV-associated
pneumonia and consequent multiorgan failure.

PATHOGENESIS
Virus replication patterns
Infants and young children shed infectious RSV in nasal
secretions for a mean of 7 days, with a maximum of 3 weeks
(167). Nearly all hospitalized infants shed RSV during the
first 7 days of hospitalization, and the majority still shed virus
at the time of discharge (168). High viral titers, 105 to 107
plaque-forming unit (PFU) per ml, can often be found in
secretions from the upper and lower respiratory tract in young
children (168, 169). In immunocompromised adults with
uncomplicated infection, very low titers of RSV (335 PFU/
ml) are detected in the upper respiratory tract, making rapid
antigen tests less sensitive in adults than in children (169).
Another study using RT-PCR detection of RSV in nasal swab
and sputum specimens found that outpatient and hospitalized
adults with RSV illness had modest amounts of detectable
virus (32–3 log10 PFU equivalents/ml) for a mean of 10 days
and a maximum of 13 days (170). Viral detection was more
prolonged in adults age 65 or older, and hospitalized adults
had higher viral loads than outpatients. Another study of
hospitalized adults also found that viral load correlated with
disease severity (171). Prolonged replication for weeks to
months may occur in immunocompromised hosts (81, 169).

The duration of viral replication for PIVs is approxima-
tely a week, although this is variable and dependent on age,
number of prior infections, and severity of infection (157).
PIV type 3 may be shed for up to 4 weeks, and 17% of
specimens from infected children are positive during the
third week after illness onset (172). Some children may
excrete PIV 6 days before the onset of illness, and prolonged
PIV detection may occur in children with primary infection
and adults with underlying chronic lung disease (172, 173).
Prolonged viral shedding (mean=4 weeks) occurs in immu-
nocompromised children and adults and is associated with
malignancy, organ transplantation, congenital or acquired
immunodeficiency, or prolonged steroid treatment (164).
Persistent detection of PIV RNA in asymptomatic immu-
nocompromised patients for several months has been noted
using more sensitive molecular methods (165).

MPV replication in immunocompetent children and
adults is limited to 1 to 2 weeks (174, 175), although it can be
prolonged in immunocompromised persons (163, 174, 175).

Organ specificity
In the immunocompetent host, RSV, MPV, and PIV repli-
cation is restricted to the respiratory epithelium. Viremia or
isolation of RSV, PIV type 3, or MPV from cerebrospinal
fluid has been reported rarely. All these viruses spread pri-
marily from cell to cell in the upper respiratory tract and at
times progress to the lower respiratory tract.

Histopathology
The pulmonary histopathology of bronchiolitis has been
described primarily from infants and young children who
have succumbed acutely from RSV infection (176, 177).
Limited data are available for PIVs and MPV, although the
histopathology appears similar to that of RSV (177–180).
The earliest lesion to develop within 24 hours of onset is
necrosis of the bronchiolar epithelium with denudation of
the ciliated epithelial cells. This is followed by migration of
lymphocytes into affected tissues, resulting in peri-
bronchiolar infiltration (Fig. 4). The submucosal and ad-
ventitial tissues become edematous and accompanied by
increased secretions from mucus-producing cells. Plugs con-
sisting of mucus, cellular debris, fibrin strands, and DNA-like
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materials occlude the smaller bronchioles. Activated neu-
trophils, a major cellular component in the airway lumen in
bronchiolitis, release neutrophil extracellular traps, a network
of DNA-containing antimicrobial proteins, that probably
contribute to airway occlusion (181). However, polymor-
phonuclear cells are not common in the bronchial epithelium
and parenchyma of the lung. Fatal RSV infection has been
characterized by viral antigen detected primarily in cellular
debris obstructing the lumen of the small airways and in
multinucleated cells lining the bronchiolar lumen, near ab-
sence of CD-8 positive lymphocytes and natural killer cells,
and enhanced expression of apoptosis markers (182, 183).
The major pathologic features are air trapping with distension
of some segments or obstruction with alveolar collapse in
bronchiolitis and extension of necrosis into the parenchyma
with interstitial pneumonia. Histologic recovery is slow, be-
ginning with regeneration of the basal epithelial layer within
3 to 4 days and exuberant regeneration of the ciliated epi-
thelial cells starting at the end of the second week (176). The
plugs of cellular debris are eventually resorbed (Fig. 5).

Interstitial inflammation with mononuclear cell infiltra-
tion is the rule in RSV and PIV pneumonia (Fig. 6) (177,
184). The epithelial cells are flattened, with loss of cilia. The
subepithelial tissues of bronchiolar and interalveolar walls
are thickened due to mononuclear cell infiltration. Sub-
sequently, significant epithelial necrosis, intense mononu-
clear inflammatory response extending from the smaller
bronchioles into alveoli, hyaline membrane formation in
alveolar spaces, and edema of interalveolar walls may occur.
Histologic differences observed between bronchiolitis and
pneumonia may represent a continuum of disease possibly
related to the size of the viral inoculum, with higher con-
centrations of virus resulting in pneumonia (184).

MPV has been detected almost exclusively in respiratory
tract specimens, suggesting that its replication is limited to
respiratory epithelia. In lung transplant recipients infected
with MPV, both acute and organizing lung injury occur, with
diffuse alveolar damage and cytoplasmic inclusion bodies
(185). Bronchoalveolar lavage fluid from immunocompro-
mised patients contains sloughed, degenerated epithelial
cells with eosinophilic cytoplasmic inclusions, multinucle-
ated giant cells, and histiocytes (186). Because available
histopathologic evidence comes from lung biopsies and

bronchoalveolar lavage specimens from patients with un-
derlying immunodeficiency or malignancy, these findings
may not reflect what occurs in otherwise healthy humans.
The pathologic features of MPV infection in mice, cotton
rats, and macaques include disruption of respiratory epi-
thelial architecture, sloughing of epithelial cells, loss of
ciliation, and inflammatory infiltrates (36, 37, 187). His-
topathologic changes or evidence of infection was not de-
tected in any other tissues. In macaques and cotton rats,
viral antigen is localized almost exclusively at the apical
surface of ciliated respiratory epithelial cells. The limited
histologic data from human autopsies suggests that syncytia
can be found in vivo, especially among immunocompromised
persons, but are less common than in measles pneumonia
(161, 178, 183, 188–190).

IMMUNE RESPONSES
Innate response: cytokines and inflammatory
mediators
Upon virus infection of the respiratory epithelium, the in-
nate immune response is the first line of host defense.

FIGURE 4 Characteristic histopathologic changes of the airways
of an infant with bronchiolitis due to RSV infection. Note the
peribronchial mononuclear cell inflammation, relatively normal
alveoli, and focal ulceration on top with regenerative epithelial
changes. Hematoxylin and eosin stain. Magnification, 45x.

FIGURE 5 Histopathologic features of resolving RSV bron-
chiolitis in an infant. Note the plug of mucus and cellular debris in a
terminal respiratory bronchus. Hematoxylin and eosin stain. Mag-
nification, 144x.

FIGURE 6 Histopathology in an infant with congenital immune
deficiency and RSV pneumonia. Note the plugging of a terminal
bronchus by cellular debris and parenchymal infiltration with ne-
crosis. Hematoxylin and eosin stain. Magnification, 72x.
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Mannose-binding lectin, surfactant proteins, and other
collectins act as opsonins with activity against RSV and
likely MPV and PIVs. Signaling receptors such as Toll-like
receptor 4, which recognizes the fusion protein of RSV, can
activate the NF-kB signaling pathway, inducing the ex-
pression of cytokines and costimulatory molecules. Gene
polymorphisms of pattern-recognition receptors (Toll-like
receptor 4 and surfactant protein D) and of downstream-
induced antiviral molecules (interleukin 4 [IL-4], IL-8, IL-
10, and tumor necrosis factor alpha [TNF-a]) and other
innate immune genes have been associated with severe RSV
infection (191–193). Cytokine production is depressed in
infants and children compared with adults and may account
for their less-than-optimal immune response (194).

Unlike several other respiratory viruses, RSV infection is
notable for the induction of little or no local interferon (195,
196). The host interferon response to RSV is suppressed by
RSV nonstructural proteins NS1 and NS2. In vitro studies of
PIV3 have demonstrated the induction of interferon-gamma
(IFN-g) and RANTES (regulated on activation, normal
T-cell expressed and secreted) protein in human nasal epi-
thelial cells (197), correlating with human studies demon-
strating detectable levels of interferon in 30% of children
with PIV infection (196). Interferon induction following
PIV infection has been hypothesized to be associated with
diminished shedding of the virus (196). The P/C/V gene of
PIV type 1 inhibits interferon response by inhibiting inter-
feron regulatory factor-3 activation and subsequent inter-
feron production (198, 199).

The clinical significance of the cytokine profiles associ-
ated with severity of RSV and other respiratory viruses is
emerging. Although it was thought that the inflammatory
response generated against RSV contributed substantially to
the development of respiratory disease, recent data suggest
that a robust early inflammatory response is critical in the
control of viral replication and mitigation of respiratory
disease (182, 198, 199). Each respiratory virus has a distinct
cytokine profile, even though the clinical presentation of
disease is similar (182, 198, 199).

IL-2 and IFN-g are the predominant RSV-stimulated
cytokine responses of memory T cells from young children
exposed to one RSV season, older children with one or more
prior RSV infections, and adults (200, 201). Some children
also develop an increase in IL-5 mRNA. RSV-specific-
memory T cells appear to have a dominant TH1 response
and are similar for different age groups. TNF-a and IL-8 are
produced by RSV-infected alveolar macrophages. These
cytokines attract neutrophils and macrophages to the site of
infection (202). IL-6, a promoter of mucosal B lymphocytes
and immunoglobulin A (IgA) production, and TNF-a are
detected in the nasal secretions and tracheal aspirates of
most infants and young children with acute primary RSV
infection, although peak concentrations are not correlated
with the peak of mucosal RSV-specific IgA responses (203).
Elevated nasal levels of IL-6 and macrophage inflammatory
protein 1a (MIP-1a) are more common in hospitalized
adults (170).

Various mediators of inflammation, in particular de-
granulation products of mucosal mast cells and eosinophils,
have been associated with severity of involvement in
bronchiolitis. Histamine and leukotrienes C4, D4, and E4
are the major mast cell mediators responsible for constriction
of smooth muscle, increased mucus production, and in-
creased vascular permeability. In infants with RSV and PIV
type 3 bronchiolitis, elevated levels of histamine, leukotri-
ene C4, and eosinophilic cationic protein have been de-

tected during the acute phase of the disease and have been
associated with wheezing and hypoxemia in RSV-infected
infants (204–207).

Increased levels of IL-8 and decreased levels of RANTES
have been reported in nasal secretions of MPV-infected
children compared with those of RSV-infected children
(208). Children infected with MPV appear to have signifi-
cantly lower levels of IL-1b, IL-6, IL-8, IL-12, and TNF-a as
compared with infants infected with RSV or influenza virus
(199). MPV-infected children have lower levels of nasal
IFN-g and a reduced Th2 bias compared to children with
influenza RSV (209). MPV infection of human dendritic
cells (DCs) ex vivo (210) induces production of TNF-a and
IL-6 in myeloid DCs and IFN-a in both myeloid and plas-
macytoid dendritic cells.

Humoral, cell-mediated, mucosal immune
responses
Humoral immune responses of infants hospitalized following
primary RSV infection consist of virus-specific IgM anti-
bodies that may persist up to 10 weeks after illness and virus-
specific IgG and IgA antibodies that are produced within the
second week, peak by 3 to 4 weeks, and decline to low or
nondetectable levels by the following RSV season. Re-
infection with RSV results in a rapid increase in all three
classes of antibody. Age-specific and preexisting virus-specific
maternal antibodies appear to influence the development of
serum antibodies to the F and G surface glycoproteins and
serum neutralizing antibodies in infants undergoing primary
RSV infection (211). Older infants develop stronger protein-
specific and functionally active neutralizing antibody re-
sponses after primary RSV infection. However, the antibody
response to primary infection appears to be low avidity re-
gardless of age (212). Primary infection with RSV/A virus
elicits antibodies that cross-react with RSV/B virus (213). In
contrast, primary RSV/B infection induces cross-reactive
antibodies to RSV/A virus less efficiently. IgG responses to F
and G proteins after primary RSV infection are predomi-
nantly IgG1 and, less frequently, the IgG3 subclass, a finding
consistent with the protein domain bearing the dominant
antigenic sites (214). In contrast, adults respond to the
heavily glycosylated G protein with IgG1 and IgG2 subclass
antibodies, with a dominant IgG1 subclass response to the
less glycosylated F protein (215). The dominant IgG anti-
body response induced by natural infection to the F protein
appears to be directed to the pre-fusion conformational form
rather than the post-fusion form (216). The prefusion and
post-fusion F conformations have both unique and shared
antigenic sites, including a shared antigenic site that is the
target for palivizumab and motavizumab (217). The structure
of MPV F protein demonstrates a novel antigenic site that
has a likely analogue on RSV F (218).

Antibodies directed to the G protein most likely neu-
tralize the virus by preventing attachment of virus to cells,
while antibodies directed to the F surface glycoprotein
neutralize the virus by preventing virus-cell fusion and in-
hibiting cell-to-cell spread (219, 220). Other effector
mechanisms mediated by IgG1 and IgG3, such as comple-
ment-enhanced neutralization and antibody-dependent cell
cytotoxicity, help clear virus and virus-infected cells; this
function has been suggested for non-neutralizing antibodies
directed to the SH surface protein (221). Since RSV is re-
stricted to the mucosa, the antibodies present in the lower
and upper respiratory tract are important for disease pre-
vention. In adults, concentrations of both IgG1 and IgG2 in
serum and the terminal airways are similar (48).
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Infection with PIVs induces both humoral and cellular
immune responses in infected humans, including local and
systemic IgG and IgA responses, and specific T-cell re-
sponses. PIV primary infection does not confer durable im-
munity, although immunity is usually sufficient to restrict
virus replication from the lower respiratory tract and prevent
severe disease following reinfection. Mucosal IgA levels
correlate with protection from replication of PIVs in adults
(222). Neutralizing antibodies against the HN and F protein
are critical for long-term protection (223). Cellular immune
responses are thought to play an important role in clearing
RSV and PIV infections and preventing lethal disease. As
noted above, persons with deficient cellular immunity may
shed virus for months (51, 83) and infection may progress to
fatal lower-tract disease (89, 161, 224).

The role of the cytotoxic T lymphocytes (CTL) in RSV,
PIV, and MPV lung disease has not been fully elucidated in
humans. RSV-specific CTL responses occur in a minority of
infants with RSV bronchiolitis, and the highest responses
occur in children with mild lung disease (225). Infants who
develop RSV-specific CTL responses after RSV lower re-
spiratory tract illness in the first year of life appear less likely
to develop a lower respiratory tract illness in the second year
of life (201). RSV-specific CD8+ cytotoxic activity in vitro
correlates with RSV-induced INF-g and inversely with IL-4
production by CTL (201). In adults, RSV-specific CTL
recognize the N (nucleoprotein) protein, the SH protein,
the F protein, the M protein and, poorly, the M2 protein but
not the G protein (226, 227). In elderly adults, development
of severe RSV infection may be due to low numbers of RSV-
specific CD8+ memory T cells that maintain effector func-
tion (228). RSV-specific CTL appear to be important for
recovery from infection, and their maintenance is critical for
the control of subsequent RSV infections. Humans develop
a CD8+ T cell response to MPV, but the contribution of
these cells to immunity and disease in humans is unknown
(229). Mouse studies show that T cells are required to clear
MPV infection and memory T cells contribute to protection
against reinfection (230–232). The finding of lymphopenia
as an additional risk factor for severe disease among immu-
nocompromised hosts supports the importance of T cells in
viral clearance (88, 90, 233, 234).

Impairment of T-cell function appears to be a common
denominator in children with prolonged shedding due to
RSV, MPV, and PIVs (161, 235). MPV and other respiratory
viruses induce pulmonary CD8+ T-cell functional impair-
ment, mediated by the inhibitory receptor programmed cell
death-1 (PD-1); this functional impairment contributes to
delayed viral clearance and reinfection in animals and may
facilitate reinfection in humans (40, 231).

Secretory antibodies found in the nasal secretions consist
of IgA, IgM, IgG, and IgE classes and are directed to at least
the major surface glycoproteins of these viruses (236, 237).
The rate and magnitude of IgG and IgA secretory antibody
responses to RSV are lower in younger than older infants.
With primary infection, secretory IgG and IgM antibodies
peak between 8 to 13 days, while secretory IgA peaks be-
tween 14 to 28 days after onset of illness. After 2 months,
infants have low or nondetectable levels of virus-specific
secretory antibodies of all three immunoglobulin classes.
Primary infections with PIVs result in low, transient virus-
specific IgA responses in secretions (238).

The production of virus-specific IgE antibody has been
associated with RSV disease severity (205, 239). During
primary RSV and PIV infections, secretory virus-specific IgE
antibody has been detected primarily in infants with bron-

chiolitis. Virus-IgE complexes may induce mast cells to re-
lease mediators that are responsible for smooth muscle
constriction, increased mucus production, and vascular per-
meability.

Correlates of immune protection
Infants with high levels of maternally acquired RSV- and
PIV type 3–specific antibodies are better protected against
lower respiratory tract illness than those with lower levels
(51, 52). The level of neutralizing antibody in cord blood
directly correlates with age at which primary RSV infection
occurs and is inversely related to the severity of illness. The
risk of reinfection in children and adults is also inversely
related to the level of serum neutralizing antibodies for RSV
and MPV (51, 52, 240, 241).

Human challenge models have increased understanding
of the kinetics of illness following virus exposure and of the
immunologic factors relevant for protection (43, 46, 242).
Experimental challenge studies in adult volunteers show
that serum virus-neutralizing antibody and nasal IgA titers
correlate with protection against infection, although in one
study serum and nasal antibody were not correlated and
thus may be independent correlates of protection (242).
However, symptoms, peak virus titer, and duration of viral
shedding do not correlate with preexisting antibody
titers among adults who have been successfully infected
(43, 46, 242).

Other humoral correlates of immunity against RSV and
PIV infections are IgG antibodies directed to the F surface
glycoprotein and to the homologous G (HN for PIV) surface
glycoprotein of the infecting virus strain (240, 243–245).
However, even in the presence of high levels of virus-specific
antibodies, primary infection and reinfection can occur (51,
52). For PIVs, serum antibodies to both HN and F proteins
confer protection (246, 247).

CLINICAL MANIFESTATIONS
Respiratory Syncytial Virus
Any respiratory virus may be associated with a wide spec-
trum of illness severity ranging from inapparent infection or
mild afebrile upper respiratory illness to severe and fulmi-
nating pneumonia. However, RSV and PIVs produce dis-
tinct clinical syndromes that are hallmarks of infection with
these viruses, especially during epidemics. These viruses may
also be associated with severe illness in a variety of immu-
nocompromised hosts (see below).

Children
The characteristic illness caused by RSV in infants is bron-
chiolitis manifested by expiratory wheezing, air trapping,
nasal flaring, subcostal retractions and, sometimes, cyanosis
(Table 6). RSV is the most common virus associated with
bronchiolitis, detected in approximately 70% of children
with bronchiolitis during disease epidemics (49). Fever is not
a prominent finding; approximately 50% of infants with
RSV disease seen at the hospital will have moderate or
greater elevations in temperature. Coryza and cough are
common presenting symptoms. Radiographic pneumonia is
common with primary RSV infection, and infants may have
signs and symptoms of both clinical conditions simulta-
neously. The clinical presentation may depend on the pro-
portion of the small airways partially occluded by the
inflammatory process. This results in expiratory wheezing
and air trapping, whereas subsegmental atelectasis results
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from complete occlusion of the small airways. Radiographic
findings depend upon the same factors. Partial occlusion of
the bronchioles results in hyperaeration and flattening of the
diaphragms (Fig. 7), while complete occlusion results in
atelectasis that may be lobar, usually involving the right
middle or right upper lobe (Fig. 8).

Hypoxemia is a common finding in infants with lower
respiratory tract disease (125). Apnea occurs in about 20%
of hospitalized young infants with RSV illness (248) and
may be the presenting sign of RSV in premature babies or
infants less than 3 months old. Apnea occurs in approxi-
mately 5% of children hospitalized with bronchiolitis, gen-
erally within the first 2 days of hospitalization (249). Oxygen
saturation is lower on average in infants with apnea, even if
other signs of severe disease such as subcostal retractions are
absent. Infants with apnea tend to be younger, to be born
before 37 weeks’ gestation, and to have a history of apnea of
prematurity. Some deaths in infants who die unexpectedly at
home may be a result of RSV infection accompanied by
apnea. Interstitial pneumonitis is not commonly recognized

with RSV infection, but cases are overrepresented in autopsy
series (177). Therefore, the recognition of interstitial in-
volvement should alert the caregiver to the need for repeat
clinical assessment.

Acute otitis media (AOM) is a frequent complication of
RSV infection in children, with rates up to 60% in some
studies. RSV is commonly detected with bacteria in middle
ear fluid samples (250). Severity decreases with age and
following repeated infections, such that mild upper respira-
tory tract disease is typical of RSV infection in school-age
children (115).

Adults
The common clinical presentation of RSV infection in
otherwise healthy adults is similar to that reported for older
children. Initial symptoms commonly include upper respi-
ratory tract complaints like nasal congestion, cough, sore
throat or hoarseness, earache, and low-grade fever (Table 6).
Adults may have minimal or no symptoms and still have
RSV isolated from respiratory secretions, or they may be
symptomatic with sore throat, bronchitis, or wheezing. In

TABLE 6 Clinical manifestations of RSV, PIV, and MPV
infection at various ages
Infants
Bronchiolitis
Pneumonia
Croup
Asthma exacerbation
Upper respiratory tract infection
Otitis media

Older children and adults
Upper respiratory tract infection
Croup
Laryngitis
Bronchitis
Asthma exacerbation
Pneumonia (elderly)
Chronic obstructive pulmonary disease exacerbation

FIGURE 7 Chest radiograph of an infant with bronchiolitis due
to RSV. Peribronchial thickening with hyperaeration and flattened
diaphragms bilaterally are evident. Reprinted from Reference 240
with permission.

FIGURE 8 Posterior-anterior (A) and lateral (B) chest radio-
graphs of an infant with bronchiolitis and pneumonia due to RSV.
Bilateral perihilar and peribronchial infiltrations and partial or
segmental atelectasis of the right middle and right upper lobes are
evident. Reprinted from (240) with permission.
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adults with underlying pulmonary disease, RSV infection
may manifest as increased dyspnea with or without hypoxia
and may be accompanied by cough, fever, nasal congestion,
and wheezing (68). The clinical presentation of disease and
morbidity and mortality caused by RSV and MPV in the
noninstitutionalized elderly population is similar to that
observed with influenza A infection (73, 78, 80). In elderly
persons, clinical features with RSV infection are often in-
distinguishable from those of influenza, with the possible
exception of a lower frequency of high-grade fever and
higher frequency of wheeze in RSV (75).

Parainfluenza Virus
Prospective studies of children indicate that primary infec-
tion with PIV is usually symptomatic but often mild (51,
127). In children followed during the first two years of life,
nearly one-third of primary infections result in lower respi-
ratory tract disease, but only 5% of primary infections re-
sulted in illnesses for which medical care was sought (127,
251). The classic syndrome for PIV in children is croup, or
laryngotracheobronchitis. Croup is manifested by fever,
hoarseness, and a barking cough in a child usually between 6
and 18 months of age. Severe narrowing of the subglottic
area of the trachea may progress to cause inspiratory stridor
(Fig. 9). Observation in the hospital may be required for
children with severe stridor, so that the airway can be se-
cured. PIV type 1 is the major cause of croup, though PIV
type 2 also is associated (252). PIV type 3 causes sporadic
croup but also causes bronchiolitis and pneumonia in young
infants, at a lower frequency than RSV (Fig. 10). PIV type 4
disease is not associated with croup and typically presents
with nonspecific respiratory symptoms that may progress to
bronchiolitis, paroxysmal cough, or lower respiratory tract
disease with hypoxia (253).

PIV disease in adults commonly presents as a relatively
nonspecific upper respiratory tract illness, with rhinorrhea,
nasal congestion, and hoarseness commonly noted. Re-
infection with PIV is a common cause of serious morbidity in
adults with chronic lung disease (102). In immunocompro-
mised pediatric and adult patients, PIV infection typically
presents with low-grade fever and upper respiratory tract
symptoms that may persist or rapidly progress to lower re-
spiratory tract disease with cough, wheezing, and hypoxia.

Human Metapneumovirus
Children with MPV infection typically present with upper
respiratory symptoms such as rhinorrhea, cough, and fever,
similar to those with RSV and PIV (Table 6). Con-
junctivitis, vomiting, diarrhea, or rash are occasionally re-
ported but are not prominent in most studies. The lower
respiratory tract syndromes most frequently associated with
MPV are bronchiolitis, croup, pneumonia, and asthma ex-
acerbation. These illnesses are neither clinically nor radio-
graphically distinct from the same clinical syndromes caused
by other common respiratory viruses (Fig. 11). Reinfections
with MPV are more likely to be limited to the upper respi-
ratory tract in otherwise healthy children (53, 72). MPV is
associated with a substantial proportion of AOM in chil-
dren, and viral RNA has been detected in middle ear fluid
from patients with AOM (254, 255).

FIGURE 9 Chest radiograph of a child with croup due to PIV
type 1. Peribronchial thickening, scattered infiltrates, and marked
narrowing of the superior portion of the trachea (arrow) are evident.

FIGURE 10 Chest radiograph of an infant with pneumonia due
to PIV type 3. Right upper lobe atelectasis and multilobar infiltrates
are evident.

FIGURE 11 Chest radiograph of a six-month-old infant with
bronchiolitis due to MPV. Peribronchial thickening and hyperin-
flation are evident. From Human Metapneumovirus and Lower Re-
spiratory Tract Disease in Otherwise Healthy Infants and Children,
Williams JV, Harris PA, Tollefson SJ, Halburnt-Rush LL, Ping-
sterhaus JM, Edwards KM, Wright PF, Crowe JE, Jr., N Engl J Med
350:443–50. Copyright ª 2004 Massachusetts Medical Society.
Reprinted with permission.
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Infections in Immunocompromised Patients
Immunocompromised children and adults are vulnerable to
severe RSV, PIV, and MPV infections (81, 87–89 105, 161,
165, 256, 257). RSVand PIV type 3 infections are especially
devastating for infants with severe combined immunodefi-
ciency syndrome (SCID)(208, 258) in whom persistent viral
shedding and the development of progressive pneumonia
occur. Children or adults who acquire RSV or MPV during
or shortly after chemotherapy for malignancy also may have
severe, life-threatening disease (81, 89). Children with hu-
man immunodeficiency virus (HIV) infection have a higher
rate of pneumonia, decreased likelihood of wheezing, pro-
longed viral carriage with intermittent disease, and increased
morbidity following infection by one of these viruses. Al-
though the clinical course is generally not fulminant in
HIV-positive patients when good supportive care and anti-
retroviral therapy are available (235, 259), the overall
mortality of these patients in developing countries is sub-
stantial, with significantly higher rates of lower respiratory
tract disease and mortality (7.5% vs. 0%) in HIV+ versus
HIV- children (257, 260).

Hematopoietic stem cell transplant (HCT) recipients of
all ages may have a more fulminant course following RSVor
PIV infection, particularly if infection occurs around the
time of transplantation (82, 224, 261). Adults with leukemia
(262), profound chemotherapy-induced myelosuppression
(262, 263), and solid-organ transplant recipients, particu-
larly lung and pediatric heart recipients, are also at risk of
fatal outcome. Initial clinical symptoms related to RSV in-
fection in these patients are similar to those in immuno-
competent persons, but upper respiratory tract infection
progresses more often to lower respiratory tract disease, with
likelihood of progression related to immune status (83, 88,
100, 166, 264). Risk factors for disease progression include
lack of engraftment, decreased lymphocyte count, and older
age (265). Evidence of pulmonary infiltrates on chest ra-
diograph may be delayed or absent in patients with severe
neutropenia but may become apparent following immune
reconstitution or on chest computed tomography or mag-
netic resonance imaging (266). Over 1 to 2 weeks, lower
respiratory tract involvement may become evident by in-
creasing respiratory distress, worsening hypoxia, and, fre-
quently, the need for assisted ventilation. Recovery following
assisted ventilation for RSVand MPV pneumonia occurs but
remains uncommon despite advances in supportive care.
Quantitative bronchoalveolar lavage (BAL) viral load has
not been associated with mechanical ventilation or death for
RSV, PIV, or MPV in adult patients following HCT; how-
ever, the detection of respiratory virus RNA in serum has
been associated with fatal outcomes (267).

Many immunocompromised adults with PIV infection
first present with symptoms of mild upper respiratory tract
disease, but in contrast to RSV, influenza, and MPV infec-
tions, detection of PIV-1 and -3 in asymptomatic HCT re-
cipients is relatively common, reported in 35% of 17
infected patients in one prospective study (165). Fewer than
half of PIV-infected immunocompromised patients have a
fever. In severely immunocompromised patients, such as al-
logeneic HCT recipients less than 100 days post-transplant,
PIV type 3 is the most common PIV subtype detected, re-
ported in 80% of 544 HCT recipients with PIV (100). In all
PIV-infected transplant recipients, infection may progress to
lower respiratory tract disease, with more serious disease
linked to supplemental oxygen requirement, low monocyte
counts, and high-dose ( > 2 mg/kg/day) steroid use. The

detection of PIV in BAL or other lower respiratory tract
specimens is associated with decreased survival overall in
HCT recipients (100). Higher pretransplant PIV-3 antibody
levels are not protective against severe sequelae (268).
Concomitant infections with other viruses or fungi or severe
graft-versus-host disease are relatively common in adult pa-
tients with PIV pneumonitis (269, 270).

MPV also causes severe infections in immunocompro-
mised hosts. Fatal infection attributed to MPV has been
reported in cancer patients, and MPV is a relatively common
cause of acute respiratory infection in children and adults
with malignancy and HCTs or organ transplants (87, 88,
256). Risk factors for severe MPV infection include lym-
phopenia (88, 89, 163).

Complications
AOM is the most common complication of RSV, PIV, and
MPV infection (271). The virus infection causes dysfunction
of the Eustachian tube resulting in negative pressure in the
middle ear. Normal clearance mechanisms for bacteria that
reside in the nasopharynx are disrupted, and purulent middle
ear infection may result. Acute sinusitis may develop by the
same pathogenetic process.

Bacterial pneumonia may complicate lower tract infec-
tions due to these viruses, although the risk following RSV
infections is low, as determined by studies of hospitalized
children in the United States and Europe (272, 273). Recent
studies support an association of acute RSV infection en-
hancing the incidence of pneumococcal pneumonia and or
invasive pneumococcal disease within the 30 days after RSV
infection (274–276). Superinfection with pneumococci and
staphylococci are more common after PIV infections (277).
Higher rates of serious bacterial pneumonia have been seen
in HIV+ children in prospective studies carried out in HIV-
endemic areas in Africa (260). Outbreaks of bacterial
tracheitis have been reported in the past with PIV type 1
epidemics (278).

PIV2 and PIV3 have been associated with parotitis by
isolation of the virus from oral swabs, although in some of
these cases convalescent sera demonstrated seroconversion
to mumps virus (279–281).

PIV2, PIV3, PIV4, and MPV have been associated with
aseptic meningitis and encephalitis, with detection of the
virus in cerebrospinal fluid (280, 282–287). However, it
appears that this is a rare manifestation of infection with
these viruses.

Asthma
The relationship between the development of reactive air-
way disease and RSV infections is intriguing (288, 289).
Children with RSV bronchiolitis in infancy have a high risk
of recurrent wheezing illness during the first decade of life.
Longitudinal studies of pulmonary mechanics after RSV
bronchiolitis show persistent abnormalities. Prophylactic use
of palivizumab, a monoclonal antibody to prevent RSV
hospitalization, in infants has been associated with a lower
incidence of physician-diagnosed asthma and recurrent
wheezing in the subsequent 2 years of life (290). Additional
intervention trials have strengthened the potential causality
of early virus infection and recurrent wheezing (291, 292),
but establishing a causal relationship to childhood asthma
will require longer studies. RSV, PIV, and MPV infections
are frequently associated with asthma exacerbations in older
children and adults, and prevention of these infections in
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this high-risk group could significantly reduce morbidity
(102, 104, 293).

A causal relationship between MPV infection and de-
velopment or exacerbations of asthma is currently unproven.
One study of outpatient children did not find an association
between MPV and asthma exacerbations (294), while an-
other found a highly significant association between MPV
and the diagnosis of acute exacerbation of asthma (72).
MPV infection has been detected in 8.9% of children hos-
pitalized for wheezing and in 6.9% of adults hospitalized for
asthma exacerbations (293, 295). One study reporting a
strong association between infantile MPV bronchiolitis and
asthma at age 5 years (296) requires confirmation, in part
because of the difficulty of making the diagnosis of asthma
during infancy, when acute wheezing frequently is associated
with viral infections.

Clinical diagnosis
Epidemiological and clinical features including age, season,
and clinical findings are helpful in determining the etiology
of disease, particularly during relatively discrete winter out-
breaks. However, because the viral seasons and symptoms
can overlap, laboratory testing is required to confirm the
diagnosis. The clinical findings of RSV in immunocompe-
tent adults are nonspecific, and definitive diagnosis requires
laboratory testing. Moreover, infection with more than one
virus may be present. Because clinical care in young children
is generally supportive, routine viral testing for all children
with bronchiolitis is not currently recommended (297).
However, for severe disease caused by these viruses, high-risk
hosts, or those who are hospitalized for respiratory symptoms,
laboratory testing for a specific diagnosis may alter care.

The differential diagnosis of croup due to PIV infection
includes upper airway obstruction due to foreign bodies or
bacterial epiglottitis, an entity less commonly seen since the
decline of Haemophilus influenzae type b infections.

LABORATORY DIAGNOSIS
Sample type and handling
The diagnosis of respiratory viral infections is critically de-
pendent on the type and quality of the clinical specimen and
proper handling of the specimen prior to laboratory studies
(298). Adequate clinical specimens are needed to avoid false-
negative diagnoses. The preferred specimen type for the di-
agnosis of RSV, PIV, and MPV in infants and young children
is a nasal wash (299, 300), aspirate (301), or mid-turbinate
swab. A nasal wash specimen is the classical sample used for
viral diagnosis by culture and for obtaining samples for cy-
tokines or antibodies. The amount of RSV present in nasal
wash specimens from young children is very high, ranging
from 103 to 108 PFU/ml (169, 302), or 103 to 1011 genome
copies/ml by RT-PCR (mean, 7.6 log10)(303).

Nasopharyngeal swabs and mid-turbinate swabs are not as
sensitive as nasal washes for viral diagnosis by culture or di-
rect fluorescent antigen detection; however, they have good
diagnostic yields with molecular detection methods (299,
304). Specimens from adults are less sensitive than those
from children as a result of decreased viral load. Other clin-
ical specimens which have proven useful for the detection of
RSV, PIV, and MPV in patients of all ages include endotra-
cheal aspirates collected from intubated patients (305),
bronchoalveolar lavage (BAL) (81, 89), nasal mucosal epi-
thelium collected by scraping (157), sputum (306), and lung
tissue obtained by biopsy or at autopsy (81, 89, 166).

Virus isolation
Virus isolation in cell culture is slow and labor intensive
and is being replaced by sensitive and rapid nucleic acid
amplification-based molecular diagnostic methods. Clinical
specimens should be transported on ice and inoculated onto
cell culture lines within 4 hours of collection, and those that
are not immediately processed should be flash frozen using
alcohol and dry-ice baths (298). Cell lines such as HEp-2,
A549, or Vero cells are best used for the isolation of RSV.
Mixed cell cultures containing two or more cell lines have
also been used with or without centrifugation to enhance
respiratory virus detection (307). RSV is identified by a
characteristic syncytial pattern formed by the infected cells
(Fig. 12). For PIV isolation, primary or continuous monkey
kidney cells (e.g., LLC-MK2) with trypsin added in the
medium are equally sensitive (308). PIV-3 can produce a
recognizable cytopathic effect with syncytium formation in
continuous cell lines (309), but cytopathic effect is generally
not detected with other PIV types. PIV 4 has a restricted
host range in cell culture, growing mainly in LLC-MK2 cells
without syncytium formation or typical cytopathic effect,
except for cell rounding that progresses to destruction of cell
monolayers (310). MPV has been cultivated in a number of
cell types, most commonly LLC-MK2 (47). The addition of
trypsin is required for efficient growth of MPV in culture.
Cytopathic effect caused by MPV consists of cell rounding
and syncytia (Fig. 13) and is generally not seen for several
weeks after inoculation. MPV does not hemadsorb, but
fluorescent antibody detection has been reported (311).

Antigen detection
Rapid diagnosis of RSV and PIVs using direct or indirect
immunofluorescence (IF) methods became widely used with
the advent of commercially available reagents (312–314)
and has been adapted to detect MPV (311). Advantages of
IF methods include the direct examination of clinical sample
for epithelial cells (permitting specimen quality control),
rapid results, and low cost. The IF method has become less
widely used because it is less sensitive than molecular diag-
nostics, is not suitable for large-scale testing, and requires
trained technicians and specialized equipment.

The availability of point-of-care tests (rapid antigen de-
tection test) for the detection of RSV, PIV, andMPVantigen

FIGURE 12 Cytopathic effect of RSV in cell culture on a con-
tinuous human epithelial cell line (HEp-2 cells) after 1 week of
incubation. Large syncytial cells are noted, with ballooning and
coalescence of RSV-infected cells.
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in clinical specimens provides a quick, reliable, and relatively
inexpensive diagnostic test. Currently available point-of-
care tests for RSV in pediatric specimens have sensitivities
and specificities ranging from 80% to 95% (133, 315). Rapid
antigen tests for PIV or MPV are not yet available in the
United States. Antigen detection tests with nasopharyngeal
specimens obtained from adult patients have much lower
sensitivity, most likely because of the substantially lower viral
titer (often < 100 PFU of RSV/ml in immunocompetent
adults) (169). In general, point-of-care tests do not require
expensive equipment or highly skilled personnel, take only
15 to 20 minutes from start to finish, and are suitable for
single specimens or batch testing of many specimens. Dis-
advantages include the lack of sensitivity compared to mo-
lecular diagnostic methods, absence of evaluation of the
quality of the clinical sample, and potential false positives
when samples with blood or mucus are tested. Point-of-care
tests are often waived by the Clinical Laboratory Improve-
ment Amendments, have been successfully used in clinics, at
the bedside, and by non-laboratory personnel (314).

Nucleic Acid Detection
Molecular diagnostics, such as multiplex real-time PCR,
have replaced cell culture, IF, and ELISA in many diagnostic
laboratories because they can be automated, have high
sensitivity and specificity, excellent quality control proce-
dures, and detect a large battery of viral and bacterial
pathogens rapidly in a single sample. The use of molecular
diagnostics has significantly improved sensitivity compared
to cell culture and IF, especially in adults (316). Reliable
diagnosis of MPV currently depends on molecular tech-
niques based on nucleic acid amplification assays. Several
different RT-PCR methods are quite sensitive (303, 317,
318). Use of multiple simultaneous PCR reactions in clinical
samples may be useful when PIVs and RSVare co-circulating
(319). Numerous rapid multiplex PCR assays are now
commercially available that can detect up to 18 or more
viruses simultaneously (320, 321). More than a dozen single
or multiplex molecular respiratory virus assays are FDA-
cleared, with time to result ranging from less than 1 to 8
hours, but most (including all multiplexed assays) can cur-
rently be performed only in a clinical laboratory rather than
at point-of-care. These assays are sensitive and specific and
some can differentiate all four PIV subtypes (322). PCR
sequencing assays have been applied to the molecular epi-
demiology of RSV, PIV, and MPV by analyzing a portion of
the G or F protein gene (162, 323).

Antibody Assays
Acute- and convalescent-phase sera are generally required
for the serologic diagnosis of RSV, PIV, or MPV. A 4-fold

increase in antibody after at least 2 weeks, and preferably 3 to
4 weeks, or the appearance of specific IgM antibody is re-
quired for serologic confirmation of infection. Serologic as-
says have been useful in epidemiological and vaccine studies
but less so clinically. Furthermore, young infants may not
generate a reliable response to RSV or may have antibody
responses obscured by maternal antibody. Immunocompro-
mised patients or older persons who have had repeated in-
fections may not demonstrate rises in antibody titer (298).
Antibodies to RSV are sensitively measured by ELISA,
neutralization, indirect IF, and plaque reduction (with or
without complement enhancement) assays (305, 324, 325).
RSV antibodies measured by the microneutralization test
correlate best with protection from RSV disease in an animal
model (326). Antibody to PIV in serum and respiratory
secretions can be measured by complement fixation (CF),
neutralization, or hemagglutination-inhibition (HI) tech-
niques (309, 327). Careful interpretation of the CF or
HI antibody results is required because heterologous cross-
reactions are frequent among the paramyxovirus group, in-
cluding mumps virus (309). Serologic evidence of previous
MPV infection has been determined by measuring virus-
neutralizing antibodies in plaque reduction assays (6) and by
ELISA methods based on recombinant MPV proteins (328).

PREVENTION
The international health impact and economic burden at-
tributed to RSV, PIV, and MPV is becoming more appreci-
ated and contributes to the urgency of developing safe and
effective vaccines against these pathogens (115, 329, 330).
Progress has been slow (331), in part because of the serious
adverse events following the use of the formalin-inactivated
RSV (FI-RSV) vaccine in young children (332), early fail-
ures with live-attenuated virus vaccines, and the ineffective
immune response elicited by primary RSV infection. The
identification of serum neutralizing antibody as a correlate
of protection against serious RSV lower respiratory tract
disease has been an important advance in this field. Can-
didate vaccines against PIV and MPV have been tested
in preclinical models, with limited human studies (38, 39,
333–337).

Management of nosocomial outbreaks
Nosocomial outbreaks characteristically occur from multiple
introductions of community respiratory viral strains (338).
For prevention of nosocomial transmission, contact isolation
precautions are effective as long as compliance with the
policy is maintained among personnel (339). The impor-
tance of isolation based on symptoms as opposed to viral-test
positives has been shown, but prolonged shedding of respi-
ratory viruses with even minimal symptoms may complicate
efforts of infection control. Patients known or suspected to
be infected with RSV, PIV, or MPV should be kept in
contact isolation or cohorted together until symptoms have
resolved and repeated sensitive diagnostic tests are negative
(340).

Hospital personnel may play a role in the transmission of
RSV to susceptible patients (162). Spread of RSV can be
limited in these settings by aggregating infected and exposed
individuals and adhering to strict hand-washing procedures,
but hand washing is frequently neglected (341, 342). Use of
gloves, masks, and goggles in the hospital setting will also
limit spread (343). The use of masks and goggles can de-
crease nosocomial infections in hospitalized children
and medical personnel by preventing viral infection of

FIGURE 13 Cytopathic effect of MPV in cell culture on a
continuous monkey kidney epithelial cell line (LLC-MK2 cells)
after 14 days of incubation. Rounding up and detachment of cells
are noted, with developing syncytia.
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personnel, who then transmit virus to susceptible individuals
(343, 344). Strict compliance with glove and gown isolation
precautions can also significantly reduce nosocomial RSV
infections (339, 342). Such strict measures are appropriate
in high-risk settings such as pediatric intensive care units or
bone marrow transplant wards. Restriction of visitors, par-
ticularly young children, in hospital wards at high risk for
RSV infection may be necessary during community epidemic
periods. Continued compliance through the respiratory virus
season by all members of the health care team is critical
to any successful infection control policy. The Committee
on Infectious Diseases of the American Academy of Pedia-
trics has provided guidelines for the prevention of nosoco-
mial infections attributed to RSV and PIVs, as illustrated in
Table 7 (345).

Prophylaxis

Passive immunoprophylaxis
A humanized monoclonal antibody specific for antigenic site
II of the F protein of RSV, palivizumab (Synagis�), has been
approved for use in high-risk children since 1998. It is cur-
rently the only FDA-approved monoclonal antibody for
prophylaxis in infants and young children at increased risk of
hospitalization with RSV infection. It was approved for
preterm infants less than 35 weeks’ gestational age, for in-
fants with chronic lung disease of prematurity (CLD), and
hemodynamically significant congenital heart disease
(CHD). The administration of 15 mg of palivizumab per kg
intramuscularly at 4-week intervals during the RSV season
has been shown to be safe and effective in reducing hospi-
talization due to RSV by 55% in preterm children, children
with CLD, and children with CHD (346, 347). Motavizu-
mab, a more efficacious monoclonal antibody in the pre-
vention of RSV in high-risk infants, was not approved by the
FDA because of safety concerns (348, 349). Next-generation
RSV F protein monoclonal antibodies that target antigenic
sites on the pre-fusion F form with enhanced neutralizing
activity or contain novel mutations in the Fc-domain (YTE)
that extend half-life 3- to 4-fold, allowing a single dose per
season, are undergoing clinical evaluation (Clinical Trials.
Gov ID: NCT02325791 and NCT02290340). Other anti-
bodies in development are broadly neutralizing monoclonal
antibodies against both RSV and MPV (350, 351) and re-
combinant human polyclonal antibodies against viral in-
fections including RSV (352).

The 2014 Guidelines issued by the American Academy
of Pediatrics added additional restrictions for palivizumab
prophylaxis among high-risk infants and young children, in
part, driven by its high cost (353). The revised guidelines

recommend that prophylaxis with palivizumab be consid-
ered for 1) preterm infants born before 29 weeks without
CLD or CHD and who are younger than 12 months at the
start of the RSV season; 2) preterm infants with CLD during
the first year of life and whose CLD developed at less than 32
weeks’ gestational age. A second year of prophylaxis may be
considered for infants who continue to require medical
support for CLD; and 3) infants 12 months old or younger
with hemodynamically significant CHD during the first year
of life, in particular, those with acyanotic heart disease who
require medication for control of congestive heart failure or
will require cardiac surgical procedures. Other high-risk
groups to consider for prophylaxis are children during the
first year of life with pulmonary abnormalities or neuro-
muscular disease and children younger than 24 months of
age who are profoundly immunocompromised.

Passive immunoprophylaxis against PIV and MPV in-
fection has not been studied.

Active immunization
There are currently no approved RSV, PIV, or MPV vac-
cines. In the 1960s, field studies were conducted with FI-
RSV and PIV vaccines (332, 354). The FI-RSV vaccine
produced by Pfizer was a crude RSV-monkey kidney cell
harvest precipitated with a high concentration of alum and
concentrated 100-fold. The PIV vaccine was prepared sim-
ilarly. In all four studies, some children, usually less than 2
years of age, who received the FI-RSV vaccine experienced
more severe respiratory disease, including some deaths, on
subsequent infection with RSV. Enhanced disease was not
observed in the PIV vaccinees. FI-RSV vaccinees had
a nearly 8-fold-increased risk of pneumonia and a 16-fold-
increased risk of hospitalization compared to the controls
(175). The enhanced respiratory disease described in chil-
dren less than 2 years of age appeared similar to naturally
occurring disease in infants less than 6 months of age who
were hospitalized with RSV bronchiolitis/pneumonia. Im-
portantly, the FI-RSV vaccine produced by Merck was not
associated with enhanced disease in young children (355,
356), suggesting that variables other than the RSV vaccine
may have been required for the development of vaccine-
enhanced disease. The pathogenesis of vaccine-enhanced
disease remains poorly defined. Advances in the develop-
ment of new RSV vaccines have been hampered by the
inability to identify the immune mechanism responsible for
vaccine-enhanced disease and a satisfactory animal model.

With the technical advancements in molecular virology
and vector development, a greater understanding of the
structure-function relationship of RSV proteins, and an
expanding appreciation of RSV- related morbidity and
mortality among children and older adults worldwide, there
has been an explosion of candidate RSV vaccines at the
preclinical and clinical phases of development (www.path.
org/vaccinesresources). A broad array of vaccine formula-
tions is being evaluated in animal models. These include live
attenuated, whole-virus inactivated, virus like-particles,
subunits, DNA or RNA, and vector-based RSV vaccines.
Most of the inactivated, DNA, and vector vaccines are
composed solely of or include as a major component the F
gene or F protein in the vaccine formulation. This is because
the F protein is relatively well conserved among the RSV/A
and RSV/B genotypes, and it contains conserved antigenic
sites that induce neutralizing antibodies. Two major con-
formational forms of the F protein occur in RSV, the pre-
fusion and postfusion confirmations (217). Both the
prefusion and postfusion conformational forms have unique

TABLE 7 Control measures for the prevention
of nosocomial RSV, PIV, and MPV infections
Institute contact isolation precautions (strict adherence).
Pay strict attention to good hand washing and/or use of gloves.
Wear a gown to prevent exposure of clothing to contaminated
secretions.

Screen hospitalized patients for RSV, PIV, and MPV infections.
Cohort infected patients.
Exclude visitors with respiratory infections.
Prevent staff with respiratory illness from caring for susceptible
patients.

Consider the use of eye-nose goggles when caring for subjects
at high risk for severe viral infections.
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and shared antigenic sites. There is an ongoing debate as to
which conformational form will lead to the better vaccine.
Relevant to this discussion will be issues related to produc-
tion, cost, antigen stability, safety, immunogenicity, and ef-
ficacy. A nanoparticle RSV-F vaccine currently leads the
RSV vaccine field with two phase III trials started in the
winter of 2015, one in older adults and a second in pregnant
women. However, recently an RSV-F nanoparticle vaccine
induced neutralizing antibodies and demonstrated 50%
protection against RSV infection diagnosed by Western blot
antibody assay in women of childbearing age (357). In a
phase II trial in older adults, this RSV-F nanoparticle vac-
cine prevented 64% of moderate to severe RSV cases with
44% efficacy against symptomatic confirmed RSV cases
(NCT02266628, ClinicalTrials.gov) (358). This is the first
vaccine candidate to date that has been reported successful
in preventing serologic and symptomatic RSV infection.

Live attenuated vaccines could potentially circumvent
the issues related to the enhanced disease of FI-RSV vaccine
and also take advantage of mucosal immunity. However,
developing an attenuated, genetically stable, non-
transmissible, and immunogenic live RSV vaccine for use in
infants has proven difficult (331). Early attenuated cold-
adapted temperature-sensitive phenotypes were found to
require further attenuation by chemical mutagenesis (359,
360). Studies of genetically characterized live attenuated,
temperature-sensitive RSV vaccines have been carried out
in infants as young as 2 months of age (361). None of the
infants and young children who received the live attenuated
RSV vaccines developed enhanced disease on subsequent
exposure to RSV (362). More recently, a live attenuated
RSV vaccine with alterations in the M protein has shown
enhanced immunogenicity in a small study conducted in
seronegative children (363). Codon deoptimization is an
alternative strategy being pursued to generate a stable, at-
tenuated and immunogenic live attenuated RSV vaccine
(364, 365).

Inactivated and live attenuated PIV vaccines have been
studied. Two different strategies are currently under active
development by the National Institute of Allergy and In-
fectious Diseases (NIAID) and industrial partners for PIV3
vaccines: candidates based on live-attenuated bovine para-
influenza type 3 (BPIV3) strains, and those based on a cold-
adapted live attenuated PIV 3. BPIV3 vaccines have been
tested in infants, children, and adults with good safety and
immunogenicity (366–368). Evaluation of cold-adapted,
live attenuated PIV type 3 vaccines in children has paral-
leled that of the live attenuated RSV vaccine (366). Newer
live attenuated PIV vaccines have shown promise in clinical
trials, with a cDNA-derived recombinant version of a PIV3
strain developed via repeated passages at low temperatures
showing promise of safety and immunogenicity in young
seronegative children (333). PIV subunit vaccines with
proven efficacy in animal models have not been evaluated in
clinical trials (369). The live attenuated bovine PIV-3
vaccine is also being studied as a vaccine vector (370, 371),
using a chimeric construct expressing the PIV-3 F (fusion)
and HN (hemagglutinin-neuraminidase) proteins and the
RSV F protein. Such vaccines have been tested in sero-
positive and seronegative children and young infants (372).

Several approaches to MPV vaccines have been tested in
animal models, including subunit proteins, chimeric virus
vectors, T-cell epitope vaccines, virus like particles, and live
attenuated virus (373). Recombinant F protein subunit
vaccines for MPV have been demonstrated to be effective in
rodents (39, 334). Peptide vaccines based on CD8+ T-cell

epitopes reduced viral titers in mice (374). Recombinant
chimeric PIV and alphavirus-vectored vaccines that ex-
pressed MPV F, or avian/human MPV chimeric vaccines,
were immunogenic and protective against challenge with
MPV in rodents (337, 375, 376). Virus like particles induced
neutralizing antibodies and T-cell responses and protected
against challenge in mice (232, 335, 377). Live attenuated
MPV vaccines are under development using reverse genetics
approaches (378). These include gene deletion (G and/or
SH), temperature-sensitive mutations, mutations in M2-1 or
L, mutations in the N-glycosylation sites of F protein, and
mutation of the integrin-binding RGD motif in the F pro-
tein (24, 38, 336, 379–381).

Maternal Immunization
RSV-specific serum neutralizing antibodies are efficiently
transferred from the mother to the newborn (243, 382).
High levels of neutralizing antibodies acquired transpla-
centally by the neonate protect against lower respiratory
tract disease during the first few months of life. The decline
of virus-specific immunity provided by maternal antibodies
closely mirrors the half-life of IgG1, the principal IgG sub-
class antibody to RSV F and G glycoproteins that is trans-
placentally transferred in preterm and term neonates (382).

One strategy to protect infants younger than 6 months of
age from RSV disease is to augment maternal antibody by
administration of an RSV vaccine to the mother during
pregnancy (383, 384). An RSV-F nanoparticle vaccine was
shown to be well tolerated, safe for the mother and fetus, and
immunogenic in a phase I randomized, placebo-controlled
trial in pregnant women (NCT02247726, ClinicalTrials.gov)
(385). Aworldwide phase III trial of the RSV-F nanoparticle
vaccine in pregnant women is ongoing (NCT02624947,
ClinicalTrials.gov).

TREATMENT
Supportive Treatment
Previously healthy children and immunocompetent healthy
adults infected with RSV generally require supportive
treatment only. Antibiotic treatment is usually not necessary
except for concomitant suspected bacterial AOM or sinusitis
(272, 273). The potential hypoxemia, apnea, and poor oral
intake resulting from infection in young infants require close
medical management, and hospitalization may be required
for children less than 1 year of age. Intravenous fluid re-
placement and oxygen therapy may be necessary. Secondary
bacterial pneumonia is uncommon (272). Because the hyp-
oxemia is related to unequal ventilation-to-perfusion ratios,
infants will generally respond to inspired oxygen concen-
trations of 40% or greater (298). Corticosteroid therapy is
not effective in the treatment of acute RSV and does not
benefit pulmonary function during convalescence in young
infants (386, 387). Thus, systemic or inhaled steroids are not
recommended for treatment of RSV. Bronchodilator therapy
is no longer recommended, based on studies that fail to show
shortened hospital stay or improved outcomes (388). Sup-
portive management in the care of lower respiratory tract
disease due to RSV in the older child or high-risk adult may
include oxygen therapy, close attention to fluid and elec-
trolyte balance, and aerosolized bronchodilators. In patients
with underlying pulmonary or heart disease, recovery from
the effects of RSV infection may take weeks to months.

Treatment of croup, the most common clinical presen-
tation of PIV infection, generally consists of reassurance of
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the family and providing advice regarding the need for
medical attention. Treatment of a child with croup in a mist
tent has not been shown to be of benefit and is no longer
recommended (389, 390). Systemic glucocorticoid therapy,
including intramuscular dexamethasone, oral prednisolone,
and nebulized budesonide is efficacious in mild to moderate
and severe croup in the young child (391, 392). The deci-
sion to use and the route of administration—oral, injected,
or aerosolized—should be based on the clinical assessment of
the child, the ease of administration, cost, and duration of
use. Epinephrine is used for symptomatic relief in patients
with moderate to severe symptoms, but because the benefits
of racemic epinephrine are short lived, such patients must be
observed carefully after therapy to be sure that their clinical
condition does not deteriorate after the effects of epineph-
rine have diminished. Children with airway obstruction or
signs of hypoxia require admission to an intensive care set-
ting for close monitoring and may benefit from treatment
with intravenous dexamethasone; children with severe dis-
ease may require intubation. Antibiotic therapy is generally
not beneficial except in cases of secondary bacterial infec-
tion, as suggested by persistent high fevers or purulent ma-
terial noted at endotracheal intubation. Lower respiratory
tract infections due to PIV in young children or immuno-
compromised hosts may require hospitalization and adjunct
therapy, including intravenous fluids and oxygen support.

The majority of children infected with MPV can be
managed at home with supportive care. For infants and
children who require hospitalization, therapy is supportive,
including supplementary oxygen and intravenous hydration.
Bronchodilators and corticosteroids have been used empir-
ically, but there are no controlled trials of these medications
for MPV and no data to support or refute efficacy.

Management of Severe Disease
Infants with respiratory failure require mechanical ventila-
tion and may require pressor support. Severe RSV disease in
very young infants can result in life-threatening damage to
the lungs and secondary end-organ failure affecting the
cardiac, renal, and hepatic systems. Some success with the
use of other ventilatory support modalities such as high-
frequency ventilation, mixtures of gases such as helium and
oxygen or nitrous oxide, or extracorporeal membrane oxy-
genation (ECMO) to permit healing of the lung has been
reported. Prolonged supportive therapy with ECMO for days
to several weeks may be required for RSV infection (393).

Upper respiratory tract disease due to RSV in immuno-
compromised hosts (81) may progress to severe lower respi-
ratory tract disease requiring ventilatory support. Underlying
immunosuppression, high inspired oxygen concentrations,
and the accompanying barotrauma may result in pulmonary
hemorrhage or acute respiratory distress syndrome or both.
The presence of pneumonia and associated respiratory failure
in severely immunocompromised patients generally culmi-
nates in multi-organ system failure, with mortality in intu-
bated patients approaching 80% to 90% (81, 83, 166, 224).
Supportive care in these immunocompromised patients in-
cludes fluid and nutritional support, as well as aggressive
therapy of secondary fungal, bacterial, or viral infections.
Antiviral therapy is frequently used (discussed below).

PIV infection with lower respiratory tract disease in im-
munosuppressed patients, particularly very young patients or
those in the immediate post-transplantation period, may re-
sult in a similar clinical picture (166, 394), although the
overall mortality does not appear to be as high as with RSV
(230, 268). Supportive and management measures are similar

to those used for RSV disease. Severe and fatal MPV infec-
tions have been reported in immunocompromised or other
high-risk hosts, including very young children and the frail
elderly (77, 78, 87–90, 153, 163, 257, 266). Mechanical
ventilation and ECMOhave been used to treat these patients.

Antiviral Treatment
Ribavirin, a synthetic guanosine nucleoside, has been li-
censed as an aerosol formulation for treatment of RSV re-
spiratory disease in children since 1986 and for the
treatment of RSV disease in mechanically ventilated pa-
tients since 1993. Ribavirin is the only approved drug for
lower respiratory tract disease due to RSV (395), but con-
cerns regarding efficacy in children, cost, and drug admin-
istration issues have resulted in minimal current use of the
drug, except in immunocompromised patients (396). Rib-
avirin is administered by small-particle aerosol from a solu-
tion containing the drug at a standard concentration of 20
mg/ml sterile water via aerosol for approximately 20 hours
per day. Aerosol administration results in high levels of ri-
bavirin in the secretions, with levels exceeding 1,000 mM
and little systemic absorption.

The duration of therapy in immunocompromised hosts
with serious lower respiratory tract disease is generally
greater than 5 days. Delayed antiviral treatment of RSV
infections in markedly immunocompromised patients, such
as bone marrow transplant recipients who receive antiviral
therapy only after the initiation of mechanical ventilation, is
not generally successful (264). Initiation of antiviral therapy
at the stage of upper respiratory tract disease may decrease
viral load and possibly reduce the risk of respiratory failure
(397, 398). Intermittent therapy utilizing higher drug con-
centrations (60 mg of ribavirin/ml of water) administered
over 2 hours three times daily to provide the same total
amount of drug compared favorably with standard ribavirin
therapy in one small clinical trial in children and in an
uncontrolled trial in immunocompromised adults (398).
This delivery method may improve patient access, improve
compliance with therapy, and decrease environmental re-
lease of drug (399). A small randomized trial comparing
short intermittent ribavirin in HCT patients with RSV up-
per respiratory tract disease demonstrated good tolerability
and a trend of decreasing viral load over time compared to
no treatment (400).

The potential environmental release of ribavirin has
caused concern in hospital personnel because of the poten-
tial teratogenicity of ribavirin in the rodent model (401).
Exposure is contraindicated in pregnant women because of
its teratogenic potential. Administration of ribavirin via a
ventilator, using a high-dose, short-duration method of drug
delivery (399) or with a vacuum-exhausted treatment hood
(402) results in minimal or no detectable ribavirin in the
rooms of treated children.

Systemic antibody therapy (403), combined antibody
therapy and ribavirin (264, 404), and aerosolized antibodies
have been used for treating RSV disease (56). The combi-
nation of high-titer RSV immune globulin (RSVIG) and
ribavirin has been associated with therapeutic success in
uncontrolled studies in severely immunocompromised adults
with RSV disease. Treatment studies with RSVIG (which is
no longer available), palivizumab at 15 mg/kg, and mota-
vizumab at 30 mk/kg have not proven efficacious in infants
(405). Nanobodies, derived from the heavy-chain variable
Ig domains that occur naturally in camels, administered by
inhalation are being investigated for the treatment of RSV
infection (406).
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Two promising antiviral agents (GS-5806 and ALS-
008176) have recently been shown to reduce viral load and
clinical disease in an adult challenge model of RSV infection
(407, 408). GS-5806 is a small molecule that inhibits virus
entry by blocking viral fusion with cells in the respiratory
epithelium, and ALS-008176 is an orally bioavailable pro-
drug of a nucleoside analogue that inhibits RSV replication
by chain termination. Clinical treatment studies on these
antiviral agents are ongoing.

There is no approved antiviral therapy for the treatment
of PIV infections. Ribavirin inhibits PIV replication in cell
culture and has been used for the treatment of lower respi-
ratory tract disease in immunocompromised hosts (224).
Case reports documenting decreased viral load and clinical
improvement in children with severe combined immuno-
deficiency following multiple treatments with aerosolized
ribavirin therapy have been published (99, 209). Ribavirin
has also been utilized in bone marrow transplant recipients
with upper and lower respiratory tract infection with PIV,
without apparent benefit (224, 269). Intravenous ribavirin
administered by intermittent dosing or constant infusion has
been used in individual patients for the treatment of serious
PIV infections (409), although retrospective studies of ri-
bavirin in transplant recipients have not demonstrated
convincing efficacy (270). A new potential antiviral therapy
for PIV and other sialic acid-binding viruses targets the re-
moval of lung epithelial sialic acid receptor for PIV, thereby
preventing viral entry. A novel recombinant sialidase fusion
inhibitor, DAS-181 (Ansun Biopharma, San Diego, CA),
first developed as an antiviral agent for influenza, functions
by cleaving sialic acids from the host cell surface, thereby
inactivating the host cell receptor recognized by PIV (410).
Successful use of this agent in pediatric and adult transplant
recipients under compassionate use has been reported (411,
412), and a clinical trial in adult HCTrecipients is ongoing.

Antiviral therapy for the treatment of severe MPV dis-
ease has not been studied in humans. One animal study
suggested benefit with ribavirin and corticosteroid treat-
ment of experimentally infected mice (413). Both ribavirin
and polyclonal human immunoglobulin possessed in vitro
virus inhibiting activity against MPV equivalent to their
activity against RSV (414). A number of agents have shown
efficacy in vitro or in animal models, including NMSO3, a
sulfated sialyl lipid (415, 416); monoclonal antibodies (351,
417, 418); fusion inhibitor peptides (419, 420); and short
interfering RNA (421, 422). There are numerous case re-
ports of ribavirin and polyclonal intravenous immunoglob-
ulin (IVIG) in severely immunocompromised patients (163,
423), but no controlled trails have been published for these
interventions.

REFERENCES
1. Blount RE Jr, Morris JA, Savage RE. 1956. Recovery of

cytopathogenic agent from chimpanzees with coryza. Proc Soc
Exp Biol Med 92:544–549.

2. BeemM,Wright FH, Hamre D, Egerer R, Oehme M, Hall S,
Tierny E. 1960. Association of the chimpanzee coryza agent
with acute respiratory disease in children. N Engl J Med 263:
523–530.

3. Chanock RM. 1956. Association of a new type of cytopatho-
genic myxovirus with infantile croup. J Exp Med 104:555–576.

4. Chanock RM, Parrott RH, Cook K, Andrews BE, Bell JA,
Reichelderfer T, Kapikian AZ, Mastrota FM, Huebner RJ.
1958. Newly recognized myxoviruses from children with re-
spiratory disease. N Engl J Med 258:207–213.

5. Vainionpää R, Hyypiä T. 1994. Biology of parainfluenza vi-
ruses. Clin Microbiol Rev 7:265–275.

6. van den Hoogen BG, de Jong JC, Groen J, Kuiken T, de
Groot R, Fouchier RA, Osterhaus AD. 2001. A newly dis-
covered human pneumovirus isolated from young children
with respiratory tract disease. Nat Med 7:719–724.

7. Mufson MA, Orvell C, Rafnar B, Norrby E. 1985. Two
distinct subtypes of human respiratory syncytial virus. J Gen
Virol 66:2111–2124.

8. García-Barreno B, Palomo C, Peñas C, Delgado T, Perez-
Breña P, Melero JA. 1989. Marked differences in the anti-
genic structure of human respiratory syncytial virus F and G
glycoproteins. J Virol 63:925–932.

9. Henrickson KJ, Savatski LL. 1992. Genetic variation and
evolution of human parainfluenza virus type 1 hemagglutinin
neuraminidase: analysis of 12 clinical isolates. J Infect Dis
166:995–1005.

10. Mackay IM, Bialasiewicz S, Waliuzzaman Z, Chidlow GR,
Fegredo DC, Laingam S, Adamson P, Harnett GB, Rawlin-
son W, Nissen MD, Sloots TP. 2004. Use of the P gene to
genotype human metapneumovirus identifies 4 viral subtypes.
J Infect Dis 190:1913–1918.

11. van den Hoogen BG, Herfst S, Sprong L, Cane PA, Forleo-
Neto E, de Swart RL, Osterhaus AD, Fouchier RA. 2004.
Antigenic and genetic variability of human meta-
pneumoviruses. Emerg Infect Dis 10:658–666.

12. Collins PL, McIntosh K, Chanock RM. 1996. Respiratory
Syncytial Virus, p 1313. In Fields B, Knipe DM, Huebner RJ
(ed), Virology. Lippincott-Raven, Philadelphia.

13. Gan SW, Tan E, Lin X, Yu D, Wang J, Tan GM, Varar-
attanavech A, Yeo CY, Soon CH, Soong TW, Pervushin K,
Torres J. 2012. The small hydrophobic protein of the human
respiratory syncytial virus forms pentameric ion channels.
J Biol Chem 287:24671–24689.

14. Lamb RA, Kolakofsky D. 1996. Paramyxoviridae and their
replication, p 1177. In Fields B, Knipe DM, Howley PM (ed),
Virology. Lippencott-Raven, Philadelphia.

15. Chang A, Masante C, Buchholz UJ, Dutch RE. 2012. Hu-
man metapneumovirus (HMPV) binding and infection are
mediated by interactions between the HMPV fusion protein
and heparan sulfate. J Virol 86:3230–3243.

16. Cox RG, Livesay SB, Johnson M, Ohi MD, Williams JV.
2012. The human metapneumovirus fusion protein mediates
entry via an interaction with rgd-binding integrins. J Virol
86:12148–12160.

17. Cseke G, Maginnis MS, Cox RG, Tollefson SJ, Podsiad AB,
Wright DW, Dermody TS, Williams JV. 2009. Integrin al-
phavbeta1 promotes infection by human metapneumovirus.
Proc Natl Acad Sci USA 106:1566–1571.

18. Levine S, Klaiber-Franco R, Paradiso PR. 1987. Demon-
stration that glycoprotein G is the attachment protein of re-
spiratory syncytial virus. J Gen Virol 68:2521–2524.

19. Martínez I, Melero JA. 2000. Binding of human respiratory
syncytial virus to cells: implication of sulfated cell surface
proteoglycans. J Gen Virol 81:2715–2722.

20. Chirkova T, Lin S, Oomens AG, Gaston KA, Boyoglu-
Barnum S, Meng J, Stobart CC, Cotton CU, Hartert TV,
Moore ML, Ziady AG, Anderson LJ. 2015. CX3CR1 is an
important surface molecule for respiratory syncytial virus in-
fection in human airway epithelial cells. J Gen Virol 96:2543–
2556.

21. Johnson SM, McNally BA, Ioannidis I, Flano E, Teng MN,
Oomens AG, Walsh EE, Peeples ME. 2015. Respiratory
syncytial virus uses cx3cr1 as a receptor on primary human
airway epithelial cultures. PLoS Pathog 11:e1005318.

22. Tayyari F, Marchant D, Moraes TJ, Duan W, Mastrangelo P,
Hegele RG. 2011. Identification of nucleolin as a cellular
receptor for human respiratory syncytial virus. Nat Med 17:
1132–1135.

23. Cox RG, Mainou BA, Johnson M, Hastings AK, Schuster
JE, Dermody TS, Williams JV. 2015. Human meta-
pneumovirus is capable of entering cells by fusion with en-
dosomal membranes. PLoS Pathog 11:e1005303.

890 - THE AGENTS—PART B: RNA VIRUSES



24. Wei Y, Zhang Y, Cai H, Mirza AM, Iorio RM, Peeples ME,
Niewiesk S, Li J. 2014. Roles of the putative integrin-binding
motif of the human metapneumovirus fusion (f) protein in
cell-cell fusion, viral infectivity, and pathogenesis. J Virol 88:
4338–4352.

25. Thammawat S, Sadlon TA, Hallsworth PG, Gordon DL.
2008. Role of cellular glycosaminoglycans and charged regions
of viral G protein in human metapneumovirus infection.
J Virol 82:11767–11774.

26. Palmer SG, DeVito I, Jenkins SG, Niewiesk S, Porotto M,
Moscona A. 2014. Circulating clinical strains of human
parainfluenza virus reveal viral entry requirements for in vivo
infection. J Virol 88:13495–13502.

27. Krzyzaniak MA, Zumstein MT, Gerez JA, Picotti P, Hel-
enius A. 2013. Host cell entry of respiratory syncytial virus
involves macropinocytosis followed by proteolytic activation
of the F protein. PLoS Pathog 9:e1003309.

28. Belshe RB, Richardson LS, London WT, Sly DL, Lorfeld
JH, Camargo E, Prevar DA, Chanock RM. 1977. Ex-
perimental respiratory syncytial virus infection of four species
of primates. J Med Virol 1:157–162.

29. Graham BS, Perkins MD, Wright PF, Karzon DT. 1988.
Primary respiratory syncytial virus infection in mice. J Med
Virol 26:153–162.

30. Prince GA, Horswood RL, Berndt J, Suffin SC, Chanock
RM. 1979. Respiratory syncytial virus infection in inbred
mice. Infect Immun 26:764–766.

31. Prince GA, Jenson AB, Horswood RL, Camargo E, Cha-
nock RM. 1978. The pathogenesis of respiratory syncytial
virus infection in cotton rats. Am J Pathol 93:771–791.

32. Schmidt AC, Wenzke DR, McAuliffe JM, St Claire M, El-
kins WR, Murphy BR, Collins PL. 2002. Mucosal immuni-
zation of rhesus monkeys against respiratory syncytial virus
subgroups A and B and human parainfluenza virus type 3 by
using a live cDNA-derived vaccine based on a host range-
attenuated bovine parainfluenza virus type 3 vector backbone.
J Virol 76:1089–1099.

33. Cash P,WunnerWH, Pringle CR. 1977. A comparison of the
polypeptides of human and bovine respiratory syncytial viruses
and murine pneumonia virus. Virology 82:369–379.

34. Sasaki M, Ishii A, Orba Y, Thomas Y, Hang’ombe BM,
Moonga L, Mweene AS, Ogawa H, Nakamura I, Kimura T,
Sawa H. 2013. Human parainfluenza virus type 3 in wild
nonhuman primates, Zambia. Emerg Infect Dis 19:19.

35. Velayudhan BT, Nagaraja KV, Thachil AJ, Shaw DP, Gray
GC, Halvorson DA. 2006. Human metapneumovirus in tur-
key poults. Emerg Infect Dis 12:1853–1859.

36. Kuiken T, van den Hoogen BG, van Riel DA, Laman JD,
van Amerongen G, Sprong L, Fouchier RA, Osterhaus AD.
2004. Experimental human metapneumovirus infection of
cynomolgus macaques (Macaca fascicularis) results in virus
replication in ciliated epithelial cells and pneumocytes with
associated lesions throughout the respiratory tract. Am J Pathol
164:1893–1900.

37. Williams JV, Tollefson SJ, Johnson JE, Crowe JE Jr. 2005.
The cotton rat (Sigmodon hispidus) is a permissive small an-
imal model of human metapneumovirus infection, pathogen-
esis, and protective immunity. J Virol 79:10944–10951.

38. Biacchesi S, Pham QN, Skiadopoulos MH, Murphy BR,
Collins PL, Buchholz UJ. 2005. Infection of nonhuman
primates with recombinant human metapneumovirus lacking
the SH, G, or M2-2 protein categorizes each as a nonessential
accessory protein and identifies vaccine candidates. J Virol
79:12608–12613.

39. Herfst S, de Graaf M, Schrauwen EJ, Ulbrandt ND, Barnes
AS, Senthil K, Osterhaus AD, Fouchier RA, van den Ho-
ogen BG. 2007. Immunization of Syrian golden hamsters with
F subunit vaccine of human metapneumovirus induces pro-
tection against challenge with homologous or heterologous
strains. J Gen Virol 88:2702–2709.

40. Erickson JJ, Gilchuk P, Hastings AK, Tollefson SJ, Johnson
M, Downing MB, Boyd KL, Johnson JE, Kim AS, Joyce S,
Williams JV. 2012. Viral acute lower respiratory infections

impair CD8+ T cells through PD-1. J Clin Invest 122:2967–
2982.

41. Palacios G, Lowenstine LJ, Cranfield MR, Gilardi KV,
Spelman L, Lukasik-Braum M, Kinani JF, Mudakikwa A,
Nyirakaragire E, Bussetti AV, Savji N, Hutchison S, Egholm
M, Lipkin WI. 2011. Human metapneumovirus infection in
wild mountain gorillas, Rwanda. Emerg Infect Dis 17:711–713.

42. Slater OM, Terio KA, Zhang Y, Erdman DD, Schneider E,
Kuypers JM, Wolinsky SM, Kunstman KJ, Kunstman J,
Kinsel MJ, Gamble KC. 2014. Human metapneumovirus in-
fection in chimpanzees, United States. Emerg Infect Dis 20:
2115–2118.

43. Bagga B, Cehelsky JE, Vaishnaw A,Wilkinson T, Meyers R,
Harrison LM, Roddam PL, Walsh EE, DeVincenzo JP. 2015.
Effect of preexisting serum and mucosal antibody on experi-
mental respiratory syncytial virus (RSV) challenge and in-
fection of adults. J Infect Dis 212:1719–1725.

44. Kapikian AZ, Chanock RM, Reichelderfer TE, Ward TG,
Huebner RJ, Bell JA. 1961. Inoculation of human volunteers
with parainfluenza virus type 3. JAMA 178:537–541.

45. Watt PJ, Robinson BS, Pringle CR, Tyrrell DA. 1990. De-
terminants of susceptibility to challenge and the antibody re-
sponse of adult volunteers given experimental respiratory
syncytial virus vaccines. Vaccine 8:231–236.

46. Hall CB, Douglas RG Jr, Schnabel KC, Geiman JM. 1981.
Infectivity of respiratory syncytial virus by various routes of
inoculation. Infect Immun 33:779–783.

47. Tollefson SJ, Cox RG, Williams JV. 2010. Studies of culture
conditions and environmental stability of human meta-
pneumovirus. Virus Res 151:54–59.

48. Merrill WW, Naegel GP, Olchowski JJ, Reynolds HY. 1985.
Immunoglobulin G subclass proteins in serum and lavage fluid
of normal subjects. Quantitation and comparison with im-
munoglobulins A and E. Am Rev Respir Dis 131:584–587.

49. Smyth RL, Openshaw PJ. 2006. Bronchiolitis. Lancet 368:
312–322.

50. Mulholland K. 2007. Childhood pneumonia mortality—a
permanent global emergency. Lancet 370:285–289.

51. Glezen WP, Frank AL, Taber LH, Kasel JA. 1984. Para-
influenza virus type 3: seasonality and risk of infection and
reinfection in young children. J Infect Dis 150:851–857.

52. Glezen WP, Taber LH, Frank AL, Kasel JA. 1986. Risk of
primary infection and reinfection with respiratory syncytial
virus. Am J Dis Child 140:543–546.

53. Williams JV, Wang CK, Yang CF, Tollefson SJ, House FS,
Heck JM, ChuM, Brown JB, Lintao LD, Quinto JD, Chu D,
Spaete RR, Edwards KM,Wright PF, Crowe JE Jr. 2006. The
role of human metapneumovirus in upper respiratory tract
infections in children: a 20-year experience. J Infect Dis 193:
387–395.

54. Bosis S, Esposito S, Niesters HG, Crovari P, Osterhaus AD,
Principi N. 2005. Impact of human metapneumovirus in
childhood: comparison with respiratory syncytial virus and
influenza viruses. J Med Virol 75:101–104.

55. Boivin G, De Serres G, Côté S, Gilca R, Abed Y, Rochette L,
Bergeron MG, Déry P. 2003. Human metapneumovirus
infections in hospitalized children. Emerg Infect Dis 9:634–
640.

56. Maggi F, Pifferi M, Vatteroni M, Fornai C, Tempestini E,
Anzilotti S, Lanini L, Andreoli E, Ragazzo V, Pistello M,
Specter S, Bendinelli M. 2003. Human metapneumovirus
associated with respiratory tract infections in a 3-year study
of nasal swabs from infants in Italy. J Clin Microbiol 41:2987–
2991.

57. Peiris JS, TangWH, Chan KH, Khong PL, Guan Y, Lau YL,
Chiu SS. 2003. Children with respiratory disease associated
with metapneumovirus in Hong Kong. Emerg Infect Dis 9:628–
633.

58. van den Hoogen BG, van Doornum GJ, Fockens JC, Cor-
nelissen JJ, Beyer WE, de Groot R, Osterhaus AD, Fouchier
RA. 2003. Prevalence and clinical symptoms of human met-
apneumovirus infection in hospitalized patients. J Infect Dis
188:1571–1577.

37. Respiratory Syncytial Virus, Human Metapneumovirus, and Parainfluenza Viruses - 891



59. Døllner H, Risnes K, Radtke A, Nordbø SA. 2004. Outbreak
of human metapneumovirus infection in norwegian children.
Pediatr Infect Dis J 23:436–440.

60. Esper F, Martinello RA, Boucher D, Weibel C, Ferguson D,
Landry ML, Kahn JS. 2004. A 1-year experience with human
metapneumovirus in children aged < 5 years. J Infect Dis 189:
1388–1396.

61. McAdam AJ, Hasenbein ME, Feldman HA, Cole SE, Of-
fermann JT, Riley AM, Lieu TA. 2004. Human meta-
pneumovirus in children tested at a tertiary-care hospital.
J Infect Dis 190:20–26.

62. Klein MI, Coviello S, Bauer G, Benitez A, Serra ME,
Schiatti MP, Delgado MF, Melendi GA, Novalli L, Pena HG,
Karron RA, Kleeberger SR, Polack FP. 2006. The impact of
infection with human metapneumovirus and other respiratory
viruses in young infants and children at high risk for severe
pulmonary disease. J Infect Dis 193:1544–1551.

63. Oliveira DB, Durigon EL, Carvalho AC, Leal AL, Souza TS,
Thomazelli LM, Moraes CT, Vieira SE, Gilio AE, Stewien
KE. 2009. Epidemiology and genetic variability of human
metapneumovirus during a 4-year-long study in Southeastern
Brazil. J Med Virol 81:915–921.

64. Anderson EJ, Simões EA, Buttery JP, Dennehy PH, Do-
machowske JB, Jensen K, Lieberman JM, Losonsky GA,
Yogev R. 2012. Prevalence and Characteristics of Human
Metapneumovirus Infection Among Hospitalized Children at
High Risk for Severe Lower Respiratory Tract Infection.
J Pediatric Infect Dis Soc 1:212–222.

65. Edwards KM, Zhu Y, Griffin MR, Weinberg GA, Hall CB,
Szilagyi PG, Staat MA, Iwane M, Prill MM, Williams JV,
New Vaccine Surveillance Network. 2013. Burden of human
metapneumovirus infection in young children. N Engl J Med
368:633–643.

66. Glezen WP, Loda FA, Denny FW. 1997. Parainfluenza Vi-
ruses, p 551. In Evans ASK, Richard A (ed), Viral Infections in
Humans, vol 3. Plenum, New York.

67. Henderson FW, Collier AM, ClydeWA Jr, Denny FW. 1979.
Respiratory-syncytial-virus infections, reinfections and im-
munity. A prospective, longitudinal study in young children.
N Engl J Med 300:530–534.

68. Falsey AR. 2007. Respiratory syncytial virus infection in
adults. Semin Respir Crit Care Med 28:171–181.

69. Munywoki PK, Koech DC, Agoti CN, Bett A, Cane PA,
Medley GF, Nokes DJ. 2015. Frequent Asymptomatic respi-
ratory syncytial virus infections during an epidemic in a rural
Kenyan household cohort. J Infect Dis 212:1711–1718.

70. Teo WY, Rajadurai VS, Sriram B. 2010. Morbidity of para-
influenza 3 outbreak in preterm infants in a neonatal unit.Ann
Acad Med Singapore 39:837–6.

71. Jain S, Williams DJ, Arnold SR, Ampofo K, Bramley AM,
Reed C, Stockmann C, Anderson EJ, Grijalva CG, Self WH,
Zhu Y, Patel A, Hymas W, Chappell JD, Kaufman RA, Kan
JH, Dansie D, Lenny N, Hillyard DR, Haynes LM, Levine
M, Lindstrom S, Winchell JM, Katz JM, Erdman D,
Schneider E, Hicks LA, Wunderink RG, Edwards KM,
Pavia AT, McCullers JA, Finelli L, Team CES, CDC EPIC
Study Team. 2015. Community-acquired pneumonia requir-
ing hospitalization among U.S. children. N Engl J Med 372:
835–845.

72. Williams JV, Harris PA, Tollefson SJ, Halburnt-Rush LL,
Pingsterhaus JM, Edwards KM, Wright PF, Crowe JE Jr.
2004. Human metapneumovirus and lower respiratory tract
disease in otherwise healthy infants and children.NEngl J Med
350:443–450.

73. Falsey AR, Cunningham CK, Barker WH, Kouides RW,
Yuen JB, Menegus M, Weiner LB, Bonville CA, Betts RF.
1995. Respiratory syncytial virus and influenza A infections in
the hospitalized elderly. J Infect Dis 172:389–394.

74. Falsey AR, Hennessey PA, Formica MA, Cox C, Walsh EE.
2005. Respiratory syncytial virus infection in elderly and high-
risk adults. N Engl J Med 352:1749–1759.

75. Falsey AR, Walsh EE. 2000. Respiratory syncytial virus
infection in adults. Clin Microbiol Rev 13:371–384.

76. Falsey AR. 2008. Human metapneumovirus infection in
adults. Pediatr Infect Dis J 27(Suppl):S80–S83.

77. Falsey AR, Erdman D, Anderson LJ, Walsh EE. 2003. Hu-
man metapneumovirus infections in young and elderly adults.
J Infect Dis 187:785–790.

78. Walsh EE, Peterson DR, Falsey AR. 2008. Human meta-
pneumovirus infections in adults: another piece of the puzzle.
Arch Intern Med 168:2489–2496.

79. Widmer K, Griffin MR, Zhu Y, Williams JV, Talbot HK.
2014. Respiratory syncytial virus- and human meta-
pneumovirus-associated emergency department and hospital
burden in adults. Influenza Other Respi Viruses 8:347–352.

80. Widmer K, Zhu Y, Williams JV, Griffin MR, Edwards KM,
Talbot HK. 2012. Rates of hospitalizations for respiratory
syncytial virus, human metapneumovirus, and influenza virus
in older adults. J Infect Dis 206:56–62.

81. Englund JA, Sullivan CJ, JordanMC, Dehner LP, Vercellotti
GM, Balfour HH Jr. 1988. Respiratory syncytial virus infec-
tion in immunocompromised adults. Ann Intern Med 109:
203–208.

82. Hertz MI, Englund JA, Snover D, Bitterman PB, McGlave
PB. 1989. Respiratory syncytial virus-induced acute lung in-
jury in adult patients with bone marrow transplants: a clinical
approach and review of the literature. Medicine (Baltimore)
68:269–281.

83. Harrington RD, Hooton TM, Hackman RC, Storch GA,
Osborne B, Gleaves CA, Benson A, Meyers JD. 1992. An
outbreak of respiratory syncytial virus in a bone marrow
transplant center. J Infect Dis 165:987–993.

84. Walsh EE, Peterson DR, Falsey AR. 2004. Risk factors for
severe respiratory syncytial virus infection in elderly persons.
J Infect Dis 189:233–238.

85. Falsey AR, Formica MA, Hennessey PA, Criddle MM,
Sullender WM, Walsh EE. 2006. Detection of respiratory
syncytial virus in adults with chronic obstructive pulmonary
disease. Am J Respir Crit Care Med 173:639–643.

86. Vicente D, Montes M, Cilla G, Pérez-Trallero E. 2004. Hu-
man metapneumovirus and chronic obstructive pulmonary
disease. Emerg Infect Dis 10:1338–1339.

87. Larcher C, Geltner C, Fischer H, Nachbaur D, Müller LC,
Huemer HP. 2005. Human metapneumovirus infection in
lung transplant recipients: clinical presentation and epidemi-
ology. J Heart Lung Transplant 24:1891–1901.

88. Williams JV, Martino R, Rabella N, Otegui M, Parody R,
Heck JM, Crowe JE Jr. 2005. A prospective study comparing
human metapneumovirus with other respiratory viruses in
adults with hematologic malignancies and respiratory tract
infections. J Infect Dis 192:1061–1065.

89. Englund JA, Boeckh M, Kuypers J, Nichols WG, Hackman
RC, Morrow RA, Fredricks DN, Corey L. 2006. Brief
communication: fatal human metapneumovirus infection in
stem-cell transplant recipients. Ann Intern Med 144:344–349.

90. Hoellein A, Hecker J, Hoffmann D, Gottle F, Protzer U,
Peschel C, Gotze K. 2016. Serious outbreak of human met-
apneumovirus in patients with hematologic malignancies.
Leuk Lymphoma 57:623–627.

91. Johnstone J, Majumdar SR, Fox JD, Marrie TJ. 2008. Viral
infection in adults hospitalized with community-acquired
pneumonia: prevalence, pathogens, and presentation. Chest
134:1141–1148.

92. Morgan OW, Chittaganpitch M, Clague B, Chantra S, San-
asuttipun W, Prapasiri P, Naorat S, Laosirithavorn Y, Peret
TC, Erdman DD, Baggett HC, Olsen SJ, Fry AM. 2013.
Hospitalization due to human parainfluenza virus-associated
lower respiratory tract illness in rural Thailand. Influenza Other
Respi Viruses 7:280–285.

93. Walker E, Ison MG. 2014. Respiratory viral infections among
hospitalized adults: experience of a single tertiary healthcare
hospital. Influenza Other Respi Viruses 8:282–292.

94. Jain S, Self WH, Wunderink RG, Fakhran S, Balk R,
Bramley AM, Reed C, Grijalva CG, Anderson EJ, Courtney
DM, Chappell JD, Qi C, Hart EM, Carroll F, Trabue C,
Donnelly HK, Williams DJ, Zhu Y, Arnold SR, Ampofo K,

892 - THE AGENTS—PART B: RNA VIRUSES



Waterer GW, Levine M, Lindstrom S, Winchell JM, Katz
JM, Erdman D, Schneider E, Hicks LA, McCullers JA, Pavia
AT, Edwards KM, Finelli L, Team CES, CDC EPIC Study
Team. 2015. Community-acquired pneumonia requiring hos-
pitalization among U.S. adults. N Engl J Med 373:415–427.

95. Falsey AR, Treanor JJ, Betts RF, Walsh EE. 1992. Viral re-
spiratory infections in the institutionalized elderly: clinical and
epidemiologic findings. J Am Geriatr Soc 40:115–119.

96. Walsh EE, Falsey AR, Hennessey PA. 1999. Respiratory
syncytial and other virus infections in persons with chronic
cardiopulmonary disease. Am J Respir Crit Care Med 160:791–
795.

97. Todd Faulks J, Drinka PJ, Shult P. 2000. A serious outbreak
of parainfluenza type 3 on a nursing unit. J Am Geriatr Soc
48:1216–1218.

98. Camargo CA Jr, Ginde AA, Clark S, Cartwright CP, Falsey
AR, Niewoehner DE. 2008. Viral pathogens in acute exac-
erbations of chronic obstructive pulmonary disease. Intern
Emerg Med 3:355–359.

99. Falsey AR, Dallal GE, Formica MA, Andolina GG, Hamer
DH, Leka LL, Meydani SN. 2008. Long-term care facilities: a
cornucopia of viral pathogens. J AmGeriatr Soc 56:1281–1285.

100. Seo S, Xie H, Campbell AP, Kuypers JM, Leisenring WM,
Englund JA, Boeckh M. 2014. Parainfluenza virus lower re-
spiratory tract disease after hematopoietic cell transplant: viral
detection in the lung predicts outcome. Clin Infect Dis
58:1357–1368.

101. Ebihara T, Endo R, Ishiguro N, Nakayama T, Sawada H,
Kikuta H. 2004. Early reinfection with human meta-
pneumovirus in an infant. J Clin Microbiol 42:5944–5946.

102. Glezen WP, Greenberg SB, Atmar RL, Piedra PA, Couch
RB. 2000. Impact of respiratory virus infections on persons
with chronic underlying conditions. JAMA 283:499–505.

103. Martinello RA, Esper F, Weibel C, Ferguson D, Landry ML,
Kahn JS. 2006. Human metapneumovirus and exacerbations
of chronic obstructive pulmonary disease. J Infect 53:248–254.

104. Williams JV, Crowe JE Jr, Enriquez R, Minton P, Peebles RS
Jr, Hamilton RG, Higgins S, Griffin M, Hartert TV. 2005.
Human metapneumovirus infection plays an etiologic role in
acute asthma exacerbations requiring hospitalization in adults.
J Infect Dis 192:1149–1153.

105. Kim YJ, Boeckh M, Englund JA. 2007. Community respira-
tory virus infections in immunocompromised patients: hema-
topoietic stem cell and solid organ transplant recipients, and
individuals with human immunodeficiency virus infection.
Semin Respir Crit Care Med 28:222–242.

106. Neu N, Plaskett T, Hutcheon G, Murray M, Southwick KL,
Saiman L. 2012. Epidemiology of human metapneumovirus in
a pediatric long-term care facility. Infect Control Hosp Epidemiol
33:545–550.

107. Hamada N, Hara K, Matsuo Y, Imamura Y, Kashiwagi T,
Nakazono Y, Gotoh K, Ohtsu Y, Ohtaki E, Motohiro T,
Watanabe H. 2013. Performance of a rapid human meta-
pneumovirus antigen test during an outbreak in a long-term
care facility. Epidemiol Infect 142:424–427.

108. Yang Z, Suzuki A, Watanabe O, Okamoto M, Ohmi A,
Huang W, Nishimura H. 2014. Outbreak of human meta-
pneumovirus infection in a severe motor-and-intellectual
disabilities ward in Japan. Jpn J Infect Dis 67:318–321.

109. Laine O, Laine J, Säilä P, Huhtala H, Syrjänen J, Vuorinen
T, Vuento R. 2015. An outbreak of human metapneumovirus
in a rehabilitation center for alcoholics in Tampere, Finland.
Infect Dis Lond 47:499–503.

110. Han LL, Alexander JP, Anderson LJ. 1999. Respiratory
syncytial virus pneumonia among the elderly: an assessment of
disease burden. J Infect Dis 179:25–30.

111. Denny FW, Clyde WA Jr. 1986. Acute lower respiratory tract
infections in nonhospitalized children. J Pediatr 108:635–646.

112. Ray CG, Holberg CJ, Minnich LL, Shehab ZM, Wright AL,
Taussig LM, The Group Health Medical Associates. 1993.
Acute lower respiratory illnesses during the first three years of
life: potential roles for various etiologic agents. Pediatr Infect
Dis J 12:10–14.

113. Selwyn BJ, Coordinated Data Group of BOSTID Re-
searchers. 1990. The epidemiology of acute respiratory tract
infection in young children: comparison of findings from
several developing countries. Rev Infect Dis 12(Suppl 8):
S870–S888.

114. Wright AL, Taussig LM, Ray CG, Harrison HR, Holberg
CJ. 1989. The Tucson Children’s Respiratory Study. II. Lower
respiratory tract illness in the first year of life. Am J Epidemiol
129:1232–1246.

115. Nokes DJ, Okiro EA, Ngama M, Ochola R, White LJ, Scott
PD, English M, Cane PA, Medley GF. 2008. Respiratory
syncytial virus infection and disease in infants and young
children observed from birth in Kilifi District, Kenya. Clin
Infect Dis 46:50–57.

116. Shay DK, Holman RC, Newman RD, Liu LL, Stout JW,
Anderson LJ. 1999. Bronchiolitis-associated hospitalizations
among US children, 1980–1996. JAMA 282:1440–1446.

117. Hall CB, Weinberg GA, Iwane MK, Blumkin AK, Edwards
KM, Staat MA, Auinger P, Griffin MR, Poehling KA, Erd-
man D, Grijalva CG, Zhu Y, Szilagyi P. 2009. The burden of
respiratory syncytial virus infection in young children. N Engl
J Med 360:588–598.

118. Glezen WP, Loda FA, Clyde WA Jr, Senior RJ, Sheaffer CI,
Conley WG, Denny FW. 1971. Epidemiologic patterns of
acute lower respiratory disease of children in a pediatric group
practice. J Pediatr 78:397–406.

119. Zhou H, ThompsonWW, Viboud CG, Ringholz CM, Cheng
PY, Steiner C, Abedi GR, Anderson LJ, Brammer L, Shay
DK. 2012. Hospitalizations associated with influenza and re-
spiratory syncytial virus in the United States, 1993–2008. Clin
Infect Dis 54:1427–1436.

120. Falsey AR, McElhaney JE, Beran J, van Essen GA, Duval X,
EsenM, Galtier F, Gervais P, Hwang SJ, Kremsner P, Launay
O, Leroux-Roels G, McNeil SA, Nowakowski A, Richardus
JH, Ruiz-Palacios G, St Rose S, Devaster JM, Oostvogels L,
Durviaux S, Taylor S. 2014. Respiratory syncytial virus and
other respiratory viral infections in older adults with moderate
to severe influenza-like illness. J Infect Dis 209:1873–1881.

121. Gilca R, Amini R, Douville-Fradet M, Charest H, Dubuque
J, Boulianne N, Skowronski DM, De Serres G. 2014. Other
respiratory viruses are important contributors to adult respi-
ratory hospitalizations and mortality even during peak weeks
of the influenza season. Open Forum Infect Dis 1:ofu086.

122. Matias G, Taylor R, Haguinet F, Schuck-Paim C, Lustig R,
Shinde V. 2014. Estimates of mortality attributable to influ-
enza and RSV in the United States during 1997–2009 by in-
fluenza type or subtype, age, cause of death, and risk status.
Influenza Other Respi Viruses 8:507–515.

123. Fleming DM, Taylor RJ, Lustig RL, Schuck-Paim C, Ha-
guinet F, Webb DJ, Logie J, Matias G, Taylor S. 2015.
Modelling estimates of the burden of respiratory syncytial virus
infection in adults and the elderly in the United Kingdom.
BMC Infect Dis 15:443.

124. Goldstein E, Greene SK, Olson DR, Hanage WP, Lipsitch
M. 2015. Estimating the hospitalization burden associated
with influenza and respiratory syncytial virus in New York
City, 2003–2011. Influenza Other Respi Viruses 9:225–233.

125. Self WH, Williams DJ, Zhu Y, Ampofo K, Pavia AT,
Chappell JD, Hymas WC, Stockmann C, Bramley AM,
Schneider E, Erdman D, Finelli L, Jain S, Edwards KM,
Grijalva CG. 2015. Respiratory Viral Detection in Children
and Adults: Comparing asymptomatic controls and patients
with community-acquired pneumonia. J Infect Dis 213:584–
591.

126. Weinberg GA, Hall CB, Iwane MK, Poehling KA, Edwards
KM, Griffin MR, Staat MA, Curns AT, Erdman DD, Szi-
lagyi PG, New Vaccine Surveillance N, New Vaccine Sur-
veillance Network. 2009. Parainfluenza virus infection of
young children: estimates of the population-based burden of
hospitalization. J Pediatr 154:694–699.

127. Fairchok MP, Martin ET, Kuypers J, Englund JA. 2011. A
prospective study of parainfluenza virus type 4 infections in
children attending daycare. Pediatr Infect Dis J 30:714–716.

37. Respiratory Syncytial Virus, Human Metapneumovirus, and Parainfluenza Viruses - 893



128. Díez-Domingo J, Pérez-Yarza EG, Melero JA, Sánchez-Luna
M, Aguilar MD, Blasco AJ, Alfaro N, Lázaro P. 2014. Social,
economic, and health impact of the respiratory syncytial virus:
a systematic search. BMC Infect Dis 14:544.

129. Régnier SA. 2013. Respiratory syncytial virus immunization
program for the United States: impact of performance deter-
minants of a theoretical vaccine. Vaccine 31:4347–4354.

130. Abedi GR, Prill MM, Langley GE, Wikswo ME, Weinberg
GA, Curns AT, Schneider E. 2014. Estimates of parainfluenza
virus-associated hospitalizations and cost among children aged
less than 5 years in the United States, 1998–2010. J Pediatr
Infect Dis Soc 5:7–13.

131. Davis CR, Stockmann C, Pavia AT, Byington CL, Blaschke
AJ, Hersh AL, Thorell EA, Korgenski K, Daly J, Ampofo K.
2015. Incidence, Morbidity, and Costs of Human Meta-
pneumovirus Infection in Hospitalized Children. J Pediatric
Infect Dis Soc piv027.

132. Glezen P, Denny FW. 1973. Epidemiology of acute lower re-
spiratory disease in children. N Engl J Med 288:498–505.

133. Chanock RM, Kim HW, Vargosko AJ, Deleva A, Johnson
KM, Cumming C, Parrott RH. 1961. Respiratory syncytial
virus. I. Virus recovery and other observations during 1960
outbreak of bronchiolitis, pneumonia, and minor respiratory
diseases in children. JAMA 176:647–653.

134. Kim YJ, Kim DW, Lee WJ, Yun MR, Lee HY, Lee HS, Jung
HD, Kim K. 2014. Rapid replacement of human respiratory
syncytial virus Awith the ON1 genotype having 72 nucleotide
duplication in G gene. Infect Genet Evol 26:103–112.

135. Trento A, Casas I, Calderón A, Garcia-Garcia ML, Calvo C,
Perez-Breña P, Melero JA. 2010. Ten years of global evolution
of the human respiratory syncytial virus BA genotype with a
60-nucleotide duplication in the G protein gene. J Virol
84:7500–7512.

136. Ren L, Gonzalez R, Xie Z, Xiong Z, Liu C, Xiang Z, Xiao Y,
Li Y, Zhou H, Li J, Yang Q, Zhang J, Chen L, Wang W,
Vernet G, Paranhos-Baccalà G, Shen K, Wang J. 2011.
Human parainfluenza virus type 4 infection in Chinese chil-
dren with lower respiratory tract infections: a comparison
study. J Clin Virol 51:209–212.

137. Frost HM, Robinson CC, Dominguez SR. 2014. Epidemi-
ology and clinical presentation of parainfluenza type 4 in
children: a 3-year comparative study to parainfluenza types 1–
3. J Infect Dis 209:695–702.

138. Lau SK, Li KS, Chau KY, So LY, Lee RA, Lau YL, Chan
KH, Lim WW, Woo PC, Yuen KY. 2009. Clinical and mo-
lecular epidemiology of human parainfluenza virus 4 infections
in hong kong: subtype 4B as common as subtype 4A. J Clin
Microbiol 47:1549–1552.

139. Gray GC, Capuano AW, Setterquist SF, Erdman DD, Nobbs
ND, Abed Y, Doern GV, Starks SE, Boivin G. 2006. Multi-
year study of human metapneumovirus infection at a large US
midwestern medical referral center. J Clin Virol 37:269–276.

140. Madhi SA, Ludewick H, Kuwanda L, van Niekerk N,
Cutland C, Klugman KP. 2007. Seasonality, incidence,
and repeat human metapneumovirus lower respiratory tract
infections in an area with a high prevalence of human im-
munodeficiency virus type-1 infection. Pediatr Infect Dis J
26:693–699.

141. Agapov E, Sumino KC, Gaudreault-Keener M, Storch GA,
Holtzman MJ. 2006. Genetic variability of human meta-
pneumovirus infection: evidence of a shift in viral genotype
without a change in illness. J Infect Dis 193:396–403.

142. Vicente D, Montes M, Cilla G, Perez-Yarza EG, Perez-
Trallero E. 2006. Differences in clinical severity between ge-
notype A and genotype B human metapneumovirus infection
in children. Clin Infect Dis 42:e111–e113.

143. Pitoiset C, Darniot M, Huet F, Aho SL, Pothier P, Manoha
C. 2010. Human metapneumovirus genotypes and severity of
disease in young children (n = 100) during a 7-year study in
Dijon hospital, France. J Med Virol 82:1782–1789.

144. Schuster JE, Khuri-Bulos N, Faouri S, Shehabi A, Johnson
M, Wang L, Fonnesbeck C, Williams JV, Halasa N. 2015.
Human metapneumovirus infection in Jordanian children:

epidemiology and risk factors for severe disease. Pediatr Infect
Dis J 34:1335–1341.

145. Beem M. 1969. Acute respiratory illness in nursery school
children: a longitudinal study of the occurrence of illness and
respiratory viruses. Am J Epidemiol 90:30–44.

146. Falsey AR, Walsh EE. 1992. Humoral immunity to respira-
tory syncytial virus infection in the elderly. J Med Virol 36:
39–43.

147. Louie JK, Schnurr DP, Pan CY, Kiang D, Carter C, Tougaw
S, Ventura J, Norman A, Belmusto V, Rosenberg J, Trochet
G. 2007. A summer outbreak of human metapneumovirus
infection in a long-term-care facility. J Infect Dis 196:705–708.

148. Meissner HC, Murray SA, Kiernan MA, Snydman DR,
McIntosh K. 1984. A simultaneous outbreak of respiratory
syncytial virus and parainfluenza virus type 3 in a newborn
nursery. J Pediatr 104:680–684.

149. Boivin G, De Serres G, Hamelin ME, Côté S, Argouin M,
Tremblay G, Maranda-Aubut R, Sauvageau C, Ouakki M,
Boulianne N, Couture C. 2007. An outbreak of severe re-
spiratory tract infection due to human metapneumovirus in a
long-term care facility. Clin Infect Dis 44:1152–1158.

150. Louie JK, Schnurr DP, Pan CY, Kiang D, Carter C, Tougaw
S, Ventura J, Norman A, Belmusto V, Rosenberg J, Trochet
G. 2007. A summer outbreak of human metapneumovirus
infection in a long-term-care facility. J Infect Dis 196:705–708.

151. Kim S, Sung H, Im HJ, Hong SJ, Kim MN. 2009. Molecular
epidemiological investigation of a nosocomial outbreak of
human metapneumovirus infection in a pediatric hemato-
oncology patient population. J Clin Microbiol 47:1221–1224.

152. Degail M, Hughes G, Maule C, Holmes C, Lilley M, Pebody
R, Bonnet J, Bermingham A, Bracebridge S. 2012. A human
metapneumovirus outbreak at a community hospital in En-
gland, July to September 2010. Eurosurveillance 17:32–39.

153. Liao RS, Appelgate DM, Pelz RK. 2012. An outbreak of
severe respiratory tract infection due to human meta-
pneumovirus in a long-term care facility for the elderly in
Oregon. J Clin Virol 53:171–173.

154. Hall CB, Douglas RG Jr. 1981. Modes of transmission of
respiratory syncytial virus. J Pediatr 99:100–103.

155. Hall CB. 2007. The spread of influenza and other respiratory
viruses: complexities and conjectures. Clin Infect Dis 45:353–
359.

156. Hall CB, Douglas RG Jr, Geiman JM. 1980. Possible trans-
mission by fomites of respiratory syncytial virus. J Infect Dis
141:98–102.

157. Hall CB, Geiman JM, Breese BB, Douglas RG Jr. 1977.
Parainfluenza viral infections in children: correlation of
shedding with clinical manifestations. J Pediatr 91:194–198.

158. Miller WS, Artenstein MS. 1967. Aerosol stability of three
acute respiratory disease viruses. Proc Soc Exp Biol Med 125:
222–227.

159. Cooney MK, Fox JP, Hall CE. 1975. The Seattle Virus
Watch. VI. Observations of infections with and illness due to
parainfluenza, mumps and respiratory syncytial viruses and
Mycoplasma pneumoniae. Am J Epidemiol 101:532–551.

160. Gardner PS, Court SD, Brocklebank JT, Downham MA,
Weightman D. 1973. Virus cross-infection in paediatric wards.
BMJ 2:571–575.

161. Hall CB, Powell KR, MacDonald NE, Gala CL, Menegus
ME, Suffin SC, Cohen HJ. 1986. Respiratory syncytial viral
infection in children with compromised immune function. N
Engl J Med 315:77–81.

162. ChuHY, Englund JA, Podczervinski S, Kuypers J, Campbell
AP, Boeckh M, Pergam SA, Casper C. 2014. Nosocomial
transmission of respiratory syncytial virus in an outpatient
cancer center. Biol Blood Marrow Transplant 20:844–851.

163. Chu HY, Renaud C, Ficken E, Thomson B, Kuypers J,
Englund JA. 2014. Respiratory tract infections due to human
metapneumovirus in immunocompromised children. J Pedia-
tric Infect Dis Soc 3:286–293.

164. Nichols WG, Erdman DD, Han A, Zukerman C, Corey L,
Boeckh M. 2004. Prolonged outbreak of human parainflu-
enza virus 3 infection in a stem cell transplant outpatient

894 - THE AGENTS—PART B: RNA VIRUSES



department: insights from molecular epidemiologic analysis.
Biol Blood Marrow Transplant 10:58–64.

165. Peck AJ, Englund JA, Kuypers J, Guthrie KA, Corey L,
Morrow R, Hackman RC, Cent A, Boeckh M. 2007. Res-
piratory virus infection among hematopoietic cell transplant
recipients: evidence for asymptomatic parainfluenza virus in-
fection. Blood 110:1681–1688.

166. Whimbey E, Couch RB, Englund JA, Andreeff M, Goodrich
JM, Raad II, Lewis V, Mirza N, LunaMA, Baxter B, Tarrand
JJ, Bodey GP. 1995. Respiratory syncytial virus pneumonia in
hospitalized adult patients with leukemia. Clin Infect Dis
21:376–379.

167. Hall CB, Gordon Douglas R Jr, Geiman JM. 1976. Respira-
tory syncytial virus infections in infants: quantitation and
duration of shedding. J Pediatr 89:11–15.

168. Hall CB, Douglas RG Jr, Geiman JM. 1975. Quantitative
shedding patterns of respiratory syncytial virus in infants. J
Infect Dis 132:151–156.

169. Englund JA, Piedra PA, Jewell A, Patel K, Baxter BB,
Whimbey E. 1996. Rapid diagnosis of respiratory syncytial
virus infections in immunocompromised adults. J Clin Micro-
biol 34:1649–1653.

170. Walsh EE, Peterson DR, Kalkanoglu AE, Lee FE, Falsey
AR. 2013. Viral shedding and immune responses to respiratory
syncytial virus infection in older adults. J Infect Dis 207:1424–
1432.

171. Lee N, Chan MC, Lui GC, Li R, Wong RY, Yung IM,
Cheung CS, Chan EC, Hui DS, Chan PK. 2015. High viral
load and respiratory failure in adults hospitalized for respiratory
syncytial virus infections. J Infect Dis 212:1237–1240.

172. Frank AL, Taber LH, Wells CR, Wells JM, Glezen WP,
Paredes A. 1981. Patterns of shedding of myxoviruses and
paramyxoviruses in children. J Infect Dis 144:433–441.

173. Gross PA, Green RH, Curnen MG. 1973. Persistent infec-
tion with parainfluenza type 3 virus in man. Am Rev Respir Dis
108:894–898.

174. Ebihara T, Endo R, Kikuta H, Ishiguro N, Ishiko H, HaraM,
Takahashi Y, Kobayashi K. 2004. Human metapneumovirus
infection in Japanese children. J Clin Microbiol 42:126–132.

175. Talaat KR, Karron RA, Thumar B, McMahon BA, Schmidt
AC, Collins PL, Buchholz UJ. 2013. Experimental infection
of adults with recombinant wild-type human meta-
pneumovirus. J Infect Dis 208:1669–1678.

176. Aherne W, Bird T, Court SD, Gardner PS, McQuillin J.
1970. Pathological changes in virus infections of the lower
respiratory tract in children. J Clin Pathol 23:7–18.

177. Downham MA, Gardner PS, McQuillin J, Ferris JA. 1975.
Role of respiratory viruses in childhood mortality. BMJ 1:235–
239.

178. Jarvis WR, Middleton PJ, Gelfand EW. 1979. Parainfluenza
pneumonia in severe combined immunodeficiency disease.
J Pediatr 94:423–425.

179. Sumino KC, Agapov E, Pierce RA, Trulock EP, Pfeifer JD,
Ritter JH, Gaudreault-Keener M, Storch GA, Holtzman MJ.
2005. Detection of severe human metapneumovirus infection
by real-time polymerase chain reaction and histopathological
assessment. J Infect Dis 192:1052–1060.

180. Vargas SO, Kozakewich HP, Perez-Atayde AR, McAdam
AJ. 2004. Pathology of human metapneumovirus infection:
insights into the pathogenesis of a newly identified respiratory
virus. Pediatr Devel Pathol 7:478–486.

181. Cortjens B, de Boer OJ, de Jong R, Antonis AF, Sabogal
Pineros YS, Lutter R, van Woensel JB, Bem RA. 2015.
Neutrophil Extracellular Traps Cause Airway Obstruction
During Respiratory Syncytial Virus Disease. J Pathol.

182. Welliver TP, Garofalo RP, Hosakote Y, Hintz KH, Aven-
dano L, Sanchez K, Velozo L, Jafri H, Chavez-Bueno S, Ogra
PL, McKinney L, Reed JL, Welliver RC Sr. 2007. Severe
human lower respiratory tract illness caused by respiratory
syncytial virus and influenza virus is characterized by the ab-
sence of pulmonary cytotoxic lymphocyte responses. J Infect
Dis 195:1126–1136.

183. Johnson JE, Gonzales RA, Olson SJ, Wright PF, Graham BS.
2007. The histopathology of fatal untreated human respiratory
syncytial virus infection. Mod Pathol 20:108–119.

184. Kurlandsky LE, French G, Webb PM, Porter DD. 1988.
Fatal respiratory syncytial virus pneumonitis in a previously
healthy child. Am Rev Respir Dis 138:468–472.

185. Sumino KC, Agapov E, Pierce RA, Trulock EP, Pfeifer JD,
Ritter JH, Gaudreault-Keener M, Storch GA, Holtzman MJ.
2005. Detection of severe human metapneumovirus infection
by real-time polymerase chain reaction and histopathological
assessment. J Infect Dis 192:1052–1060.

186. Vargas SO, Kozakewich HP, Perez-Atayde AR, McAdam
AJ. 2004. Pathology of human metapneumovirus infection:
insights into the pathogenesis of a newly identified respiratory
virus. Pediatr Dev Pathol 7:478–486.

187. Alvarez R, Harrod KS, Shieh WJ, Zaki S, Tripp RA. 2004.
Human metapneumovirus persists in BALB/c mice despite the
presence of neutralizing antibodies. J Virol 78:14003–14011.

188. Delage G, Brochu P, Pelletier M, Jasmin G, Lapointe N.
1979. Giant-cell pneumonia caused by parainfluenza virus.
J Pediatr 94:426–429.

189. Little BW, Tihen WS, Dickerman JD, Craighead JE. 1981.
Giant cell pneumonia associated with parainfluenza virus type
3 infection. Hum Pathol 12:478–481.

190. Neilson KA, Yunis EJ. 1990. Demonstration of respiratory
syncytial virus in an autopsy series. Pediatr Pathol 10:491–502.

191. Capasso M, Avvisati RA, Piscopo C, Laforgia N, Raimondi
F, de Angelis F, Iolascon A. 2007. Cytokine gene polymor-
phisms in Italian preterm infants: association between inter-
leukin-10 -1082 G/A polymorphism and respiratory distress
syndrome. Pediatr Res 61:313–317.

192. Ermers MJ, Hoebee B, Hodemaekers HM, Kimman TG,
Kimpen JL, Bont L. 2007. IL-13 genetic polymorphism
identifies children with late wheezing after respiratory syncy-
tial virus infection. J Allergy Clin Immunol 119:1086–1091.

193. Janssen R, Bont L, Siezen CL, Hodemaekers HM, Ermers
MJ, Doornbos G, van ’t Slot R, Wijmenga C, Goeman JJ,
Kimpen JL, van Houwelingen HC, Kimman TG, Hoebee B.
2007. Genetic susceptibility to respiratory syncytial virus
bronchiolitis is predominantly associated with innate immune
genes. J Infect Dis 196:826–834.

194. Lilic D, Cant AJ, Abinun M, Calvert JE, Spickett GP. 1997.
Cytokine production differs in children and adults. Pediatr Res
42:237–240.

195. Hall CB, Douglas RG Jr, Simons RL. 1981. Interferon pro-
duction in adults with respiratory syncytial viral infection.Ann
Intern Med 94:53–55.

196. Hall CB, Douglas RG Jr, Simons RL, Geiman JM. 1978.
Interferon production in children with respiratory syncytial,
influenza, and parainfluenza virus infections. J Pediatr 93:
28–32.

197. Lewandowska-Polak A, Brauncajs M, Paradowska E,
JarzÎebska M, Kurowski M, Moskwa S, Le�snikowski ZJ,
Kowalski ML. 2015. Human parainfluenza virus type 3
(HPIV3) induces production of IFNg and RANTES in human
nasal epithelial cells (HNECs). J Inflamm (Lond) 12:16.

198. Bennett BL, Garofalo RP, Cron SG, Hosakote YM, Atmar
RL, Macias CG, Piedra PA. 2007. Immunopathogenesis
of respiratory syncytial virus bronchiolitis. J Infect Dis 195:
1532–1540.

199. Laham FR, Israele V, Casellas JM, Garcia AM, Lac Prugent
CM, Hoffman SJ, Hauer D, Thumar B, Name MI, Pascual
A, Taratutto N, Ishida MT, Balduzzi M, Maccarone M,
Jackli S, Passarino R, Gaivironsky RA, Karron RA, Polack
NR, Polack FP. 2004. Differential production of inflammatory
cytokines in primary infection with human metapneumovirus
and with other common respiratory viruses of infancy. J Infect
Dis 189:2047–2056.

200. Anderson LJ, Tsou C, Potter C, Keyserling HL, Smith TF,
Ananaba G, Bangham CR. 1994. Cytokine response to re-
spiratory syncytial virus stimulation of human peripheral blood
mononuclear cells. J Infect Dis 170:1201–1208.

37. Respiratory Syncytial Virus, Human Metapneumovirus, and Parainfluenza Viruses - 895



201. Mbawuike IN, Fujihashi K, DiFabio S, Kawabata S, McGhee
JR, Couch RB, Kiyono H. 1999. Human interleukin-12 en-
hances interferon-gamma-producing influenza-specific memory
CD8+ cytotoxic T lymphocytes. J Infect Dis 180:1477–1486

202. Becker S, Quay J, Soukup J. 1991. Cytokine (tumor necrosis
factor, IL-6 and IL-8) production by respiratory synctial virus-
infected human alveolar macrophages. J Immunol 147:4307–
4312.

203. Matsuda K, Tsutsumi H, Okamoto Y, Chiba C. 1995. De-
velopment of interleukin 6 and tumor necrosis factor alpha
activity in nasopharyngeal secretions of infants and children
during infection with respiratory syncytial virus. Clin Diagn
Lab Immunol 2:322–324.

204. Volovitz B, Faden H, Ogra PL. 1988. Release of leukotriene
C4 in respiratory tract during acute viral infection. J Pediatr
112:218–222.

205. Welliver RC, Wong DT, Sun M, Middleton E Jr, Vaughan
RS, Ogra PL. 1981. The development of respiratory syncy-
tial virus-specific IgE and the release of histamine in naso-
pharyngeal secretions after infection. N Engl J Med 305:
841–846.

206. Garofalo R, Kimpen JL, Welliver RC, Ogra PL. 1992.
Eosinophil degranulation in the respiratory tract during nat-
urally acquired respiratory syncytial virus infection. J Pediatr
120:28–32.

207. Renzi PM, Turgeon JP, Yang JP, Drblik SP, Marcotte JE,
Pedneault L, Spier S. 1997. Cellular immunity is activated
and a TH-2 response is associated with early wheezing in in-
fants after bronchiolitis. J Pediatr 130:584–593.

208. Jartti T, van den Hoogen B, Garofalo RP, Osterhaus AD,
Ruuskanen O. 2002. Metapneumovirus and acute wheezing
in children. Lancet 360:1393–1394.

209. Melendi GA, Laham FR, Monsalvo AC, Casellas JM, Israele
V, Polack NR, Kleeberger SR, Polack FP. 2007. Cytokine
profiles in the respiratory tract during primary infection with
human metapneumovirus, respiratory syncytial virus, or in-
fluenza virus in infants. Pediatrics 120:e410–e415.

210. Guerrero-Plata A, Casola A, Suarez G, Yu X, Spetch L,
Peeples ME, Garofalo RP. 2006. Differential response of
dendritic cells to human metapneumovirus and respiratory
syncytial virus. Am J Respir Cell Mol Biol 34:320–329.

211. Murphy BR, et al. 1986. Effect of age and preexisting anti-
body on serum antibody response of infants and children to the
F and G glycoproteins during respiratory syncytial virus in-
fection. J Clin Microbiol 24:894–898.

212. Meurman O, Waris M, Hedman K. 1992. Immunoglobulin G
antibody avidity in patients with respiratory syncytial virus
infection. J Clin Microbiol 30:1479–1484.

213. Muelenaer PM, Henderson FW, Hemming VG, Walsh EE,
Anderson LJ, Prince GA, Murphy BR. 1991. Group-specific
serum antibody responses in children with primary and re-
current respiratory syncytial virus infections. J Infect Dis
164:15–21.

214. Wagner DK, Graham BS, Wright PF, Walsh EE, Kim HW,
Reimer CB, Nelson DL, Chanock RM, Murphy BR. 1986.
Serum immunoglobulin G antibody subclass responses to re-
spiratory syncytial virus F and G glycoproteins after primary
infection. J Clin Microbiol 24:304–306.

215. Wagner DK, Nelson DL, Walsh EE, Reimer CB, Henderson
FW, Murphy BR. 1987. Differential immunoglobulin G
subclass antibody titers to respiratory syncytial virus F and G
glycoproteins in adults. J Clin Microbiol 25:748–750.

216. Ngwuta JO, Chen M, Modjarrad K, Joyce MG, Kanekiyo M,
Kumar A, Yassine HM, Moin SM, Killikelly AM, Chuang
GY, Druz A, Georgiev IS, Rundlet EJ, Sastry M, Stewart-
Jones GB, Yang Y, Zhang B, Nason MC, Capella C, Peeples
ME, Ledgerwood JE, McLellan JS, Kwong PD, Graham BS.
2015. Prefusion F-specific antibodies determine the magnitude
of RSV neutralizing activity in human sera. Sci Transl Med
7:309ra162.

217. McLellan JS. 2015. Neutralizing epitopes on the respiratory
syncytial virus fusion glycoprotein. Curr Opin Virol 11:70–75.

218. Wen X, Krause JC, Leser GP, Cox RG, Lamb RA, Williams
JV, Crowe JE Jr, Jardetzky TS. 2012. Structure of the human
metapneumovirus fusion protein with neutralizing antibody
identifies a pneumovirus antigenic site. Nat Struct Mol Biol
19:461–463.

219. Tristram DA, Welliver RC, Mohar CK, Hogerman DA,
Hildreth SW, Paradiso P. 1993. Immunogenicity and safety of
respiratory syncytial virus subunit vaccine in seropositive
children 18–36 months old. J Infect Dis 167:191–195.

220. Beeler JA, van Wyke Coelingh K. 1989. Neutralization epi-
topes of the F glycoprotein of respiratory syncytial virus: effect
of mutation upon fusion function. J Virol 63:2941–2950.

221. Schepens B, Sedeyn K, Vande Ginste L, De Baets S,
Schotsaert M, Roose K, Houspie L, Van Ranst M, Gilbert B,
van Rooijen N, Fiers W, Piedra P, Saelens X. 2014. Pro-
tection and mechanism of action of a novel human respiratory
syncytial virus vaccine candidate based on the extracellular
domain of small hydrophobic protein. EMBO Mol Med 6:
1436–1454.

222. Tremonti LP, Lin JS, Jackson GG. 1968. Neutralizing activity
in nasal secretions and serum in resistance of volunteers to
parainfluenza virus type 2. J Immunol 101:572–577.

223. Schmidt AC, Schaap-Nutt A, Bartlett EJ, Schomacker H,
Boonyaratanakornkit J, Karron RA, Collins PL. 2011.
Progress in the development of human parainfluenza virus
vaccines. Expert Rev Respir Med 5:515–526.

224. Wendt CH, Weisdorf DJ, Jordan MC, Balfour HH Jr, Hertz
MI. 1992. Parainfluenza virus respiratory infection after bone
marrow transplantation. N Engl J Med 326:921–926.

225. Isaacs D, Bangham CR, McMichael AJ. 1987. Cell-mediated
cytotoxic response to respiratory syncytial virus in infants with
bronchiolitis. Lancet 330:769–771.

226. Bangham CR, Openshaw PJ, Ball LA, King AM,Wertz GW,
Askonas BA. 1986. Human and murine cytotoxic T cells
specific to respiratory syncytial virus recognize the viral
nucleoprotein (N), but not the major glycoprotein (G), ex-
pressed by vaccinia virus recombinants. J Immunol 137:3973–
3977.

227. Cherrie A, Anderson K, Wertz G, Openshaw PJ. 1992. T
cells stimulated by antigen or dendric cells recognize the N,
SH, F, M, 22K, ans 1b proteins of respiratory syncytial virus.
J Virol 66:2102–2110.

228. de Bree GJ, Heidema J, van Leeuwen EM, van Bleek GM,
Jonkers RE, Jansen HM, van Lier RA, Out TA. 2005.
Respiratory syncytial virus-specific CD8+ memory T cell re-
sponses in elderly persons. J Infect Dis 191:1710–1718.

229. Herd KA, Nissen MD, Hopkins PM, Sloots TP, Tindle RW.
2008. Major histocompatibility complex class I cytotoxic T
lymphocyte immunity to human metapneumovirus (hMPV)
in individuals with previous hMPV infection and respiratory
disease. J Infect Dis 197:584–592.

230. Kolli D, Bataki EL, Spetch L, Guerrero-Plata A, Jewell AM,
Piedra PA, Milligan GN, Garofalo RP, Casola A. 2008. T
lymphocytes contribute to antiviral immunity and pathogen-
esis in experimental human metapneumovirus infection.
J Virol 82:8560–8569.

231. Erickson JJ, Rogers MC, Hastings AK, Tollefson SJ, Wil-
liams JV. 2014. Programmed death-1 impairs secondary
effector lung CD8 + Tcells during respiratory virus reinfection.
J Immunol 193:5108–5117.

232. Wen SC, Schuster JE, Gilchuk P, Boyd KL, Joyce S,
Williams JV. 2015. Lung CD8+ T cell impairment occurs
during human metapneumovirus infection despite virus-like
particle induction of functional CD8+ T cells. J Virol 89:
8713–8726.

233. El Saleeby CM, Somes GW, DeVincenzo JP, Gaur AH. 2008.
Risk factors for severe respiratory syncytial virus disease in
children with cancer: the importance of lymphopenia and
young age. Pediatrics 121:235–243.

234. Khanna N, Widmer AF, Decker M, Steffen I, Halter J, Heim
D, Weisser M, Gratwohl A, Fluckiger U, Hirsch HH. 2008.
Respiratory syncytial virus infection in patients with hema-

896 - THE AGENTS—PART B: RNA VIRUSES



tological diseases: single-center study and review of the liter-
ature. Clin Infect Dis 46:402–412.

235. King JC Jr, Burke AR, Clemens JD, Nair P, Farley JJ, Vink
PE, Batlas SR, Rao M, Johnson JP. 1993. Respiratory syn-
cytial virus illnesses in human immunodeficiency virus- and
noninfected children. Pediatr Infect Dis J 12:733–739.

236. McIntosh K, Masters HB, Orr I, Chao RK, Barkin RM.
1978. The immunologic response to infection with respiratory
syncytial virus in infants. J Infect Dis 138:24–32.

237. Murphy BR, Graham BS, Prince GA, Walsh EE, Chanock
RM, Karzon DT, Wright PF. 1986. Serum and nasal-wash
immunoglobulin G and A antibody response of infants and
children to respiratory syncytial virus F and G glycoproteins
following primary infection. J Clin Microbiol 23:1009–1014.

238. Welliver R, Wong DT, Choi TS, Ogra PL. 1982. Natural
history of parainfluenza virus infection in childhood. J Pediatr
101:180–187.

239. Welliver RC, Wong DT, Middleton E Jr, Sun M, McCarthy
N, Ogra PL. 1982. Role of parainfluenza virus-specific IgE in
pathogenesis of croup and wheezing subsequent to infection.
J Pediatr 101:889–896.

240. Hall CB,Walsh EE, Long CE, Schnabel KC. 1991. Immunity
to and frequency of reinfection with respiratory syncytial virus.
J Infect Dis 163:693–698.

241. Falsey AR, Hennessey PA, Formica MA, Criddle MM, Biear
JM, Walsh EE. 2010. Humoral immunity to human meta-
pneumovirus infection in adults. Vaccine 28:1477–1480.

242. Lee FE, Walsh EE, Falsey AR, Betts RF, Treanor JJ. 2004.
Experimental infection of humans with A2 respiratory syn-
cytial virus. Antiviral Res 63:191–196.

243. Glezen WP, Paredes A, Allison JE, Taber LH, Frank AL.
1981. Risk of respiratory syncytial virus infection for infants
from low-income families in relationship to age, sex, ethnic
group, and maternal antibody level. J Pediatr 98:708–715.

244. Kasel JA, Frank AL, KeitelWA, Taber LH, GlezenWP. 1984.
Acquisition of serum antibodies to specific viral glycoproteins
of parainfluenza virus 3 in children. J Virol 52:828–832.

245. Kasel JA, Walsh EE, Frank AL, Baxter BD, Taber LH,
GlezenWP. 2009. Relation of serum antibody to glycoproteins
of respiratory syncytial virus with immunity to infection in
children. Viral Immunol 1:199–205.

246. Brideau RJ, Oien NL, Lehman DJ, Homa FL, Wathen MW.
1993. Protection of cotton rats against human parainfluenza
virus type 3 by vaccination with a chimeric FHN subunit
glycoprotein. J Gen Virol 74:471–477.

247. Ray R, Matsuoka Y, Burnett TL, Glaze BJ, Compans RW.
1990. Human parainfluenza virus induces a type-specific pro-
tective immune response. J Infect Dis 162:746–749.

248. Anas N, Boettrich C, Hall CB, Brooks JG. 1982. The as-
sociation of apnea and respiratory syncytial virus infection in
infants. J Pediatr 101:65–68.

249. Schroeder AR, Mansbach JM, Stevenson M, Macias CG,
Fisher ES, Barcega B, Sullivan AF, Espinola JA, Piedra PA,
Camargo CA Jr. 2013. Apnea in children hospitalized with
bronchiolitis. Pediatrics 132:e1194–e1201.

250. Okamoto Y, Kudo K, Shirotori K, Nakazawa M, Ito E, To-
gawa K, Patel JA, Ogra PL. 1992. Detection of genomic se-
quences of respiratory syncytial virus in otitis media with
effusion in children. Ann Otol Rhinol Laryngol Suppl 157:7–10.

251. Loda FA, Glezen WP, ClydeWA Jr. 1972. Respiratory disease
in group day care. Pediatrics 49:428–437.

252. Denny FW,Murphy T, ClydeWA, Jr., Collier A, LaPoint M,
Henderson FW. 1983. Croup: an 11-year study in a pediatric
practice. Pediatr 71:871–873.

253. Lau SK, To WK, Tse PW, Chan AK, Woo PC, Tsoi HW,
Leung AF, Li KS, Chan PK, LimWW, Yung RW, Chan KH,
Yuen KY. 2005. Human parainfluenza virus 4 outbreak and
the role of diagnostic tests. J Clin Microbiol 43:4515–4521.

254. Schildgen O, Simon A. 2005. Induction of acute otitis media
by human metapneumovirus. Pediatr Infect Dis J 24:1126.

255. Williams JV, Tollefson SJ, Nair S, Chonmaitree T. 2006.
Association of human metapneumovirus with acute otitis
media. Int J Pediatr Otorhinolaryngol 70:1189–1193.

256. Cane PA, van den Hoogen BG, Chakrabarti S, Fegan CD,
Osterhaus AD. 2003. Human metapneumovirus in a hae-
matopoietic stem cell transplant recipient with fatal lower
respiratory tract disease. Bone Marrow Transplant 31:309–310.

257. Madhi SA, Ludewick H, Abed Y, Klugman KP, Boivin G.
2003. Human metapneumovirus-associated lower respiratory
tract infections among hospitalized human immunodeficiency
virus type 1 (HIV-1)-infected and HIV-1-uninfected African
infants. Clin Infect Dis 37:1705–1710.

258. Frank JA Jr, Warren RW, Tucker JA, Zeller J, Wilfert CM.
1983. Disseminated parainfluenza infection in a child with
severe combined immunodeficiency. Am J Dis Child 137:
1172–1174.

259. Josephs S, Kim HW, Brandt CD, Parrott RH. 1988. Para-
influenza 3 virus and other common respiratory pathogens in
children with human immunodeficiency virus infection. Pe-
diatr Infect Dis J 7:207–209.

260. Madhi SA, Schoub B, Simmank K, Blackburn N, Klugman
KP. 2000. Increased burden of respiratory viral associated se-
vere lower respiratory tract infections in children infected with
human immunodeficiency virus type-1. J Pediatr 137:78–84.

261. Peck AJ, Corey L, Boeckh M. 2004. Pretransplantation re-
spiratory syncytial virus infection: impact of a strategy to delay
transplantation. Clin Infect Dis 39:673–680.

262. Couch RB, Englund JA, Whimbey E. 1997. Respiratory viral
infections in immunocompetent and immunocompromised
persons. Am J Med 102(3A):2–9.

263. Whimbey E, Englund JA, Couch RB. 1997. Community
respiratory virus infections in immunocompromised patients
with cancer. Am J Med 102:10–18.

264. Whimbey E, et al. 1995. Combination therapy with aerosol-
ized ribavirin and intravenous immunoglobulin for respiratory
syncytial virus disease in adult bone marrow transplant recip-
ients. Bone Marrow Transplant 16:393–399.

265. Nichols WG, Gooley T, Boeckh M. 2001. Community-
acquired respiratory syncytial virus and parainfluenza virus
infections after hematopoietic stem cell transplantation: the
Fred Hutchinson Cancer Research Center experience. Biol
Blood Marrow Transplant 7(Suppl):11S–15S.

266. Renaud C, Xie H, Seo S, Kuypers J, Cent A, Corey L, Lei-
senring W, Boeckh M, Englund JA. 2013. Mortality rates of
human metapneumovirus and respiratory syncytial virus lower
respiratory tract infections in hematopoietic cell transplanta-
tion recipients. Biol Blood Marrow Transplant 19:1220–1226.

267. Campbell AP, Chien JW, Kuypers J, Englund JA, Wald A,
Guthrie KA, Corey L, Boeckh M. 2010. Respiratory virus
pneumonia after hematopoietic cell transplantation (HCT):
associations between viral load in bronchoalveolar lavage
samples, viral RNA detection in serum samples, and clinical
outcomes of HCT. J Infect Dis 201:1404–1413.

268. Seo S, Xie H, Karron RA, Thumar B, Englund JA, Lei-
senring WM, Stevens-Ayers T, Boeckh M, Campbell AP.
2014. Parainfluenza virus type 3 Ab in allogeneic hemato-
poietic cell transplant recipients: factors influencing post-
transplant Ab titers and associated outcomes. Bone Marrow
Transplant 49:1205–1211.

269. Lewis VA, Champlin R, Englund J, Couch R, Goodrich JM,
Rolston K, Przepiorka D, Mirza NQ, Yousuf HM, Luna M,
Bodey GP, Whimbey E. 1996. Respiratory disease due to
parainfluenza virus in adult bone marrow transplant recipients.
Clin Infect Dis 23:1033–1037.

270. Nichols WG, Corey L, Gooley T, Davis C, Boeckh M. 2001.
Parainfluenza virus infections after hematopoietic stem cell
transplantation: risk factors, response to antiviral therapy, and
effect on transplant outcome. Blood 98:573–578.

271. Henderson FW, Collier AM, Sanyal MA, Watkins JM,
Fairclough DL, Clyde WA Jr, Denny FW. 1982. A longitu-
dinal study of respiratory viruses and bacteria in the etiology of
acute otitis media with effusion.N Engl J Med 306:1377–1383.

272. Hall CB, Powell KR, Schnabel KC, Gala CL, Pincus PH.
1988. Risk of secondary bacterial infection in infants hospi-
talized with respiratory syncytial viral infection. J Pediatr
113:266–271.

37. Respiratory Syncytial Virus, Human Metapneumovirus, and Parainfluenza Viruses - 897



273. Field CM, Connolly JH, Murtagh G, Slattery CM, Tur-
kington EE, Betts RF. 1966. Antibiotic treatment of epidemic
bronchiolitis—a double-blind trial. BMJ 1:83–85.

274. Stensballe LG, Hjuler T, Andersen A, Kaltoft M, Ravn H,
Aaby P, Simoes EA. 2008. Hospitalization for respiratory
syncytial virus infection and invasive pneumococcal disease in
Danish children aged < 2 years: a population-based cohort
study. Clin Infect Dis 46:1165–1171.

275. Smith CM, Sandrini S, Datta S, Freestone P, Shafeeq S,
Radhakrishnan P, Williams G, Glenn SM, Kuipers OP, Hirst
RA, Easton AJ, Andrew PW, O’Callaghan C. 2014. Respi-
ratory syncytial virus increases the virulence of Streptococcus
pneumoniae by binding to penicillin binding protein 1a. A
new paradigm in respiratory infection. Am J Respir Crit Care
Med 190:196–207.

276. Weinberger DM, Klugman KP, Steiner CA, Simonsen L,
Viboud C. 2015. Association between respiratory syncytial
virus activity and pneumococcal disease in infants: a time
series analysis of US hospitalization data. PLoS Med 12:
e1001776.

277. Khamapirad T, Glezen WP. 1987. Clinical and radiographic
assessment of acute lower respiratory tract disease in infants
and children. Semin Respir Infect 2:130–144.

278. Edwards K, Dundon C, Altmeier W. 1983. Bacterial trachitis
as a complication of croup. Pediatr Infect Dis 2:390–391.

279. Buckley JM, Poche P, McIntosh K. 1972. Parotitis and
parainfluenza 3 virus. Am J Dis Child 124:789.

280. Jantausch BA, Wiedermann BL, Jeffries B. 1995. Para-
influenza virus type 2 meningitis and parotitis in an 11-year-
old child. South Med J 88:230–231.

281. Zollar LM,MufsonMA. 1970. Acute parotitis associated with
parainfluenza 3 virus infection. Am J Dis Child 119:147–148.

282. Arisoy ES, Demmler GJ, Thakar S, Doerr C. 1993. Men-
ingitis due to parainfluenza virus type 3: report of two cases and
review. Clin Infect Dis 17:995–997.

283. Arnold JC, Singh KK, Milder E, Spector SA, Sawyer MH,
Gavali S, Glaser C. 2009. Human metapneumovirus associ-
ated with central nervous system infection in children. Pediatr
Infect Dis J 28:1057–1060.

284. Craver RD, Gohd RS, Sundin DR, Hierholzer JC. 1993.
Isolation of parainfluenza virus type 3 from cerebrospinal
fluid associated with aseptic meningitis. Am J Clin Pathol 99:
705–707.

285. Lindquist SW, Darnule A, Istas A, Demmler GJ. 1997.
Parainfluenza virus type 4 infections in pediatric patients.
Pediatr Infect Dis J 16:34–38.

286. Sánchez Fernández I, Rebollo Polo M, Muñoz-Almagro C,
Monfort Carretero L, Fernández Ureña S, Rueda Muñoz A,
Colomé Roura R, Pérez Dueñas B. 2012. Human meta-
pneumovirus in the cerebrospinal fluid of a patient with acute
encephalitis. Arch Neurol 69:649–652.

287. Schildgen O, Glatzel T, Geikowski T, Scheibner B, Matz B,
Bindl L, Born M, Viazov S, Wilkesmann A, Knöpfle G,
Roggendorf M, Simon A. 2005. Human metapneumovirus
RNA in encephalitis patient. Emerg Infect Dis 11:467–470.

288. Glezen WP. 1984. Reactive airway disorders in children. Role
of respiratory virus infections. Clin Chest Med 5:635–643.

289. Taussig LM, Wright AL, Holberg CJ, Halonen M, Morgan
WJ, Martinez FD. 2003. Tucson Children’s Respiratory Study:
1980 to present. J Allergy Clin Immunol 111:661–675, quiz 676.

290. Simoes EA. 1999. Respiratory syncytial virus infection. Lancet
354:847–852.

291. Blanken MO, Rovers MM, Molenaar JM, Winkler-Seinstra
PL, Meijer A, Kimpen JL, Bont L, Dutch RSV Neonatal
Network. 2013. Respiratory syncytial virus and recurrent
wheeze in healthy preterm infants. N Engl J Med 368:1791–
1799.

292. Yoshihara S, Kusuda S, Mochizuki H, Okada K, Nishima S,
Simões EA, Investigators CC, C-CREW Investigators. 2013.
Effect of palivizumab prophylaxis on subsequent recurrent
wheezing in preterm infants. Pediatrics 132:811–818.

293. Williams JV, Tollefson SJ, Heymann PW, Carper HT, Patrie
J, Crowe JE Jr. 2005. Human metapneumovirus infection in

children hospitalized for wheezing. J Allergy Clin Immunol 115:
1311–1312.

294. Rawlinson WD, Waliuzzaman Z, Carter IW, Belessis YC,
Gilbert KM, Morton JR. 2003. Asthma exacerbations in
children associated with rhinovirus but not human meta-
pneumovirus infection. J Infect Dis 187:1314–1318.

295. Williams JV, Crowe JE Jr, Enriquez R, Minton P, Peebles RS
Jr, Hamilton RG, Higgins S, Griffin M, Hartert TV. 2005.
Human metapneumovirus infection plays an etiologic role in
acute asthma exacerbations requiring hospitalization in adults.
J Infect Dis 192:1149–1153.

296. García-García ML, Calvo C, Casas I, Bracamonte T, Rellán
A, Gozalo F, Tenorio T, Pérez-Breña P. 2007. Human met-
apneumovirus bronchiolitis in infancy is an important risk
factor for asthma at age 5. Pediatr Pulmonol 42:458–464.

297. American Academy of Pediatrics Subcommittee on Diag-
nosis and Management of Bronchiolitis. 2006. Diagnosis and
management of bronchiolitis. Pediatrics 118:1774–1793.

298. Hall CB, McCarthy C. 1995. Respiratory Syncytial Virus, p
1501. In Mandell G, Bennett JE, Dolin R (ed), Principles and
Practice of Infectious Diseases. Churchill Livingstone, New
York.

299. Hall CB, Douglas RG Jr. 1975. Clinically useful method for
the isolation of respiratory syncytial virus. J Infect Dis 131:1–5.

300. Henrickson K. 1990. Parainfluenza Viruses, p 1489–1496. In
Mandell G, Dolin R, Bennett JE (ed), Principles and Practice of
Infectious Diseases. Churchill Livingstone, New York.

301. Ahluwalia G, Embree J, McNicol P, Law B, Hammond GW.
1987. Comparison of nasopharyngeal aspirate and nasopha-
ryngeal swab specimens for respiratory syncytial virus diagnosis
by cell culture, indirect immunofluorescence assay, and
enzyme-linked immunosorbent assay. J Clin Microbiol 25:763–
767.

302. Hall CB, McBride JT, Gala CL, Hildreth SW, Schnabel KC.
1985. Ribavirin treatment of respiratory syncytial viral infec-
tion in infants with underlying cardiopulmonary disease.
JAMA 254:3047–3051.

303. Kuypers J, Wright N, Ferrenberg J, Huang ML, Cent A,
Corey L, Morrow R. 2006. Comparison of real-time PCR
assays with fluorescent-antibody assays for diagnosis of respi-
ratory virus infections in children. J Clin Microbiol 44:2382–
2388.

304. McIntosh K, Hendry RM, Fahnestock ML, Pierik LT. 1982.
Enzyme-linked immunosorbent assay for detection of respira-
tory syncytial virus infection: application to clinical samples.
J Clin Microbiol 16:329–333.

305. Parrott RH, Kim H, Brandt CD. 1979. Respiratory syncytial
virus, p 695. In Lennette E, Schmitt NJ (ed), Diagnostic Pro-
cedures for Viral, Rickettsial and Chlamydial Infections. American
Public Health Association, Washington, D.C.

306. Burns JL, Emerson J, Kuypers J, Campbell AP, Gibson RL,
McNamara S, Worrell K, Englund JA. 2012. Respiratory
viruses in children with cystic fibrosis: viral detection and
clinical findings. Influenza Other Respi Viruses 6:218–223.

307. Navarro-Marí JM, Sanbonmatsu-Gámez S, Pérez-Ruiz M,
De La Rosa-Fraile M. 1999. Rapid detection of respiratory
viruses by shell vial assay using simultaneous culture of HEp-2,
LLC-MK2, and MDCK cells in a single vial. J Clin Microbiol
37:2346–2347.

308. Frank AL, Couch RB, Griffis CA, Baxter BD. 1979. Com-
parison of different tissue cultures for isolation and quantita-
tion of influenza and parainfluenza viruses. J Clin Microbiol
10:32–36.

309. Mufson MA. 1989. Parainfluenza viruses, mumps virus, and
New Castle disease virus. In Lennette E, Schmitt NJ (ed), Di-
agnostic Procedures for Viral, Rickettsial and Chlamydial Infections.
American Public Health Association, Washington, D.C.

310. Vachon ML, Dionne N, Leblanc E, Moisan D, Bergeron
MG, Boivin G. 2006. Human parainfluenza type 4 infections,
Canada. Emerg Infect Dis 12:1755–1758.

311. Landry ML, Ferguson D, Cohen S, Peret TC, Erdman DD.
2005. Detection of human metapneumovirus in clinical sam-
ples by immunofluorescence staining of shell vial centrifuga-

898 - THE AGENTS—PART B: RNA VIRUSES



tion cultures prepared from three different cell lines. J Clin
Microbiol 43:1950–1952.

312. Kellogg JA. 1991. Culture vs direct antigen assays for detec-
tion of microbial pathogens from lower respiratory tract
specimens suspected of containing the respiratory syncytial
virus. Arch Pathol Lab Med 115:451–458.

313. Kim HW, Wyatt RG, Fernie BF, Brandt CD, Arrobio JO,
Jeffries BC, Parrott RH. 1983. Respiratory syncytial virus
detection by immunofluorescence in nasal secretions with
monoclonal antibodies against selected surface and internal
proteins. J Clin Microbiol 18:1399–1404.

314. Todd SJ, Minnich L, Waner JL. 1995. Comparison of rapid
immunofluorescence procedure with TestPack RSV and Di-
rectigen FLU-A for diagnosis of respiratory syncytial virus and
influenza A virus. J Clin Microbiol 33:1650–1651.

315. Dominguez EA, Taber LH, Couch RB. 1993. Comparison of
rapid diagnostic techniques for respiratory syncytial and in-
fluenza A virus respiratory infections in young children. J Clin
Microbiol 31:2286–2290.

316. Luchsinger V, Ruiz M, Zunino E, Martínez MA, Machado C,
Piedra PA, Fasce R, Ulloa MT, Fink MC, Lara P, Gebauer
M, Chávez F, Avendaño LF. 2013. Community-acquired
pneumonia in Chile: the clinical relevance in the detection of
viruses and atypical bacteria. Thorax 68:1000–1006.

317. Côté S, Abed Y, Boivin G. 2003. Comparative evaluation of
real-time PCR assays for detection of the human meta-
pneumovirus. J Clin Microbiol 41:3631–3635.

318. Klemenc J, Asad Ali S, Johnson M, Tollefson SJ, Talbot HK,
Hartert TV, Edwards KM, Williams JV. 2012. Real-time
reverse transcriptase PCR assay for improved detection of
human metapneumovirus. J Clin Virol 54:371–375.

319. Fan J, Henrickson KJ, Savatski LL. 1998. Rapid simulta-
neous diagnosis of infections with respiratory syncytial viruses
A and B, influenza viruses A and B, and human parainfluenza
virus types 1, 2, and 3 by multiplex quantitative reverse
transcription-polymerase chain reaction-enzyme hybridization
assay (Hexaplex). Clin Infect Dis 26:1397–1402.

320. Butt SA, Maceira VP, McCallen ME, Stellrecht KA. 2014.
Comparison of three commercial RT-PCR systems for the
detection of respiratory viruses. J Clin Virol 61:406–410.

321. Popowitch EB, O’Neill SS, Miller MB. 2013. Comparison of
the Biofire FilmArray RP, Genmark eSensor RVP, Luminex
xTAG RVPv1, and Luminex xTAG RVP fast multiplex as-
says for detection of respiratory viruses. J Clin Microbiol 51:
1528–1533.

322. Xu M, Qin X, Astion ML, Rutledge JC, Simpson J, Jerome
KR, Englund JA, Zerr DM, Migita RT, Rich S, Childs JC,
Cent A, Del Beccaro MA, Md. 2013. Implementation of fil-
marray respiratory viral panel in a core laboratory improves
testing turnaround time and patient care. Am J Clin Pathol
139:118–123.

323. Karron RA, O’Brien KL, Froehlich JL, Brown VA. 1993.
Molecular epidemiology of a parainfluenza type 3 virus out-
break on a pediatric ward. J Infect Dis 167:1441–1445.

324. Piedra PA, Wyde PR, Castleman WL, Ambrose MW, Jewell
AM, Speelman DJ, Hildreth SW. 1993. Enhanced pulmonary
pathology associated with the use of formalin-inactivated re-
spiratory syncytial virus vaccine in cotton rats is not a unique
viral phenomenon. Vaccine 11:1415–1423.

325. Siber GR, Leszczynski J, Pena-Cruz V, Ferren-Gardner C,
Anderson R, Hemming VG, Walsh EE, Burns J, McIntosh
K, Gonin R, Anderson LJ. 1992. Protective activity of a
human respiratory syncytial virus immune globulin prepared
from donors screened by microneutralization assay. J Infect Dis
165:456–463.

326. Wyde PR, Moore DK, Hepburn T, Silverman CL, Porter
TG, Gross M, Taylor G, Demuth SG, Dillon SB. 1995.
Evaluation of the protective efficacy of reshaped human
monoclonal antibody RSHZ19 against respiratory syncytial
virus in cotton rats. Pediatr Res 38:543–550.

327. Chanock RM, Wong D, Huebner RJ, Bell JA. 1962. Sero-
logic response in individuals infected with parainfluenza vi-
ruses. Am J Public Health 50:1858–1865.

328. Leung J, Esper F, Weibel C, Kahn JS. 2005. Seroepidemiol-
ogy of human metapneumovirus (hMPV) on the basis of a
novel enzyme-linked immunosorbent assay utilizing hMPV
fusion protein expressed in recombinant vesicular stomatitis
virus. J Clin Microbiol 43:1213–1219.

329. Crowe JE Jr. 1995. Current approaches to the development of
vaccines against disease caused by respiratory syncytial virus
(RSV) and parainfluenza virus (PIV). A meeting report of the
WHO Programme for Vaccine Development. Vaccine 13:415–
421.

330. Nair H, Nokes DJ, Gessner BD, Dherani M, Madhi SA,
Singleton RJ, O’Brien KL, Roca A, Wright PF, Bruce N,
Chandran A, Theodoratou E, Sutanto A, Sedyaningsih ER,
Ngama M, Munywoki PK, Kartasasmita C, Simões EA,
Rudan I, Weber MW, Campbell H. 2010. Global burden of
acute lower respiratory infections due to respiratory syncytial
virus in young children: a systematic review and meta-analysis.
Lancet 375:1545–1555.

331. Englund J. 2005. In search of a vaccine for respiratory syn-
cytial virus: the saga continues. J Infect Dis 191:1036–1039.

332. Kim HW, Canchola JG, Brandt CD, Pyles G, Chanock RM,
Jensen K, Parrott RH. 1969. Respiratory syncytial virus dis-
ease in infants despite prior administration of antigenic inac-
tivated vaccine. Am J Epidemiol 89:422–434.

333. Englund JA, Karron RA, Cunningham CK, Larussa P,
Melvin A, Yogev R, Handelsman E, Siberry GK, Thumar B,
Schappell E, Bull CV, Chu HY, Schaap-Nutt A, Buchholz
U, Collins PL, Schmidt AC, International Maternal Pedia-
tric Adolescent AIDS Clinical Trials (IMPAACT) P1096
Study Group. 2013. Safety and infectivity of two doses of live-
attenuated recombinant cold-passaged human parainfluenza
type 3 virus vaccine rHPIV3cp45 in HPIV3-seronegative
young children. Vaccine 31:5706–5712.

334. Cseke G, Wright DW, Tollefson SJ, Johnson JE, Crowe JE
Jr, Williams JV. 2007. Human metapneumovirus fusion pro-
tein vaccines that are immunogenic and protective in cotton
rats. J Virol 81:698–707.

335. Cox RG, Erickson JJ, Hastings AK, Becker JC, Johnson M,
Craven RE, Tollefson SJ, Boyd KL, Williams JV. 2014.
Human metapneumovirus virus-like particles induce protec-
tive B and Tcell responses in a mouse model. J Virol 88:6368–
6379.

336. Herfst S, de Graaf M, Schrauwen EJ, Sprong L, Hussain K,
van den Hoogen BG, Osterhaus AD, Fouchier RA. 2008.
Generation of temperature-sensitive human metapneumovirus
strains that provide protective immunity in hamsters. J Gen
Virol 89:1553–1562.

337. Mok H, Tollefson SJ, Podsiad AB, Shepherd BE, Polosu-
khin VV, Johnston RE, Williams JV, Crowe JE Jr. 2008. An
alphavirus replicon-based human metapneumovirus vaccine is
immunogenic and protective in mice and cotton rats. J Virol
82:11410–11418.

338. Storch GA, Hall CB, Anderson LJ, Park CS, Dohner
DE. 1993. Antigenic and nucleic acid analysis of nosocomi-
al isolates of respiratory syncytial virus. J Infect Dis 167:562–
566.

339. Leclair JM, Freeman J, Sullivan BF, Crowley CM, Goldmann
DA. 1987. Prevention of nosocomial respiratory syncytial vi-
rus infections through compliance with glove and gown iso-
lation precautions. N Engl J Med 317:329–334.

340. Tomblyn M, Chiller T, Einsele H, Gress R, Sepkowitz K,
Storek J, Wingard JR, Young JA, Boeckh MJ, Center for
International Blood and Marrow Research, National Mar-
row Donor program, European Blood and MarrowTrans-
plant Group, American Society of Blood and Marrow
Transplantation, Canadian Blood and Marrow Transplant
Group, Infectious Diseases Society of America, Society for
Healthcare Epidemiology of America, Association of Medi-
cal Microbiology and Infectious Disease Canada, Centers for
Disease Control and Prevention. 2009. Guidelines for pre-
venting infectious complications among hematopoietic cell
transplantation recipients: a global perspective. Biol Blood
Marrow Transplant 15:1143–1238.

37. Respiratory Syncytial Virus, Human Metapneumovirus, and Parainfluenza Viruses - 899



341. Donowitz LG. 1987. Handwashing technique in a pediatric
intensive care unit. Am J Dis Child 141:683–685.

342. Garcia R, Raad I, Abi-Said D, Bodey G, Champlin R, Tar-
rand J, Hill LA, Umphrey J, Neumann J, Englund J,
Whimbey E. 1997. Nosocomial respiratory syncytial virus
infections: prevention and control in bone marrow transplant
patients. Infect Control Hosp Epidemiol 18:412–416.

343. Gala CL, Hall CB, Schnabel KC, Pincus PH, Blossom P,
Hildreth SW, Betts RF, Douglas RG Jr. 1986. The use of eye-
nose goggles to control nosocomial respiratory syncytial virus
infection. JAMA 256:2706–2708.

344. Agah R, Cherry JD, Garakian A, Chapin M. 1987. Respi-
ratory synctial virus (RSV) infection rate in personnel caring
for children with RSV infections.Am J Dis Child 141:695–697.

345. Pediatrics AAP. 2015. Respiratory Syncytial Virus. American
Academy of Pediatrics, Elk Grove Village, IL.

346. IMpact-RSV Study Group. 1998. Palivizumab, a humanized
respiratory syncytial virus monoclonal antibody, reduces hos-
pitalization from respiratory syncytial virus infection in high-
risk infants. Pediatrics 102:531–537.

347. American Academy of Pediatrics Committee on Infectious
Diseases and Committee of Fetus and Newborn. 1998. Pre-
vention of respiratory syncytial virus infections: indications for
the use of palivizumab and update on the use of RSV-IGIV.
Pediatrics 102:1211–1216.

348. Carbonell-Estrany X, Simões EA, Dagan R, Hall CB, Harris
B, Hultquist M, Connor EM, Losonsky GA, Motavizumab
Study Group. 2010. Motavizumab for prophylaxis of respira-
tory syncytial virus in high-risk children: a noninferiority trial.
Pediatrics 125:e35–e51.

349. O’Brien KL, Chandran A, Weatherholtz R, Jafri HS, Griffin
MP, Bellamy T, Millar EV, Jensen KM, Harris BS, Reid R,
Moulton LH, Losonsky GA, Karron RA, Santosham M,
Respiratory Syncytial Virus (RSV) Prevention study group.
2015. Efficacy of motavizumab for the prevention of respira-
tory syncytial virus disease in healthy Native American in-
fants: a phase 3 randomised double-blind placebo-controlled
trial. Lancet Infect Dis 15:1398–1408.

350. Corti D, Bianchi S, Vanzetta F, Minola A, Perez L, Agatic G,
Guarino B, Silacci C, Marcandalli J, Marsland BJ, Piralla A,
Percivalle E, Sallusto F, Baldanti F, Lanzavecchia A. 2013.
Cross-neutralization of four paramyxoviruses by a human
monoclonal antibody. Nature 501:439–443.

351. Schuster JE, Cox RG, Hastings AK, Boyd KL, Wadia J,
Chen Z, Burton DR, Williamson RA, Williams JV. 2015. A
broadly neutralizing human monoclonal antibody exhibits
in vivo efficacy against both human metapneumovirus and
respiratory syncytial virus. J Infect Dis 211:216–225.

352. Bregenholt S, Jensen A, Lantto J, Hyldig S, Haurum JS.
2006. Recombinant human polyclonal antibodies: A new class
of therapeutic antibodies against viral infections. Curr Pharm
Des 12:2007–2015.

353. American Academy of Pediatrics Committee on Infectious
DiseasesAmerican Academy of Pediatrics Bronchiolitis
Guidelines Committee. 2014. Updated guidance for pal-
ivizumab prophylaxis among infants and young children at
increased risk of hospitalization for respiratory syncytial virus
infection. Pediatrics 134:415–420.

354. Chin J, Magoffin RL, Shearer LA, Schieble JH, Lennette
EH. 1969. Field evaluation of a respiratory syncytial virus
vaccine and a trivalent parainfluenza virus vaccine in a pedi-
atric population. Am J Epidemiol 89:449–463.

355. Weibel RE, Stokes J Jr, Leagus MB, Mascoli CC, Tytell AA,
Woodhour AF, Vella PP, Hilleman MR. 1967. Respiratory
virus vaccines. VII. Field evaluation of respiratory syncytial,
parainfluenza 1, 2, 3, and Mycoplasma pneumoniae vaccines,
1965 to 1966. Am Rev Respir Dis 96:724–739.

356. Woodhour AF, Sweet BH, Tytell AA, Potash L, Stokes
J Jr, Weibel RE, Metzgar DP, Hilleman MR. 1966.
Respiratory virus vaccines. IV. Heptavalent respiratory syn-
cytial-parainfluenza-mycoplasma-influenza vaccine in institu-
tionalized persons. Am Rev Respir Dis 94:350–361.

357. Glenn GM, Fries LF, Thomas DN, Smith G, Kpamegan E,
Lu H, Flyer D, Jani D, Hickman SP, Piedra PA. 2015. A
Randomized, blinded, controlled, dose-ranging study of a res-
piratory syncytial virus recombinant fusion (F) nanoparticle
vaccine in healthy women of childbearing age. J Infect Dis.

358. Piedra PA. 2016. Brief overview of RSV and vaccine devel-
opment strategies WHO Working group meeting on RSV
vaccine standardization and clinical evaluation, Geneva,
Switzerland.

359. Hsu KH, Crowe JE Jr, Lubeck MD, Davis AR, Hung PP,
Chanock RM, Murphy BR. 1995. Isolation and character-
ization of a highly attenuated respiratory syncytial virus (RSV)
vaccine candidate by mutagenesis of the incompletely
attenuated RSVA2 ts-1 NG-1 mutant virus. Vaccine 13:509–
515.

360. Randolph VB, Kandis M, Stemler-Higgins P, Kennelly MS,
McMullen YM, Speelman DJ, Weeks-Levy C. 1994. Atte-
nuated temperature-sensitive respiratory syncytial virus mu-
tants generated by cold adaptation. Virus Res 33:241–259.

361. Karron RA, Wright PF, Belshe RB, Thumar B, Casey R,
Newman F, Polack FP, Randolph VB, Deatly A, Hackell J,
Gruber W, Murphy BR, Collins PL. 2005. Identification of a
recombinant live attenuated respiratory syncytial virus vaccine
candidate that is highly attenuated in infants. J Infect Dis
191:1093–1104.

362. Wright PF, Karron RA, Belshe RB, Shi JR, Randolph VB,
Collins PL, O’Shea AF, GruberWC,Murphy BR. 2007. The
absence of enhanced disease with wild type respiratory syn-
cytial virus infection occurring after receipt of live, attenuated,
respiratory syncytial virus vaccines. Vaccine 25:7372–7378.

363. Karron RA, Luongo C, Thumar B, Loehr KM, Englund JA,
Collins PL, Buchholz UJ. 2015. A gene deletion that up-
regulates viral gene expression yields an attenuated RSV
vaccine with improved antibody responses in children. Sci
Transl Med 7:312ra175.

364. Meng J, Lee S, Hotard AL, Moore ML. 2014. Refining the
balance of attenuation and immunogenicity of respiratory
syncytial virus by targeted codon deoptimization of virulence
genes. MBio 5:e01704–e01714.

365. Le Nouën C, Brock LG, Luongo C, McCarty T, Yang L,
Mehedi M, Wimmer E, Mueller S, Collins PL, Buchholz UJ,
DiNapoli JM. 2014. Attenuation of human respiratory syn-
cytial virus by genome-scale codon-pair deoptimization. Proc
Natl Acad Sci USA 111:13169–13174.

366. Karron RA, Wright PF, Hall SL, Makhene M, Thompson J,
Burns BA, Tollefson S, Steinhoff MC, Wilson MH, Harris
DO, Clements ML, Murphy BR. 1995. A live attenuated
bovine parainfluenza virus type 3 vaccine is safe, infectious,
immunogenic, and phenotypically stable in infants and chil-
dren. J Infect Dis 171:1107–1114.

367. Karron RA, Wright PF, Newman FK, Makhene M,
Thompson J, Samorodin R, Wilson MH, Anderson EL,
Clements ML, Murphy BR, Belshe RB. 1995. A live human
parainfluenza type 3 virus vaccine is attenuated and immu-
nogenic in healthy infants and children. J Infect Dis 172:
1445–1450.

368. Wright PF, Karron RA, Belshe RB, Thompson J, Crowe JE
Jr, Boyce TG, Halburnt LL, Reed GW, Whitehead SS,
Anderson EL, Wittek AE, Casey R, Eichelberger M, Thu-
mar B, Randolph VB, Udem SA, Chanock RM, Murphy
BR. 2000. Evaluation of a live, cold-passaged, temperature-
sensitive, respiratory syncytial virus vaccine candidate in in-
fancy. J Infect Dis 182:1331–1342.

369. Ambrose MW, Wyde PR, Ewasyshyn M, Bonneau AM,
Caplan B, Meyer HL, Klein M. 1991. Evaluation of the im-
munogenicity and protective efficacy of a candidate parain-
fluenza virus type 3 subunit vaccine in cotton rats. Vaccine 9:
505–511.

370. Haller AA, Miller T, Mitiku M, Coelingh K. 2000. Ex-
pression of the surface glycoproteins of human parainfluenza
virus type 3 by bovine parainfluenza virus type 3, a novel
attenuated virus vaccine vector. J Virol 74:11626–11635.

900 - THE AGENTS—PART B: RNA VIRUSES



371. Tao T, Durbin AP, Whitehead SS, Davoodi F, Collins PL,
Murphy BR. 1998. Recovery of a fully viable chimeric human
parainfluenza virus (PIV) type 3 in which the hemagglutinin-
neuraminidase and fusion glycoproteins have been replaced by
those of PIV type 1. J Virol 72:2955–2961.

372. Bernstein DI, Malkin E, Abughali N, Falloon J, Yi T, Du-
bovsky F, MI-CP149 Investigators. 2012. Phase 1 study of
the safety and immunogenicity of a live, attenuated respiratory
syncytial virus and parainfluenza virus type 3 vaccine in
seronegative children. Pediatr Infect Dis J 31:109–114.

373. Wen SC, Williams JV. 2015. New approaches for immuniza-
tion and therapy against human metapneumovirus. Clin Vac-
cine Immunol 22:858–866.

374. Herd KA, Mahalingam S, Mackay IM, Nissen M, Sloots TP,
Tindle RW. 2006. Cytotoxic T-lymphocyte epitope vaccina-
tion protects against human metapneumovirus infection and
disease in mice. J Virol 80:2034–2044.

375. Tang RS, Mahmood K, Macphail M, Guzzetta JM, Haller
AA, Liu H, Kaur J, Lawlor HA, Stillman EA, Schickli JH,
Fouchier RA, Osterhaus AD, Spaete RR. 2005. A host-
range restricted parainfluenza virus type 3 (PIV3) expressing
the human metapneumovirus (hMPV) fusion protein elicits
protective immunity in African green monkeys. Vaccine 23:
1657–1667.

376. Pham QN, Biacchesi S, Skiadopoulos MH, Murphy BR,
Collins PL, Buchholz UJ. 2005. Chimeric recombinant hu-
man metapneumoviruses with the nucleoprotein or phos-
phoprotein open reading frame replaced by that of avian
metapneumovirus exhibit improved growth in vitro and at-
tenuation in vivo. J Virol 79:15114–15122.

377. Lévy C, Aerts L, Hamelin ME, Granier C, Szécsi J, Lavillette
D, Boivin G, Cosset FL. 2013. Virus-like particle vaccine
induces cross-protection against human metapneumovirus
infections in mice. Vaccine 31:2778–2785.

378. Buchholz UJ, Nagashima K, Murphy BR, Collins PL. 2006.
Live vaccines for human metapneumovirus designed by re-
verse genetics. Expert Rev Vaccines 5:695–706.

379. Cai H, Zhang Y, Ma Y, Sun J, Liang X, Li J. 2015. Zinc
binding activity of human metapneumovirus M2-1 protein is
indispensable for viral replication and pathogenesis in vivo.
J Virol 89:6391–6405.

380. Zhang Y, Wei Y, Zhang X, Cai H, Niewiesk S, Li J. 2014.
Rational design of human metapneumovirus live attenuated
vaccine candidates by inhibiting viral messenger RNA cap
methyltransferase. J Virol.

381. Liu P, Shu Z, Qin X, Dou Y, Zhao Y, Zhao X. 2013. A live
attenuated human metapneumovirus vaccine strain provides
complete protection against homologous viral infection and
cross-protection against heterologous viral infection in BALB/
c mice. Clin Vaccine Immunol 20:1246–1254.

382. de Sierra TM, Kumar ML, Wasser TE, Murphy BR, Sub-
barao EK. 1993. Respiratory syncytial virus-specific immu-
noglobulins in preterm infants. J Pediatr 122:787–791.

383. Englund J, Glezen WP. 1991. Maternal immunization for the
prevention of infection in early infancy. Seminars in Pediatric
Infectious Diseases 2:225–231.

384. Englund JA, Mbawuike IN, Hammill H, Holleman MC,
Baxter BD, Glezen WP. 1993. Maternal immunization with
influenza or tetanus toxoid vaccine for passive antibody pro-
tection in young infants. J Infect Dis 168:647–656.

385. Kayvon Modjarrad, Birgitte Giersing, David C. Kaslow,
Peter G. Smith, Vasee S. Moorthy, the WHO RSV Vaccine
Consultation Expert Group. 2016. Vaccine 2:190–197.

386. Dabbous I, Tkachyk J, Stamm S. 1966. A double blind study
on the effects of corticosteroids in the treatment of bron-
chiolitis. Pediatr 37:477–484.

387. Leer JA Jr, Green JL, Heimlich EM, Hyde JS, Moffet HL,
Young GA, Barron BA. 1969. Corticosteroid treatment in
bronchiolitis. A controlled, collaborative study in 297 infants
and children. Am J Dis Child 117:495–503.

388. Ralston SL, Lieberthal AS, Meissner HC, Alverson BK,
Baley JE, Gadomski AM, Johnson DW, Light MJ, Maraqa
NF, Mendonca EA, Phelan KJ, Zorc JJ, Stanko-Lopp D,

Brown MA, Nathanson I, Rosenblum E, Sayles S III, Her-
nandez-Cancio S, American Academy of Pediatrics. 2014.
Clinical practice guideline: the diagnosis, management, and
prevention of bronchiolitis. Pediatrics 134:e1474–e1502.

389. Bourchier D, Dawson K, Ferguson D. 1984. Hum-
idification in viral croup: a controlled trial. Aust Paediatr J 20:
289–291.

390. Landau LI, Geelhoed GC. 1994. Aerosolized steroids for
croup. N Engl J Med 331:322–323.

391. Klassen TP, Feldman ME, Watters LK, Sutcliffe T, Rowe
PC. 1994. Nebulized budesonide for children with mild-to-
moderate croup. N Engl J Med 331:285–289.

392. Tibballs J, Shann FA, Landau LI. 1992. Placebo-controlled
trial of prednisolone in children intubated for croup. Lancet
340:745–748.

393. Steinhorn RH, Green TP. 1990. Use of extracorporeal
membrane oxygenation in the treatment of respiratory syn-
cytial virus bronchiolitis: the national experience, 1983 to
1988. J Pediatr 116:338–342.

394. Apalsch AM, Green M, Ledesma-Medina J, Nour B, Wald
ER. 1995. Parainfluenza and influenza virus infections in pe-
diatric organ transplant recipients. Clin Infect Dis 20:394–399.

395. American Academy of Pediatrics Committee on Infectious
Diseases. 1993. Use of ribavirin in the treatment of respiratory
syncytial virus infection. Pediatr 92:501–504.

396. American Academy of Pediatrics Committee on Infectious
Diseases. 1996. Reassessment of the indications for ribavirin
therapy in respiratory syncytial virus infections. Pediatr 97:
137–140.

397. Fishaut M, Tubergen D, McIntosh K. 1980. Cellular re-
sponse to respiratory viruses with particular reference to chil-
dren with disorders of cell-mediated immunity. J Pediatr 96:
179–186.

398. Ghosh S, Champlin RE, Englund J, Giralt SA, Rolston K,
Raad I, Jacobson K, Neumann J, Ippoliti C, Mallik S,
Whimbey E. 2000. Respiratory syncytial virus upper respiratory
tract illnesses in adult blood and marrow transplant recipients:
combination therapy with aerosolized ribavirin and intrave-
nous immunoglobulin. Bone Marrow Transplant 25:751–755.

399. Englund JA, Piedra PA, Ahn YM, Gilbert BE, Hiatt P. 1994.
High-dose, short-duration ribavirin aerosol therapy compared
with standard ribavirin therapy in children with suspected
respiratory syncytial virus infection. J Pediatr 125:635–641.

400. BoeckhM, Englund J, Li Y, Miller C, Cross A, Fernandez H,
Kuypers J, Kim H, Gnann J, Whitley R, NIAID Collabo-
rative Antiviral Study Group. 2007. Randomized controlled
multicenter trial of aerosolized ribavirin for respiratory syncy-
tial virus upper respiratory tract infection in hematopoietic cell
transplant recipients. Clin Infect Dis 44:245–249.

401. Canonico M, Kende M, Huggins JW. 1984. Toxicology and
pharmacology of ribavirin in experimental animals, p 65. In
Smith R, Knight V, Smith J (ed), Clinical applications of riba-
virin. Academic Press, New York.

402. Bradley J. 1990. Environmental exposure to ribavirin aerosol.
Pediatr Infect Dis J 9(Suppl):S95–S98.

403. Hemming VG, Rodriguez W, Kim HW, Brandt CD, Parrott
RH, Burch B, Prince GA, Baron PA, Fink RJ, Reaman G.
1987. Intravenous immunoglobulin treatment of respiratory
syncytial virus infections in infants and young children. An-
timicrob Agents Chemother 31:1882–1886.

404. Gruber WC, Wilson SZ, Throop BJ, Wyde PR. 1987. Im-
munoglobulin administration and ribavirin therapy: efficacy in
respiratory syncytial virus infection of the cotton rat. Pediatr
Res 21:270–274.

405. Ramilo O, Lagos R, Sáez-Llorens X, Suzich J, Wang CK,
Jensen KM, Harris BS, Losonsky GA, Griffin MP, Mota-
vizumab Study Group. 2014. Motavizumab treatment of in-
fants hospitalized with respiratory syncytial virus infection
does not decrease viral load or severity of illness. Pediatr Infect
Dis J 33:703–709.

406. Detalle L, Stohr T, Palomo C, Piedra PA, Gilbert BE, Mas V,
Millar A, Power UF, Stortelers C, Allosery K, Melero JA,
Depla E. 2015. Generation and characterisation of ALX-0171,

37. Respiratory Syncytial Virus, Human Metapneumovirus, and Parainfluenza Viruses - 901



a potent novel therapeutic Nanobody(R) for the treatment of
respiratory syncytial virus infection. Antimicrob Agents Che-
mother 60:6–13.

407. DeVincenzo JP, McClure MW, Symons JA, Fathi H, West-
land C, Chanda S, Lambkin-Williams R, Smith P, Zhang Q,
Beigelman L, Blatt LM, Fry J. 2015. Activity of oral
ALS-008176 in a respiratory syncytial virus challenge study.
N Engl J Med 373:2048–2058.

408. DeVincenzo JP, Whitley RJ, Mackman RL, Scaglioni-Wein-
lich C, Harrison L, Farrell E, McBride S, Lambkin-Williams
R, Jordan R, Xin Y, Ramanathan S, O’Riordan T, Lewis SA,
Li X, Toback SL, Lin SL, Chien JW. 2014. Oral GS-5806
activity in a respiratory syncytial virus challenge study.N Engl J
Med 371:711–722.

409. Hayden FG, Sable CA, Connor JD, Lane J. 1996. Intra-
venous ribavirin by constant infusion for serious influenza and
parainfluenzavirus infection. Antivir Ther 1:51–56.

410. Triana-Baltzer GB, Sanders RL, Hedlund M, Jensen KA,
Aschenbrenner LM, Larson JL, Fang F. 2011. Phenotypic
and genotypic characterization of influenza virus mutants se-
lected with the sialidase fusion protein DAS181. J Antimicrob
Chemother 66:15–28.

411. Guzmán-Suarez BB, Buckley MW, Gilmore ET, Vocca E,
Moss R, Marty FM, Sanders R, Baden LR, Wurtman D, Issa
NC, Fang F, Koo S. 2012. Clinical potential of DAS181 for
treatment of parainfluenza-3 infections in transplant recipi-
ents. Transpl Infect Dis 14:427–433.

412. Waghmare A, Wagner T, Andrews R, Smith S, Kuypers J,
Boeckh M, Moss R, Englund JA. 2015. Successful treatment
of parainfluenza virus respiratory tract infection with DAS181
in 4 immunocompromised children. J Pediatric Infect Dis Soc
4:114–118.

413. Hamelin ME, Prince GA, Boivin G. 2006. Effect of ribavirin
and glucocorticoid treatment in a mouse model of human
metapneumovirus infection. Antimicrob Agents Chemother 50:
774–777.

414. Wyde PR, Chetty SN, Jewell AM, Boivin G, Piedra PA.
2003. Comparison of the inhibition of human meta-
pneumovirus and respiratory syncytial virus by ribavirin and
immune serum globulin in vitro. Antiviral Res 60:51–59.

415. Spetch L, Bowlin TL, Casola A. 2008. Effect of NMSO3
treatment in a murine model of human metapneumovirus
infection. J Gen Virol 89:2709–2712.

416. Wyde PR, Moylett EH, Chetty SN, Jewell A, Bowlin TL,
Piedra PA. 2004. Comparison of the inhibition of human
metapneumovirus and respiratory syncytial virus by NMSO3
in tissue culture assays. Antiviral Res 63:51–59.

417. Hamelin ME, Couture C, Sackett M, Kiener P, Suzich J,
Ulbrandt N, Boivin G. 2008. The prophylactic administration
of a monoclonal antibody against human metapneumovirus
attenuates viral disease and airways hyperresponsiveness in
mice. Antivir Ther 13:39–46.

418. Williams JV, Chen Z, Cseke G, Wright DW, Keefer
CJ, Tollefson SJ, Hessell A, Podsiad A, Shepherd BE,
Sanna PP, Burton DR, Crowe JE Jr, Williamson RA. 2007.
A recombinant human monoclonal antibody to human
metapneumovirus fusion protein that neutralizes virus
in vitro and is effective therapeutically in vivo. J Virol 81:
8315–8324.

419. Deffrasnes C, Hamelin ME, Prince GA, Boivin G. 2008.
Identification and evaluation of a highly effective fusion
inhibitor for human metapneumovirus. Antimicrob Agents
Chemother 52:279–287.

420. Miller SA, Tollefson S, Crowe JE Jr, Williams JV, Wright
DW. 2007. Examination of a fusogenic hexameric core from
human metapneumovirus and identification of a potent syn-
thetic peptide inhibitor from the heptad repeat 1 region. J Virol
81:141–149.

421. Darniot M, Schildgen V, Schildgen O, Sproat B, Kleines M,
Ditt V, Pitoiset C, Pothier P, Manoha C. 2012. RNA inter-
ference in vitro and in vivo using DsiRNA targeting the nu-
cleocapsid N mRNA of human metapneumovirus. Antiviral
Res 93:364–373.

422. Deffrasnes C, Cavanagh MH, Goyette N, Cui K, Ge Q, Seth
S, Templin MV, Quay SC, Johnson PH, Boivin G. 2008.
Inhibition of human metapneumovirus replication by small
interfering RNA. Antivir Ther 13:821–832.

423. Shahda S, Carlos WG, Kiel PJ, Khan BA, Hage CA. 2011.
The human metapneumovirus: a case series and review of the
literature. Transpl Infect Dis 13:324–328.

902 - THE AGENTS—PART B: RNA VIRUSES



Measles
WILLIAM J. MOSS AND DIANE E. GRIFFIN
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Measles is a highly contagious disease caused by infection
with measles virus (MeV), and it has caused millions of
deaths since its spread within human populations thousands
of years ago. Disease begins with fever, cough, coryza, and
conjunctivitis followed by the appearance of a characteristic
maculopapular rash. Genetically, MeV is most closely related
to rinderpest virus, a pathogen of cattle that was recently
eradicated. MeV was originally a zoonotic infection that
adapted to humans 5,000 to 10,000 years ago when popu-
lations achieved sufficient size in Middle Eastern river valley
civilizations to maintain a continuous chain of transmission
among susceptible individuals. Subsequent introduction of
MeV into naive populations resulted in high mortality.
Millions died as a result of European exploration of the New
World, largely due to the introduction of diseases such as
smallpox and measles into native Amerindian popula-
tions (1).

Abu Becr, an Arab physician also known as Rhazes, first
distinguished smallpox from measles in a 9th century treatise
on the two diseases. Peter Panum, a Danish physician sent to
the Faroe Islands in 1846 during a large measles epidemic,
first described several of the basic epidemiological features of
measles (2), including the highly contagious nature of MeV
infection, the 14-day incubation period, and the lifelong
immunity following infection. Following the practice of
variolation to protect individuals from smallpox, Francis
Home, a Scottish physician working in the 18th century,
attempted to immunize children by inoculating their scari-
fied skin with blood taken from infected individuals shortly
after the rash appeared (3). Joseph Goldberger and John
F. Anderson reproduced the disease in monkeys inoculated
with filtered respiratory tract secretions from patients with
measles, thus demonstrating that a virus was the cause of
measles. MeV first was isolated from the blood and propa-
gated in cell culture in 1954 by John Enders and Thomas
Peebles, laying the foundation for the development of at-
tenuated measles vaccines (4).

VIROLOGY
Classification
MeV is a member of the genusMorbillivirus within the family
Paramyxoviridae. Other members of the genus include canine
distemper virus, which affects dogs and other mammalian

carnivores; rinderpest virus, which affects domestic cattle
and swine; peste des petits ruminants virus, which affects
sheep and goats; phocine distemper virus, which causes
epizootic disease in seals; and porpoise and dolphin mor-
billiviruses, which cause epizootic disease in porpoises and
dolphins, respectively. Morbilliviruses differ from other
paramyxoviruses in lacking neuraminidase activity and in
forming intranuclear inclusion bodies as a distinctive feature
of their cytopathology.

Serotypes
Only one serotype of MeV exists, and recovery from measles
confers lifelong immunity to reinfection. Although antigenic
changes have been detected in the hemagglutinin surface
protein, these variations have not reduced the protective
immunity induced by wild-type MeV infection or measles
vaccines. MeV remains a monotypic virus, likely because of
functional constraints on the amino acid sequence and ter-
tiary structure of the MeV surface proteins (5–7).

Genetic and Antigenic Variation
Despite the high degree of genetic variation expected of a
single-stranded RNA virus, analysis of hemagglutinin (H),
fusion (F), nucleoprotein (N), and phosphoprotein (P) gene
sequences have shown that MeVs isolated during the 1950s
and 1960s, including vaccine strains, were remarkably ho-
mogeneous and differed in sequence by no more than 0.5%
to 0.6% at the nucleotide level. Sequence analysis of more
recent wild-type MeVs has demonstrated some genetic
variability relative to vaccine strains and these older wild-
type viruses, particularly in the N and H proteins. One of
the most variable regions of the MeV genome is the 450-
nucleotide sequence at the carboxy-terminus of the N pro-
tein, with up to 12% variability between wild-type viruses
that has been useful for genotyping. The World Health Or-
ganization (WHO) currently recognizes eight clades of MeV
(designated A through H) and 24 genotypes. New genotypes
may be identified with improved surveillance and molecular
characterization. As measles control efforts intensify, mo-
lecular surveillance of circulating MeV strains can be used to
document interruption of transmission and to identify the
source and transmission pathways of MeV outbreaks (8, 9).

These genetic changes are accompanied by minor anti-
genic differences in the corresponding H, N, and matrix (M)
proteins of some wild-type MeV isolates (10). Serum

doi:10.1128/9781555819439.ch38

903



specimens from vaccinated persons and from persons natu-
rally infected during the 1950s and 1960s have comparable
neutralization activity against vaccine viruses and recently
isolated wild-type MeVs, although sera from persons infected
in the 1990s have higher neutralization titers to the ho-
mologous wild-type virus (11). As an example of how ge-
netic changes have failed to alter important antigenic
epitopes, MeV isolates from a genotype circulating in the
People’s Republic of China during 1993 and 1994 differed
from other wild-type viruses by as much as 6.9% in the H
gene and 7% in the N gene. However, they did not differ
significantly from other wild-type viruses in their anti-H
monoclonal antibody binding patterns, and they were neu-
tralized by human post-vaccination antiserum (12). Thus,
neutralizing epitopes on the H protein are highly conserved
among MeVs. Many centuries of selective pressure exerted by
naturally acquired immunity and more recently by vaccine-
induced immunity have not resulted in the selection of new
antigenic types.

Composition of the Virus

Virion Morphology
Measles virions are spherical, enveloped particles with a
helical nucleocapsid and are morphologically indistin-
guishable from the virions of other paramyxoviruses (Fig. 1).
Virion diameter averages 150 nm and varies between 100
and 250 nm. The envelope, a lipid bilayer derived from the
plasma membrane of the infected host cell, carries surface
projections composed of two transmembrane glycoproteins,
the H and F proteins. On the inner surface of the envelope is
the M protein, which interacts with the nucleocapsid and
cytoplasmic tails of the H and F transmembrane glycopro-
teins to play a key role in virus maturation (Fig. 2). The
helical nucleocapsid is packed within the envelope in the
form of a symmetrical coil consisting of about 2,500 copies of

the N protein encapsidating the genomic RNA, together
with small amounts of the P and the large polymerase
(L) proteins.

Genome
The MeV genome consists of linear, single-stranded, non-
segmented RNA of negative polarity and contains about
16,000 nucleotides (Fig. 2), although the number of nucle-
otides can vary between virus strains (based on date and
location of the measles virus isolate or sequence) and even
between viruses of the same strain. At the 3¢ end of the
genome, a 53-nucleotide leader sequence shows a high de-
gree of complementarity to the extragenic 40 nucleotide
trailer sequence at the 5¢ end, allowing the formation of a
stable panhandle structure. The leader contains sequences
that promote encapsidation of the nascent RNA by N pro-
tein and binding sites for the viral RNA polymerase. After
the leader sequence are six consecutive non-overlapping
genes that encode the N, P, M, F, H, and L proteins (Fig. 2).
The P gene encodes two additional nonstructural proteins,
C and V. The intergenic regions consist of a single trinu-
cleotide, GAA, with a single variation between the H and L
genes. In addition, there is an untranslated GC-rich region
of about 1,000 nucleotides at the M-F gene boundary that
spans the 5¢ end of the M gene and the 3¢ end of the F gene.

Structural and Regulatory Proteins
Six MeV gene products are structural proteins (Table 1).
Three proteins, N, P, and L, are complexed with viral RNA
to form the nucleocapsid, and three other proteins, M, H,
and F, participate in the formation of the virus envelope
(13). There is a transcriptional gradient from N to L for the
mRNAs that encode these proteins, which determines their
relative abundance. The N mRNA is transcribed first from
the genome and thus is the most abundant. When expressed
alone, N is an insoluble protein that migrates to the nucleus
and self-assembles into helical nucleocapsid-like structures.
When coexpressed with P in MeV-infected cells, N is
retained in the cytoplasm as a soluble N-P complex. N binds
both to RNA and to P, and it is required for transcription
and replication. The N protein surrounds genomic and
antigenomic RNAs that possess the leader sequence to form
ribonucleocapsid structures that form the templates for both
mRNA transcription and RNA replication. The conserved
N-terminal portion of the N is required for self-assembly
into nucleocapsids and for RNA binding (14). The variable
C-terminal 125 residues form an intrinsically disordered re-
gion structurally similar to the acidic activation domains of
cellular transcription factors (15). Sequence differences in
the variable C-terminus of N provide the basis for the
identification of different MeV genotypes.

The P protein is a polymerase cofactor activated by
phosphorylation that forms tetramers and links L to N to
form the replicase complex. The P protein modulates the
assembly of functional MeV nucleocapsids after binding to
individual molecules of N protein in the cytoplasm to form a
soluble N-P complex that is required for RNA encapsida-
tion. P also binds to the L protein to form an L-P complex
involved in mRNA transcription and genome replication.
The P gene of MeV, as in many members of the Para-
myxoviridae family, encodes nonstructural proteins in addi-
tion to P. C is a basic protein translated using an alternate
initiator methionine codon in an overlapping reading
frame. V shares the P protein initiator methionine and the
amino terminal 231 amino acids, but a non-templated gua-
nosine residue is added through RNA editing, which shifts

FIGURE 1 Measles virus (MeV) in cell culture. An extracellular
virion (large solid arrow) is coated with glycoprotein spikes (small
open arrows) with the viral nucleocapsid (small solid arrows) po-
sitioned beneath the envelope. An infected cell has a region on the
membrane (large open arrow) with viral glycoprotein spikes and
subjacent viral nucleocapsids that is a site of MeV maturation and
budding. Free paramyxovirus nucleocapsids (small solid arrows)
from a disrupted virion are shown in the inset. (Courtesy of Cynthia
Goldsmith, William Bellini, and Erskine Palmer of the Centers for
Disease Control and Prevention, Atlanta, GA.) [Adapted from
Oxman, 2nd edition of Clinical Virology.]

904 - THE AGENTS—PART B: RNA VIRUSES



the reading frame to produce a different cysteine-rich C-
terminus that has zinc-binding properties. Neither C nor V is
necessary for MeV replication in vitro but both interact with
cellular proteins to regulate the innate response to infection
(16–18).

The L protein interacts with the P protein to form the
MeV RNA-dependent RNA polymerase. Although P is re-
quired for polymerase activity, the L protein, which contains
six regions that are highly conserved among the RNA
polymerases of negative-stranded RNA viruses, has the cat-
alytic activity for RNA synthesis.

H is the receptor-binding protein and an important de-
terminant of cellular tropism. It is a type II transmembrane
glycoprotein present on the surface of infected cells and
virions as a disulfide-linked homodimer that self-associates
to form tetramers (19). H has a 34 amino acid cytoplasmic
tail preceding a single hydrophobic transmembrane region
and a large C-terminal ectodomain with a propeller-like
structure and 13 strongly conserved cysteines. The primary
function of H is to bind to MeV receptors on the surface of
host cells (19–21). The H protein is also responsible for
the ability of measles virions to agglutinate simian erythro-
cytes by binding to a simian homologue of human CD46.

Antibodies that block hemagglutination generally also
neutralize virus infectivity. A second essential function of H
is to interact with the F protein to mediate fusion of the
virion envelope with the host cell membrane for delivery of
the ribonucleocapsid into the cell (19, 22).

F is a highly conserved type I transmembrane glycopro-
tein, synthesized as an inactive precursor F0 that is processed
to the active disulfide-linked F1 and F2 that cooperate with
H for fusion and entry. After synthesis and glycosylation in
the endoplasmic reticulum, F0 is transported to the Golgi
where it is cleaved by furin into F1 and F2 (Table 1). The F1
subunit, derived from the carboxy-terminus of F0, is an-
chored in the viral envelope and has a cytoplasmic tail, the
terminal 14 amino acids of which are highly conserved
among morbilliviruses. At the amino terminus of F1 there is
a 25 amino acid hydrophobic region, the fusion peptide,
which interacts with the host cell membrane to induce fu-
sion and is highly conserved among Paramyxovirus fusion
proteins. Fully processed active F1,2 proteins are present as
trimers on the surface of infected cells and virions. Although
the function of F is to fuse the viral envelope with the host
cell membrane, F alone is not sufficient to induce fusion and
coexpression of H is required. The interaction of H with the

FIGURE 2 MeV structure, genome, and replication cycle. (a) MeV is a spherical, nonsegmented, single-stranded, negative-sense RNA
virus. Of the six structural proteins, the phosphoprotein (P), large protein (L), and nucleoprotein (N) form the nucleocapsid that encloses the
viral RNA. The hemagglutinin protein (H), fusion protein (F), and matrix protein (M), together with lipids from the host cell membrane,
form the viral envelope. (b) The MeV RNA genome is comprised of approximately 16,000 nucleotides encoding eight proteins, two of which
(V and C) are nonstructural proteins alternatively translated from the P gene. (c) The H protein interacts with F to mediate attachment and
fusion of the viral envelope with the host cell membrane through specific receptors (CD46 and CD150) enabling viral entry into the cell.
Remaining MeV proteins are involved in viral replication. The P protein regulates transcription, replication, and assembly of nucleocapsids.
The M protein is critical for viral assembly. (From reference 127 with permission of the publisher.) Source: Moss WJ, Griffin DE. Global
measles elimination. Nat Rev Microbiol 2006;4:900–908.
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cellular receptor induces a conformational change in F that
brings the fusion peptide region of the F1 subunit trimer into
a position to initiate fusion (22). Synthetic peptide analogs
of the fusion peptide inhibit both cell fusion and virus
penetration, but they do not prevent virus attachment.

M is a basic protein with several conserved hydrophilic
domains and is the second most abundant viral protein. It
forms a continuous layer on the inner surface of the envelope
and interacts with progeny nucleocapsids and with the cy-
toplasmic tails of F and H to mediate virion maturation.
Binding of M to nucleocapsids inhibits transcription of MeV
mRNA (23, 24).

Biology

Receptors
Three cellular receptors for MeV have been identified:
membrane cofactor protein or CD46 (25, 26), signaling
lymphocyte activation molecule (SLAM) or CD150 (27),
and poliovirus receptor-like protein-4 or nectin-4 (28, 29).
CD46 is a widely distributed human complement regulatory
protein expressed on all nucleated cells. It acts as a cofactor
for the proteolytic inactivation of C3b/C4b by factor I, but
also induces proliferation and differentiation of regulatory
T cells (30). SLAM is an important costimulatory molecule
expressed on activated cells of the immune system (31). The
cytoplasmic domain has tyrosines and SH-2 domain-binding
regions that constitute an immunoreceptor tyrosine-based
switch motif that binds small SH-2 domain adaptor proteins
important for cell signaling. Nectin-4 is an adherens junc-
tion protein of epithelial cells. Both vaccine and wild-type
strains of MeV can use SLAM and nectin-4 as receptors.

Vaccine strains tend to use CD46 efficiently, while wild-type
strains do not (32). The receptor binding regions for CD46
and SLAM on H are contiguous or overlapping and most H
proteins can bind both receptors, but affinity and efficiency
of entry differ (19, 21). In general, binding affinity for
SLAM is higher than for CD46, and differences in the ef-
ficiency of receptor usage may involve interactions with F.

MeV probably uses additional receptors. The distribu-
tions of the known receptors in tissues do not account for the
tropism and sites of MeV replication in acute infections, in
which endothelial cells as well as immune system and epi-
thelial cells are infected (33), or in chronic infections, in
which cells of the central nervous system (CNS) are im-
portant targets for infection (34). Receptors used by at-
tenuated vaccine strains adapted to growth in cells from
nonsusceptible hosts, such as chickens, probably represent
an additional category of MeV receptors that have not been
identified.

Replication
Infection is initiated when the MeV H on the virion en-
velope attaches to the receptor. The fusion peptide at the
amino terminus of the F1 subunit, which is physically asso-
ciated with H, undergoes a conformational change that re-
sults in fusion of the envelope with the cell membrane and
delivery of the viral nucleocapsid into the cell cytoplasm
(22). The virion RNA-dependent RNA polymerase (L) is
then activated and begins transcribing monocistronic
mRNAs from the nucleocapsid template.

Transcription occurs sequentially following the gene
order. The polymerase terminates synthesis at the end of
each gene following polyadenylation and reinitiates at the

TABLE 1 Major structural and regulatory proteins of MeV

Protein
Amino
acids

Location within
infected cell

Location within
virion Function and special features

Nucleoprotein (N) 525 Cytoplasm Nucleocapsid Most abundant of viral proteins. Closely associated
with full-length and positive sense RNA to form
nucleocapsids.

Phosphoprotein (P) 507 Cytoplasm Nucleocapsid More abundant in infected cells than in virions.
Regulation of transcription and replication.
Complex formation with N and L.

C 186 Cytoplasm and nucleus Not present Read from the same transcript as P, but in different
reading frame. Regulates transcription and
sensitivity to antiviral effects of interferon a/b.

V 298 Cytoplasm Not present Read from an “edited” transcript of P gene. Regulates
transcription and sensitivity to antiviral effects of
interferon a/b.

Matrix (M) 335 Inner leaflet of plasma
membrane;
cytoplasm in
persistent infections

Inner surface of
membrane

Virion assembly and budding.

Fusion (F) 553 Endoplasmic reticulum,
Golgi and plasma
membrane

Type I
transmembrane
surface protein

Glycosylated; membrane fusion, virus entry, and
hemolysis activity in conjunction with H; active
form cleaved from F0 to F1 and F2.

Hemagglutinin (H) 617 Endoplasmic reticulum,
Golgi and plasma
membrane

Type II
transmembrane
surface protein

Glycosylated. Receptor binding. Hemagglutination
activity. Disulfide-linked dimer.

Large (L) 2213 Cytoplasm Nucleocapsid Catalytic component of viral polymerase. Least
abundant protein. RNA transcription and
replication. Complex formed with P.

Adapted from reference 26.
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consensus sequence of the next gene, without transcribing
the intergenic nucleotides. The viral mRNAs are capped
and polyadenylated. The poly-A tails are synthesized by a
slippage or stuttering mechanism in which the polymerase
reiteratively copies the sequence of four to seven Us at the
end of the gene. The polymerase sometimes fails to reinitiate
and detaches from the nucleocapsid, resulting in the mRNA
abundance gradient (35).

The envelope glycoproteins H and F are synthesized and
glycosylated in the endoplasmic reticulum, further processed
in the Golgi, and transported to the cytoplasmic membrane
as oligomers to form the H and F peplomers. The other MeV
proteins accumulate in the cytoplasm. The availability of N
appears to regulate the transition from mRNA transcription
to viral RNA replication because the synthesis of genome-
length, positive- and negative-sense RNAs is coupled to
their concomitant encapsidation by N. To initiate en-
capsidation, the RNA polymerase catalyzes the sequence-
specific binding of N from soluble N-P complexes to nascent
leader RNA, releasing P protein. The continuing en-
capsidation by N, which is coupled to further RNA syn-
thesis, masks the consensus signals at each gene boundary,
preventing termination and RNA processing and yielding
the full-length nucleocapsid. Positive- and negative-sense
RNAs are encapsidated, but the majority of the nucleo-
capsids contain negative-sense viral RNA. A small number
of P-L polymerase complexes associate with each of the
nucleocapsids.

Measles virions bud from the plasma membrane, with
progeny nucleocapsids attaching to growing actin filaments.
Growth of the actin filament transports the nucleocapsid
from the cytoplasm to the plasma membrane, initiating the
budding process. M binds to newly synthesized nucleocapsids
and also associates with the inner surface of the cytoplasmic
membrane, with the cytoplasmic tails of H and F. Associa-
tion with other M proteins excludes cellular membrane
proteins from patches of cytoplasmic membrane destined for
virion budding (36, 37).

Host Range
Because of the specificity of the host receptors and high
infectivity of MeV, humans are the only natural host for the
virus. Nonhuman primates can be infected experimentally
and develop an illness similar to measles in humans, thus
serving as models for measles pathogenesis and the evalua-
tion of vaccines. However, native populations of nonhuman
primates are not of sufficient size to maintain MeV trans-
mission in the wild. Rodent-adapted strains of MeV have
been developed by repeated intracerebral passage of virus in
newborn animals. Although these strains do not produce an
acute disease resembling measles in humans, they are used as
models of MeV pathogenesis in the nervous system.

Growth in Cell Culture
Primary cultures of human and monkey kidney cells have
traditionally been used for isolating MeV. Problems with
supply and the potential contamination of primary monkey
cells with simian viruses led to the use of continuous monkey
kidney cell lines (e.g., Vero cells) for propagation of tissue
culture-adapted strains of MeV. Isolation and propagation
of wild-type strains of MeV are most efficient in cells that
express SLAM. Most commonly used are the Epstein-
Barr virus-transformed marmoset B lymphocyte cell line
B95-8 and Vero cells engineered to express human SLAM
(38, 39).

The incorporation of MeV H and F proteins into the
plasma membranes of infected cells causes them to fuse with
adjacent infected and uninfected cells. Consequently, rep-
lication of wild-type MeV in permissive cells results in
characteristic cytopathic effects that include the formation
of multinucleated giant cells as well as the production of
eosinophilic intranuclear and intracytoplasmic inclusion
bodies. Eosinophilic Cowdry type A intranuclear inclusion
bodies are characteristic of morbillivirus infection. The in-
tranuclear inclusion bodies are composed of helical nucle-
ocapsids that appear smooth by electron microscopy and
contain only the N protein. In contrast, intracytoplasmic
inclusions are composed of helical nucleocapsids that appear
“fuzzy” by electron microscopy and contain P and M proteins
in addition to N.

Inactivation of MeV by Physical
and Chemical Agents
MeV is inactivated by detergents and by lipid solvents such
as ether or acetone. MeV is acid labile, losing infectivity
below pH 4.5, and it is also inactivated by proteolytic en-
zymes, drying on surfaces, and exposure to sunlight. MeV is
also thermolabile, with a half-life of 2 hours at 37°C, and it is
completely inactivated in 30 minutes at 56°C. MeV may
retain infectivity for a week at 0°C, and it can be stored for
long periods at - 70°C. MeV can be freeze-dried, and ly-
ophilized virus is stable for prolonged periods at refrigera-
tor temperatures (0°C to 8°C), a characteristic important
for the storage and transportation of attenuated measles
vaccines.

EPIDEMIOLOGY
Measles continues to be an important global cause of child
mortality. Deaths frommeasles are due largely to an increased
susceptibility to secondary bacterial and viral infections, at-
tributed to a prolonged state of immune suppression. The
disease burden caused by measles has decreased substantially
over the past decades because of a number of factors. Measles
mortality declined in developed countries in association with
economic development, improved nutritional status, and
supportive care, particularly antibiotic therapy for secondary
bacterial pneumonia. The introduction of measles vaccines
beginning in the 1960s led to substantial reductions in
measles incidence, morbidity, and mortality in both devel-
oped and developing countries. Overall global measles
mortality in 2014 was estimated to be 114,900 deaths (un-
certainty bounds 53,700 and 330,000 deaths), a 79% re-
duction since 2000 (40). Despite this enormous progress,
measles remains a leading vaccine-preventable cause of
childhood mortality and continues to cause outbreaks in
communities with low vaccination coverage.

Geographic Distribution
Measles can occur anywhere in the world, wherever MeV is
circulating or introduced into susceptible populations. Small
isolated populations, such as island populations, cannot
sustain MeV transmission because of exhaustion of suscep-
tible individuals and require the importation of MeV for
outbreaks to occur. In the United States, the number of
measles cases declined 99.9% by 2006 following the intro-
duction of measles vaccine, but outbreaks in unvaccinated,
susceptible populations continue to occur through impor-
tation of MeV (41–43). Persons in the United States who do
not receive measles vaccine because of philosophical or
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religious exemption are at particular risk of measles following
importations (41, 44).

Incidence and Prevalence of Infection
MeV is one of the most highly contagious, directly trans-
mitted pathogens and outbreaks can occur in populations in
which less than 5% to 10% of persons are susceptible.
Chains of transmission commonly occur among household
contacts, school-age children, and health care workers. The
contagiousness of MeV is best expressed by the basic repro-
ductive number R0, which represents the average number of
secondary cases that arise if an infectious agent is introduced
into a completely susceptible population. In the 1951 mea-
sles epidemic in Greenland, the index case attended a
community dance, which resulted in an R0 of 200 (45), an
unusually high R0 that demonstrates the potential infec-
tiousness of MeV. In more typical settings, the estimated Ro
for MeV is 12 to 18, compared to only five to seven for
smallpox and rubella viruses. The high infectivity of MeV
implies that a high level of population immunity is required
to interrupt MeV transmission.

There are no latent or epidemiologically significant per-
sistent MeV infections and no animal reservoirs. Thus, MeV
can only be maintained in human populations by an un-
broken chain of acute infections and transmission events,
requiring a continuous supply of susceptible individuals.
Newborns become susceptible to measles when passively
acquired, transplacental maternal antibodies are catabolized,
providing the main source of new susceptible individuals.
For births to provide a sufficient number of susceptible
persons to maintain MeV transmission, a critical community
size of 300,000 to 500,000 persons with 5,000 to 10,000
births per year is required (46). In smaller populations, epi-
sodic outbreaks are dependent upon the importation of MeV
by infectious individuals.

Prior to the introduction of measles vaccine, more than
130 million cases of measles and 7 to 8 million deaths oc-
curred globally each year, and almost everyone was infected
during childhood or adolescence. In the United States, the
prevalence of antibodies to MeV in 18-year-olds exceeded
98%, and the incidence of measles, as in almost every other
country, was equal to the number of surviving newborns.
The widespread use of attenuated measles vaccines signifi-
cantly reduced the incidence of measles and lowered measles
morbidity and mortality.

Epidemic Patterns
When endemic, measles has a typical temporal pattern of
incidence characterized by yearly seasonal epidemics super-
imposed upon longer epidemic cycles of 2 to 5 years or more.
In temperate climates, annual measles outbreaks typically
occur in the late winter and early spring. These annual
outbreaks are likely the result of social networks facilitating
transmission (e.g., congregation of children at school) and
environmental factors (e.g., low humidity and ambient
temperatures) favoring the infectivity and transmission of
MeV (47). Measles cases continue to occur during the in-
terepidemic period in large populations but at low incidence.
The longer cycles occurring every several years result from
the accumulation of susceptible persons over successive birth
cohorts and the subsequent decline in the number of sus-
ceptible persons following an outbreak. The interval be-
tween epidemics is shorter in populations with high birth
rates because the number of susceptible individuals reaches
the epidemic threshold more quickly. Measles vaccination
programs that achieve coverage rates in excess of 80% ex-

tend the interepidemic period to 4 to 8 years by reducing the
number of susceptible individuals.

Age-Specific Attack Rates
Secondary attack rates in susceptible household and insti-
tutional contacts generally exceed 90%. The average age of
MeV infection depends upon the rate of contact with in-
fected persons, the rate of decline of protective maternal
antibodies, and the vaccine coverage rate. Infants in the first
few months of life are protected by passively acquired ma-
ternal antibodies, and measles is rare in this age group. In
densely populated urban settings with low vaccination
coverage rates, measles is a disease of young children. The
cumulative incidence can reach 50% by 1 year of age, with a
significant proportion of children acquiring MeV infection
before 9 months, the age of routine vaccination in many
countries. As measles vaccine coverage increases, or popu-
lation density decreases, the age distribution shifts toward
older children. In such situations, measles cases predominate
in school-age children. Infants and younger children, al-
though susceptible if not protected by immunization, are not
exposed to MeV at a rate sufficient to cause a large disease
burden in this age group. As vaccination coverage increases
further, the age distribution of cases may be shifted into
adolescence and young adulthood, as seen in measles out-
breaks in the Americas (48, 49), necessitating targeted
measles vaccination programs for these older age groups.
This shift in measles cases to older age groups has recently
been observed in many countries as a consequence of
moderately high measles vaccine coverage (e.g., 60% to
80%), allowing susceptible individuals to age into adoles-
cence and young adulthood without being exposed to either
wild-type MeV or measles vaccine.

As noted above, young infants in the first months of life
are protected against measles by maternally acquired IgG
antibodies. An active transport mechanism in the placenta
is responsible for the transfer of IgG antibodies from the
maternal circulation to the fetus starting at about 28 weeks
of gestation and continuing until birth. Three factors de-
termine the degree and duration of protection in the new-
born: (i) the level of maternal anti-MeV antibodies; (ii) the
efficiency of placental transfer; and (iii) the rate of catabo-
lism in the child. Although providing passive immunity to
young infants, maternally acquired antibodies can interfere
with the immune responses to the attenuated measles vac-
cine by inhibiting replication of vaccine virus (50, 51). In
general, maternally acquired antibodies are no longer pres-
ent in the majority of children by 9 months of age (52), the
time of routine measles vaccination in many countries.
Women with vaccine-induced immunity tend to have lower
anti-MeV antibody levels than women with naturally ac-
quired immunity, and their children may be susceptible to
measles at an earlier age. The half-life of anti-MeV anti-
bodies has been estimated to be 48 days in the United States
and Finland but is shorter in some developing countries.
Infants born to human immunodeficiency virus (HIV)-
infected women may have lower levels of protective mater-
nal antibodies independent of their own HIV infection status
and may thus be susceptible to measles at a younger age (53).

Subclinical Infection
MeV infections in nonimmune individuals are almost always
symptomatic. Subclinical measles is defined as a 4-fold rise in
MeV-specific IgG antibodies following exposure to wild-type
MeV in an asymptomatic individual. Subclinical infection
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may be important in boosting protective antibody levels in
children with waning immunity (54). Whether partially
immune individuals with subclinical infection can sustain
MeV transmission is unknown. However, MeV has been
isolated from a naturally immune, asymptomatically rein-
fected individual (55), and acquisition from a person with
subclinical infection was implicated in at least one investi-
gation.

Wild-type MeV infection induces lifelong immunity to
disease, and reinfection is not required to maintain this
protective immunity. On re-exposure, immune individuals
may be reinfected and support limited virus replication, as
evidenced by increases in their preexisting levels of humoral
and cellular immunity to MeV. Such reinfections are almost
always asymptomatic and rarely result in transmission of
MeV to susceptible contacts (as with subclinical infections).

Seasonality
In temperate climates the incidence of measles peaks in late
winter and early spring and reaches a nadir in late summer
and early autumn. These differences are less pronounced in
tropical climates. Where widespread immunization has re-
duced MeV transmission, the temporal distribution of cases
is determined by importations of MeV and outbreaks may
occur at any time.

Transmission
MeV is transmitted primarily by respiratory droplets over
short distances and less commonly by small particle aerosols
that remain suspended in the air for long periods of time or
by direct contact with infected secretions. The symptoms
induced during the prodrome, particularly sneezing and
coughing, enhance transmission. Airborne transmission
appears to be important in certain settings, including
schools, physicians’ offices, hospitals, and enclosed public
gathering places (56). Direct contact with infected secre-
tions can transmit MeV, but the virus does not survive long
on fomites and is inactivated by heat and ultraviolet radia-
tion. Transmission across the placenta can occur when
measles occurs during pregnancy, but congenital measles is
uncommon.

Duration of Infectiousness
Persons with measles are infectious for several days before
and after the onset of rash, when levels of MeV in blood and
body fluids are highest and when the symptoms of cough,
coryza, and sneezing are most severe. The fact that MeV is
contagious before the onset of recognizable disease hinders
the effectiveness of quarantine measures. MeV can be iso-
lated from the urine as late as 1 week after rash onset. MeV
shedding is prolonged in those with impaired cell-mediated
immunity. Giant cells were detected in nasal secretions up to
28 days after the onset of rash in malnourished Kenyan
children with severe measles (57), and MeV antigen was
detected up to 13 days after rash onset in malnourished
Nigerian children (58). Prolonged presence of MeV RNA
has been associated with HIV infection (59, 60) and con-
genital measles (61). However, whether detection of MeV
by these methods indicates prolonged contagiousness is
unclear.

Risk Factors for Transmission
The risk of MeV transmission is increased by more frequent,
prolonged, and intimate contact between susceptible per-
sons and infectious cases. The risk of transmission is sub-
stantially greater if contact occurs when the index case is in

the late prodromal stage with more pronounced coryza,
cough, and sneezing rather than later when these symptoms
have abated. Patterns of air circulation may determine the
risk of transmission when airborne transmission is involved.
In daycare centers and schools, the risk of transmission often
exceeds 50% to susceptible contacts.

Nosocomial Transmission
Medical settings are well-recognized sites of MeV transmis-
sion. Patients may present to health care facilities during the
prodrome when the diagnosis is not obvious, although the
patient is infectious and likely to infect susceptible contacts.
Health care workers can acquire measles from infected pa-
tients and transmit MeV to others. Nosocomial transmission
can be reduced by maintaining a high index of clinical
suspicion and using airborne isolation precautions when
measles is suspected, and it can be prevented by adminis-
tering measles vaccine before exposure to susceptible pa-
tients and health care workers, as well as documenting
immunity to measles (i.e., receipt of two doses of measles
vaccine or detection of antibodies to MeV) in health care
workers. If a health care provider without evidence of im-
munity is exposed to measles, measles vaccine should be
given within 72 hours or immunoglobulin should be given
within 6 days when available.

Morbidity and Mortality
Measles case fatality ratios vary, depending upon the average
age of infection, nutritional and immunological status of the
population, measles vaccine coverage, and access to health
care. In developed countries, fewer than 1 in 1,000 children
with measles die. In areas of endemicity in sub-Saharan
Africa, the measles case fatality proportion may be 5% or
higher. Measles is a major cause of child deaths in refugee
camps and in internally displaced populations. Measles case
fatality proportions in children in humanitarian emergen-
cies, such as refugees, have been as high as 20% to 30% (62).
Consequently, a frequent, early response in humanitarian
emergencies is to administer measles vaccine.

The measles case fatality ratio is highest at extremes of
age. Exposure to an index case within the household may
result in more severe disease, perhaps because of transmission
of a larger inoculum of virus (63). Vaccinated children,
should they develop disease after exposure, have less severe
disease and significantly lower mortality rates. Vaccination
programs, by increasing the average age of infection, shift
the burden of disease out of the age group with the highest
case fatality (infancy), further reducing measles mortality.

Measles and malnutrition have important bidirectional
interactions. Measles is more severe in malnourished chil-
dren. Children with severe malnutrition, such as those with
marasmus or kwashiorkor, are at particular risk of death
following measles. Measles can in turn exacerbate malnu-
trition by decreasing intake (particularly in children with
mouth ulcers), increasing metabolic demands, and enhanc-
ing gastrointestinal loss of nutrients as a consequence of a
protein-losing enteropathy. Measles in persons with vitamin
A deficiency leads to severe keratitis, corneal scarring, and
blindness (64).

Measles mortality may be higher in girls than boys (65),
although older historical data and more recent surveillance
data from the United States do not support this conclusion
(66). Supporting the hypothesis of biologic differences in the
response to MeV was the observation that girls were more
likely than boys to have delayed mortality following receipt
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of high-titer measles vaccine (67). The underlying mecha-
nisms are likely differences in immune responses to MeV
between girls and boys, although no cogent explanation has
been developed.

In regions of high HIV prevalence and crowding, such as
urban centers in sub-Saharan Africa, HIV-infected children
may play a role in sustaining MeV transmission. Children
born to HIV-infected mothers have lower levels of passively
acquired maternal antibodies and are thus susceptible to
measles at an earlier age than children born to uninfected
mothers (53, 68). Protective antibody levels can wane
within 2 to 3 years in vaccinated HIV-infected children
(69). Children with defective cell-mediated immunity can
develop measles without the characteristic rash (70). HIV-
infected children have prolonged shedding of MeV RNA
(59, 60), potentially increasing the period of infectivity.
Counteracting the epidemiologic effects of increased sus-
ceptibility of HIV-infected children to measles is their high
mortality rate, particularly in sub-Saharan Africa, such that
these children do not live long enough for a sizeable pool of
susceptible children to develop (71). However, increasing
access to antiretroviral therapy increases survival without
restoring measles immunity (72). The WHO recently
recommended that HIV-infected children receiving anti-
retroviral therapy receive an additional dose of measles
vaccine to protect the individual child and prevent the
build-up of susceptible children (73).

PATHOGENESIS IN HUMANS
Incubation Period
The incubation period for measles, the time from infection
to clinical disease, is approximately 10 days to the onset of
fever and 14 days to the onset of rash. A systematic review
estimated themedian incubation period from infection to the
first onset of signs and symptoms to be 12.5 days (95% con-
fidence interval, 11.8 to 13.2 days) based on 55 observa-
tions from eight studies (74). The incubation period may be
shorter in infants or following a large inoculum of virus, and
it may be longer (up to 3 weeks) in adults.

Virus Replication
Infection is initiated when MeV reaches cells in the respi-
ratory tract, oropharynx, or conjunctivae (Fig. 3). The lower
respiratory tract is more susceptible than the nasopharynx,
which is more susceptible than the oral mucosa. Direct ob-
servations pertaining to the early multiplication of MeV in
humans are lacking, but experimental studies in monkeys
and experimental and histopathological observations in
humans suggest that during the first 2 to 4 days after infec-
tion, MeV proliferates locally in the respiratory mucosa and
spreads, perhaps within infected pulmonary macrophages
and dendritic cells (75), to draining lymph nodes where
further replication occurs.

Virus then enters the bloodstream in infected leukocytes,
primarily monocytes (76), producing the primary viremia
that disseminates infection to sites throughout the reticu-
loendothelial system. When MeV is administered parenter-
ally, bypassing the usual respiratory route, the incubation
period is shortened by 2 to 4 days, suggesting that during
natural measles the virus is initially confined to tissues at the
portal of entry for this period. Lymphoid tissues throughout
the body, including tonsils, adenoids, submucosal lymphoid
tissue in the respiratory and gastrointestinal tracts, lymph
nodes, thymus, spleen, appendix, and Peyer’s patches, be-

come major sites of virus replication. Though clinically in-
apparent, MeV replication at these sites is indicated by
lymphoid hyperplasia and the formation of multinucleated
giant cells. In the thymus, MeV infection of epithelial cells
leads to apoptosis of uninfected thymocytes and a decrease in
the size of the thymic cortex.

Further replication results in a secondary viremia that
begins 5 to 7 days after infection and disseminates MeV to
tissues throughout the body, including the skin, conjuncti-
vae, CNS, oropharynx, respiratory mucosa, lungs, genital
mucosa, kidneys, gastrointestinal tract, and liver (Fig. 3).
Replication of MeV in these target organs, together with the
host immune response, is responsible for the prodromal signs
and symptoms that occur 8 to 12 days after infection and
mark the end of the incubation period. The prodromal
manifestations reflect involvement of epithelial surfaces in
the oropharynx, respiratory tract, gastrointestinal tract, and
conjunctivae. During this secondary viremia, virus is again

FIGURE 3 Basic pathogenesis of MeV infection. Panels sum-
marize features of the pathogenesis of MeV infection. (a) The spread
of the virus from the initial site of infection in the respiratory tract
to the skin. Sites of infection are overlaid with virus titer. (b) The
appearance of clinical signs and symptoms in relation to viral rep-
lication and the immune responses. (c) The immune responses to
measles virus. The clinical manifestations arise coincident with the
onset of the immune response. (From reference 127 with permission
of the publisher.) Source: Moss WJ, Griffin DE. Global measles
elimination. Nat Rev Microbiol 2006;4:900–908.
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transported within monocytes and lymphocytes, of which
more than 5% may be infected. In a rhesus macaque model,
the predominant cell types infected by MeV are CD150+
cells and dendritic cells (77).

Infection of vascular endothelial cells plays a central role
in measles pathogenesis. Infection of the endothelial cells of
small vessels in the lamina propria and dermis during the
secondary viremia precedes infection of the overlying epi-
thelium, and inflammatory changes in and around these
vessels are an integral part of the local pathology and char-
acteristic rash.

MeV may also enter respiratory epithelial cells from in-
fected lymphocytes and monocytes through the basolateral
surface (78). Virus then buds from the apical surface,
allowing for respiratory transmission.

Pathology
The most striking and consistent pathological feature of
MeV infection is the formation of multinucleated giant cells
that result from the fusion of infected cells with infected and
uninfected neighboring cells (Fig. 4). Endothelial cells of
small vessels show evidence of MeV infection, including
inclusion bodies, MeV antigens, or MeV RNA, during the
prodrome and the first days of rash. This is accompanied by
vascular dilatation, perivascular infiltration with mononu-
clear cells, and increased vascular permeability. Changes in
the skin, conjunctivae, and mucous membranes of the re-
spiratory and gastrointestinal tracts are secondary to changes
in the underlying small blood vessels. MeV antigen and
RNA also have been detected in perifollicular histiocytes in
lymph nodes and spleen, in epithelial cells of Hassall’s cor-
puscles in the thymus, in biliary duct epithelial cells in the
liver, in the epithelium of submucosal glands in the respi-
ratory and gastrointestinal tracts, and in the cells lining hair
follicles and sweat glands in the skin.

The rash and Koplik’s spots of measles have similar
pathogenesis and histopathology (Fig. 4). The initial event
is infection of endothelial cells in superficial vessels in the
dermis. The earliest histopathologic changes are mild hy-
peremia, edema, and lymphocytic infiltration of the dermis,
with swelling and proliferation of endothelial cells in
capillaries, precapillary vessels, and small veins. MeV anti-
gens and viral nucleocapsids can be detected in these en-
dothelial cells on the day before and on the first day of the
rash (79). Infection of the overlying epidermis is due to the
spread of virus from the infected vascular endothelial cells in
the subjacent dermis and by infiltration of infected leuko-
cytes. This leads to the formation of epithelial giant cells
containing eosinophilic intracytoplasmic and intranuclear
inclusion bodies. A lymphohistocytic infiltrate accumulates
around the dilated dermal vessels, and the infected epithelial
cells become necrotic. By the third day, this process results in
the formation of a vesicle under the stratum corneum that
undergoes desiccation and desquamation. In the mucous
membranes of the mouth, the necrotic epithelial cells of
Koplik’s spot slough, leaving a tiny shallow ulcer.

During the secondary viremia, infection of capillary en-
dothelial cells throughout the respiratory tract produces foci
of peribroncheolar inflammation, dilated submucosal ves-
sels, perivascular and interstitial mononuclear cell infiltrates,
and epithelial hyperplasia. Epithelial giant cells develop in
the mucosa from the trachea to the alveoli, and some are
shed into the lumen. This pathologic process is well devel-
oped by the onset of the prodrome and accounts for the
cough and coryza. The damage to the respiratory tract caused
by MeV infection also predisposes it to secondary bacterial

FIGURE 4 Histopathology of Koplik’s spots (A) and the skin
rash (B) of measles. The epidermal changes in both are character-
ized by multinucleated giant cells (arrows), focal parakeratosis,
dyskeratosis and spongiosis, intracellular edema, and a sparse lym-
phocytic infiltrate. (Courtesy of D. W. R. Suringa, Tampa, FL).
[adapted from Oxman, 2nd edition of Clinical Virology.]

38. Measles - 911



infections. In the normal host, virus replication and giant
cell formation cease within 2 or 3 days after the onset of the
rash, and measles giant cells disappear from the respiratory
tract shortly thereafter. With more severe disease, multinu-
cleated giant cells lining the alveoli constitute Hecht’s giant
cell pneumonia.

Immune Responses
MeV-specific immune responses are essential for recovery
from measles and for the establishment of long-term im-
munity to reinfection, but they also play a role in the
pathogenesis of measles and its complications (80, 81).
Immune responses to MeV are first apparent during the
prodrome and are well developed by the onset of rash.
Marked activation of the immune system is manifested by T-
and B-cell activation, spontaneous proliferation of pe-
ripheral blood mononuclear cells, and increased levels of
cytokines and soluble cell surface proteins in the circulation
(Fig. 3). Immune suppression, evidenced by impaired delayed
type hypersensitivity (DTH) skin test responses to recall
antigens and by reduced humoral and cellular immune re-
sponses to new antigens, occurs at the same time, and sus-
ceptibility to secondary infections is increased. Immune
activation and suppression persist for many weeks after re-
covery from measles.

Innate Immune Responses
In contrast to many other acute virus infections, neither type
I nor type III interferon (IFN) is induced as a part of the
innate response to MeV infection (82–85). This is likely due
to the combined effects of RNA encapsidation and efficient
shutdown of IFN induction and response by the C and V
nonstructural proteins (18, 86). Suppression of IFN re-
sponses may facilitate systemic spread of virus during the
clinically silent incubation period.

Humoral Immune Responses
The onset of clinically apparent disease coincides with the
appearance of MeV-specific adaptive humoral and cellular
immune responses (Fig. 3). Antibodies to MeV are detect-
able at the time of rash onset (87). The isotype is initially
IgM followed by a switch to IgG3 and then, in the memory
phase, to IgG1 and IgG4 (87). IgM antibodies generally
decline to undetectable levels within 6 to 8 weeks. IgG titers
rise rapidly, peak within 3 to 4 weeks, then gradually decline,
but generally persist for life. IgG is initially of low avidity, but
avidity increases steadily over several months (88). IgG1 is
efficiently transported across the placenta, and levels of
antibody to MeV are often higher in the newborn than in
the mother. The role of mucosal immunity to MeV is un-
clear. IgA, IgM, and IgG antibodies to MeV are found in
secretions, and sampling of saliva has provided a noninva-
sive method for determining immune status (89, 90).

The most abundant and most rapidly produced antibody
is to N. Because of the abundance of anti-N antibody, ab-
sence of this antibody is a reliable indicator of seronegativity.
The M protein elicits only small amounts of antibody, except
in atypical measles. Antibodies to H are the primary anti-
bodies measured by tests based on neutralization of virus
infectivity (91). Human convalescent sera show reactivity to
linear epitopes as well as to epitopes dependent on confor-
mation and glycosylation. Major conformational and neu-
tralizing epitopes have been localized to an exposed region of
the protein without N-linked carbohydrates (7, 92, 93).
Antibodies to F contribute to virus neutralization, probably

by preventing fusion of the virus membrane with the cell
membrane at the time of virus entry (94).

Antibody can protect against MeV infection and may
contribute to recovery from infection. Antibody is sufficient
for protection because infants are protected by maternal
antibody and the level of maternal antibody correlates with
failure of the humoral response to vaccination (50). Fur-
thermore, passive transfer of immune serum can partially
protect children from measles after exposure. The best cor-
relate of protection is the level of neutralizing antibody, with
a plaque reduction neutralizing titer of 120 mIU/ml generally
considered the level needed for protection from disease in
outbreaks and 1,000 mIU/ml the level needed for protection
from infection (95).

IgG antibodies to MeV are maintained for decades (96).
MeV extensively replicates in lymphoid tissues during the
acute phase of measles, and although infectious MeV is
cleared at the time of the rash, MeV RNA persists in blood
leukocytes and lymphoid tissues for months. Slow MeV
clearance and prolonged immune stimulation by MeV pro-
teins likely contribute to maturation and maintenance of
memory immune responses after infection (60, 97).

Contributions of antibody to virus clearance are less
clear, but mathematical modeling suggests that they are
important (97). Furthermore, failure to mount an adequate
antibody response carries a poor prognosis, and levels of
antibody-dependent cellular cytotoxicity correlate with
clearance of the cell-associated viremia (98). Antibody
binding to infected cells alters intracellular virus replication
and may contribute to control of infection (99). However,
transient depletion of B cells does not affect virus clearance
in infected monkeys (100), and children with congenital
agammaglobulinemia, who produce no detectable antibody
to the virus, recover from infection (101). Such evidence
suggests that cell-mediated immunity is essential for MeV
clearance.

Cellular Immune Responses
A vigorous T-cell response is induced during MeV infection
(97) (Fig. 3). MeV-specific and proliferating CD8+ T cells
with evidence of clonal expansion are detectable in blood
at the time of the rash. Further, they can be detected in
bronchoalveolar lavage fluid during pneumonitis (102).
IFN-g, soluble CD8, and b2 microglobulin are increased in
plasma (103, 104), and CD8+ T-cell memory is established
after infection (102, 105, 106). Depletion of CD8+ Tcells in
infected monkeys impairs control of virus replication (107).
T-cell epitopes have been identified within all MeV proteins
except V, although H contains the majority of epitopes
recognized by HLA-A2-positive humans (105, 108).

CD4+ T cells are also activated in response to MeV in-
fection. CD4+ Tcells proliferate during the rash, and soluble
CD4 is elevated in plasma during acute disease and remains
so for several weeks after recovery (109). MeV-specific T-cell
proliferation and the production of cytokines are stimulated
during measles, and CD4+ T-cell memory is established after
recovery.

MeV-specific T cells are responsible for production of a
variety of cytokines and soluble factors during disease and
recovery. Plasma levels of IFN-g, neopterin (a product of IFN-
g-activated macrophages), and soluble interleukin (IL)-2 re-
ceptor rise during the prodrome, prior to the appearance of
the rash (82, 103). This is followed by increases in IL-2 at
the time of the rash. As the rash fades, IL-4, IL-10, and IL-13
increase, and elevation of these cytokines persists in some
individuals for weeks (104, 110). This pattern of cytokine
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production suggests early activation of CD8+ (IFN-g) and
type 1 CD4+ (IFN-g and IL-2) T cells during the rash fol-
lowed by activation of type 2 CD4+ Tcells (IL-4, IL-13) and
then regulatory T cells (IL-10) during recovery. IFN-g can
suppress MeV replication and likely has an important direct
antiviral effect.

The cellular immune response is necessary for develop-
ment of the characteristic measles rash. Biopsies show in-
filtration of CD4+ and CD8+ T cells and macrophages into
areas of virus replication and individuals with deficiencies in
cellular immunity may develop severe measles without a rash
(111, 112).

MeV-Induced Immunosuppression
The intense immune responses induced by MeV infection
are paradoxically associated with depressed responses to
unrelated (non-MeV) antigens, lasting for several weeks to
months beyond resolution of the acute illness (113). This
state of immune suppression enhances susceptibility to sec-
ondary bacterial and viral infections that cause pneumonia
and diarrhea, and it is responsible for much measles-related
morbidity and mortality. DTH responses to recall antigens,
such as tuberculin, are suppressed (114), and cellular and
humoral responses to new antigens are impaired. Reactiva-
tion of tuberculosis and remission of autoimmune diseases
after measles have been attributed to this state of immune
suppression.

Abnormalities of both the innate and adaptive im-
mune responses have been described following MeV infec-
tion (Fig. 5) (115, 116). Transient lymphopenia affecting
both CD4+ and CD8+ T lymphocytes occurs in children
with measles (117). Functional abnormalities of immune
cells are also detected, including decreased lymphocyte
proliferative responses (118). The dominant type 2 cytokine
response in children recovering from measles can inhibit
type 1 responses and increase susceptibility to intracellular
pathogens (109). The production of IL-12, important for the
generation of type 1 immune responses, decreases following
binding of the CD46 receptor (119) and is low for several

weeks in children with measles (120), potentially resulting
in a limited type 1 immune response to other pathogens.
Elevated plasma levels of IL-10, a cytokine capable of
inhibiting immune responses, also suggest a role for immu-
nomodulatory cytokines in the immune suppression follow-
ing measles (68).

CLINICAL MANIFESTATIONS
Typical Measles
The prodromal phase of measles begins with fever, malaise,
and anorexia followed by coryza, conjunctivitis, and cough.
The catarrhal symptoms increase in intensity, as does the
fever, reaching a peak at the height of the skin eruption on
about the fifth day. Coryza can be intense, with a profuse
mucopurulent nasal discharge. The cough can be severe with
a brassy barking quality. Sore throat, eye pain, headache, and
myalgia can occur, especially in adolescents and adults.
Ocular findings include palpebral conjunctivitis with lacri-
mation, edema of the lids, photophobia, and punctate ker-
atitis visible on slit lamp examination or with fluorescein
staining.

Two to three days before the onset of the rash, Koplik’s
spots, the pathognomonic enanthem of measles, appear as
small (1 mm) white lesions on the buccal mucosa that allow
the astute clinician to diagnose measles prior to the onset of
rash (Fig. 6). Initially, only a few are present opposite the
second molars but these can increase to coat the entire
buccal mucosa. Usually by the third day of rash the lesions
slough, the erythema fades, and the mucosal membranes
regain their normal appearance. Koplik’s spots may not be
recognized unless the buccal mucosa is examined carefully;
they may also be seen on the conjunctivae and other mu-
cosal surfaces, including the gastrointestinal tract.

The intense inflammation of lymphoid tissues during the
prodrome can result in generalized lymphadenopathy and
mild splenomegaly, with posterior auricular, cervical, and
occipital lymph nodes typically enlarged and tender. Lym-
phoid inflammation is also responsible for the most frequent

FIGURE 5 Potential mechanisms of immune suppression following measles virus infection. (From reference 119 with permission of the
publisher.) Source: Moss WJ, Ota MO, Griffin DE. Measles: Immune suppression and immune responses. Int J Biochem Cell Biol
2004;36:1380–1385.
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abdominal complication of measles, acute nonsuppurative
appendicitis, which can develop prior to the rash.

The rash begins 3 or 4 days after the onset of prodromal
symptoms. The earliest lesions, consisting of 3- to 4-mm dull
red blanching maculopapules, appear behind the ears, on the
forehead at the hairline, and on the upper part of the neck.
The rash then spreads downward over the face, neck, upper
extremities, and trunk, and it continues downward until it
reaches the feet by the third day. The rash is most profuse in
the areas first affected. The lesions on the face and neck tend
to become confluent, producing a blotchy appearance
characteristic of measles (Fig. 7), whereas those on the ab-
domen and limbs tend to be more discrete. In severe cases,
the rash may be associated with edema, especially of the face.
The rash begins to fade by the third day in the order of its
appearance, so that the rash may be fading on the face by the
time it appears on the legs. The fading rash can leave a
brownish discoloration of the skin, probably the result of

capillary hemorrhage, which resolves during the next 10
days with fine desquamation that usually spares the hands
and feet. In fair-skinned children the rash may become
purpuric. This type of eruption is not related to severe
hemorrhagic measles or the thrombocytopenic purpura that
occasionally occurs after the rash has disappeared. Severely
undernourished children and children infected with HIV
may have a more severe, desquamating rash at the end of the
acute illness. In uncomplicated measles, fever reaches a peak
of 39° to 40°C at the height of the skin eruption with rapid
defervescence on the third or fourth day of rash (Fig. 6).

Tracheobronchitis and peribronchial interstitial pneu-
monitis are common features of uncomplicated measles.
Pulmonary infiltrates may be seen on chest radiographs
during the acute phase of measles. The illness typically
reaches its climax between the second and third days of rash.
The temperature then falls rapidly over the following 24 to
48 hours, the coryza and conjunctivitis clear, and the cough
decreases in severity, although it may persist for a week or
more. Most children in developed countries fully recover
within a few days. Persistence or recurrence of fever beyond
the third day of rash usually indicates a secondary bacterial
infection. Although uncommon in children, hepatic dys-
function has been frequently documented in adults with
measles (121). These abnormalities are generally subclinical
and self-limited. Myositis, manifested by myalgia and ele-
vated levels of creatine phosphokinase, is observed in 30%
to 40% of adolescents and adults during the acute phase of
measles, and one-third have hypocalcemia (122).

Modified Measles
Modified measles occurs in partially immunized persons,
including persons given immunoglobulin following exposure
to MeV and infants with residual maternal antibody. Mod-
ified measles is usually a mild version of measles, although
the incubation period may be prolonged up to 21 days. The
prodrome is shortened or absent, fever is reduced, Koplik’s
spots are fewer, the rash is short-lived and markedly atten-
uated, and complications are extremely rare. Patients with
modified measles rarely transmit MeV to others.

Atypical Measles
A severe atypical measles syndrome was observed in recipi-
ents of formalin-inactivated measles vaccine (FIMV) who
were subsequently exposed to wild-type MeV (123). An
estimated 600,000 to 900,000 children were immunized with
FIMV between 1963 and 1967. After exposure to wild-type
MeV, vaccinated individuals were at risk of developing high
fever, headache, myalgia, abdominal pain, anorexia, non-
productive cough, and dyspnea followed by the development
of an atypical rash that began on the palms and soles and
spread centripetally to the proximal extremities and trunk,
sparing the face. The rash was initially erythematous and
maculopapular but frequently progressed to vesicular, pete-
chial, or purpuric lesions. Most patients had pneumonitis
with interstitial infiltrates and segmental pulmonary con-
solidation, and many had pleural effusions, hilar adenopathy,
and nodular parenchymal lesions. Hepatocellular enzymes
were often markedly elevated, and some patients had evi-
dence of myositis and disseminated intravascular coagula-
tion. Cases of atypical measles were reported many years
after administration of FIMV, but the clinical characteristics
in adults were more variable than in children. Despite its
severity, atypical measles was self-limited, although pulmo-
nary abnormalities persisted.

FIGURE 6 Schematic diagram of the clinical course of a typical
case of measles. (Adapted from Oxman, 2nd edition of Clinical
Virology.)

FIGURE 7 Measles rash. Note the characteristic blotchy ap-
pearance. (From reference 127 with permission of the publisher.)
Source: Moss WJ, Griffin DE. Global measles elimination. Nat Rev
Microbiol 2006;4:900–908.
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In rhesus macaques, the FIMV induces a poor cytotoxic
T-cell response and antibody that does not undergo affinity
maturation (124, 125). Low-avidity antibody can neutralize
infection with viruses that use CD46 as a receptor in vitro, as
routinely measured by plaque reduction neutralization assays
in Vero cells, but cannot neutralize infection with wild-type
viruses that primarily use CD150 (125). This difference in
neutralization properties may be due to the higher affinity
interaction betweenMeVand CD150 compared to MeVand
CD46. Subsequent infection with MeV induces an anam-
nestic antibody response in both humans and macaques, but
the antibody produced is also of low avidity and cannot
neutralize wild-type virus. This leads to formation of com-
plexes of nonneutralizing antibody and MeV resulting in
immune complex deposition, vasculitis, and pneumonitis in
rhesus macaques (124, 125). The exact nature of the defect
in immune priming exhibited by FIMV has not yet been
identified.

Measles During Pregnancy
and the Neonatal Period
Morbidity and mortality are increased in pregnant women
with measles, due to an increased risk of MeV pneumonia
during the third trimester and peripartum period. Measles
during pregnancy has not been associated with congenital
abnormalities in the fetus but is associated with an increased
incidence of premature delivery and spontaneous abortion
(126). Congenital measles, in which the rash is present at
birth or appears during the first 10 days of life, varies from a
mild illness to a rapidly fatal disease. In the absence of im-
munoglobulin prophylaxis, the overall mortality is about
30%. Mortality is higher in premature than in term infants
and in infants who fail to develop rash (126). Postnatally,
replication of wild-type MeV in permissive cells results in
characteristic cytopathic effects that include the formation
of multinucleated giant cells as well as the production of
eosinophilic intranuclear and intracytoplasmic inclusion
bodies. Eosinophilic Cowdry type A intranuclear inclusion
bodies are characteristic of morbillivirus infection. Acquired
measles in the neonate is rare because passively acquired
maternal antibodies result in protection of most newborns.
In the absence of protective maternal antibodies, however,
measles in neonates is often severe.

Measles in Immunocompromised Patients
Children and adults with deficient cell-mediated immunity
may develop severe, progressive, and frequently fatal MeV
infection, often in the absence of the typical rash and
characteristic prodrome. The most frequent manifestation is
giant cell pneumonia (Hecht pneumonia), characterized by
increasing respiratory insufficiency, progressive interstitial
pneumonia with multinucleated giant cells throughout the
tracheobronchial and alveolar epithelium (Fig. 8), the
presence of measles giant cells in pulmonary and nasopha-
ryngeal secretions, and a chest radiograph showing diffuse
interstitial and alveolar infiltrates resembling adult respira-
tory distress syndrome (70, 127). The case fatality ratio for
MeV pneumonia was estimated to be about 70% in oncology
patients and about 40% in HIV-infected patients in one
early study (127). However, mortality in HIV-infected chil-
dren was more recently estimated to be 10% to 15% (128).

The other frequent manifestation of progressive MeV
infection in immunocompromised patients is measles in-
clusion body encephalitis (MIBE). MIBE may accompany or
follow giant cell pneumonia, but it more often occurs as the

sole clinical manifestation months after MeV infection
(129). The disease usually presents with refractory focal
myoclonic seizures and altered mental status and progresses
to generalized seizures, coma, and death. Mortality exceeds
85%. Patients with MIBE are frequently afebrile and have
normal cerebrospinal fluid (CSF) analysis and head com-
puted tomography and magnetic resonance imaging scans.
Electroencephalograms are abnormal but nonspecific. Pro-
gression is often rapid, with the majority of deaths occurring
within 6 to 8 weeks of onset. Survivors have severe neuro-
logical sequelae. At autopsy or biopsy, the brain shows gliosis
and focal necrosis, lymphocytic perivascular cuffing, and
eosinophilic intranuclear and intracytoplasmic inclusions in
glial cells and neurons. MeV antigens are detectable by im-
munofluorescent staining, and MeV RNA can be detected
by reverse transcriptase-PCR (RT-PCR). Live attenuated
measles vaccine may also cause MIBE in severely immuno-
deficient infants (130).

Measles also is severe in malnourished children, fre-
quently resulting in secondary infections causing pneumonia
and diarrhea, and with a case fatality ratio exceeding 10%.
Many factors are likely to contribute to the increased mor-
bidity and mortality, including early age of infection, rapid
loss of maternal antibody, vitamin A deficiency, and prior

FIGURE 8 Measles giant cell pneumonia. Two multinucleated
epithelial giant cells are visible in alveolar spaces in the lung of an
immunosuppressed child who died of giant cell pneumonia. Eosin-
ophilic Cowdry type A inclusion bodies are visible in many nuclei
(arrows). (From reference 56 with permission of the publisher.)
[Adapted from Oxman, 2nd edition of Clinical Virology.]
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or concurrent infection with other pathogens. However,
depressed cell-mediated immune responses secondary to
malnutrition likely contribute significantly to high risk of
morbidity and mortality.

Complications
In developed countries, about 10% of measles cases are as-
sociated with complications, although the rate exceeded
20% during the 1989 to 1990 measles epidemic in the
United States, primarily because of the high proportion of
cases in young children and adults. The most common
complications are otitis media (5% to 9%), diarrhea (5% to
9%), pneumonia (1% to 7%), and encephalitis (0.1%).
Pneumonia is more common in young children, and en-
cephalitis more common in adolescents and adults. In
resource-poor countries, measles is a devastating disease with
complication rates as high as 80% in many epidemics, and
case fatality rates may exceed 10%. Diarrhea and pneumonia
are frequently fatal. Keratitis in children with vitamin A
deficiency can lead to corneal ulceration and blindness, and
secondary bacterial infections cause otitis media, osteomy-
elitis, and other pyogenic complications.

Respiratory Tract Complications
The most frequent complications of measles involve the
respiratory tract. Coryza, mild laryngitis, and tracheobron-
chitis with cough are almost invariably present in uncom-
plicated measles. Only when they are unusually severe or
prolonged are they considered complications. Pneumonia is
the most frequent life-threatening complication of measles
(131), and it may present clinically as bronchiolitis in in-
fants or as bronchopneumonia or lobar pneumonia in infants
and older children. Although the incidence in developed
countries is less than 10%, pneumonia accounts for more
than 60% of measles-associated deaths. In children, pneu-
monia is usually caused by secondary bacterial infection and
occurs predominately in children younger than 5 years of
age. Common bacterial pathogens are Streptococcus pneu-
moniae and Haemophilus influenzae type b (Hib) in unvac-
cinated children and Staphylococcus aureus. Widespread use
of Hib and pneumococcal conjugate vaccines should de-
crease the incidence of these pathogens as causes of post-
measles pneumonia. Secondary bacterial pneumonia should
be suspected in any child with measles who develops respi-
ratory distress in association with persistence or recurrence of
fever.

Symptomatic pneumonia is observed in 5% to 15% of
immunocompetent adults with measles. In contrast to
pneumonia in children, pneumonia in adults is more com-
monly caused by MeV itself. Respiratory distress and hyp-
oxemia develop in parallel with the rash, and there is
evidence of prolonged and extensive MeV replication, in-
cluding high and persistent fever, persistence of rash, per-

sistent viremia, and laboratory evidence of hepatitis and
myositis (121). Pneumonia caused by bacterial superinfec-
tion develops later, usually 5 to 10 days after the onset of the
rash. Typically, deteriorating clinical and pulmonary status,
high fever, elevated white blood cell count, and purulent
sputum develop in a patient whose rash is resolving. In MeV
pneumonia, chest radiographs reveal bilateral diffuse retic-
ulonodular interstitial infiltrates. Segmental pulmonary
consolidation, parenchymal nodules, hilar adenopathy, and
pleural effusions are rarely observed except in atypical
measles. Measles pneumonia is frequently a severe illness in
healthy young adults, but fatalities are rare.

Otitis media is usually signaled by increasing irritability
and ear pulling in infants or earache in older children, to-
gether with persistence or recurrence of fever. In severe
cases, the first sign of otitis media may be spontaneous per-
foration of the tympanic membrane with a purulent dis-
charge from the middle ear. The incidence of otitis media is
increased in infants.

Laryngotracheobronchitis (croup) due to MeVmay occur
in up to 20% of children with measles who are under 2 years
of age, and it should be suspected when a child with measles
develops inspiratory stridor, progressive hoarseness, a bark-
ing cough, and suprasternal retraction. Increased restless-
ness, dyspnea, anxiety, and tachycardia suggest increasing
airway obstruction (obstructive laryngitis), which may re-
quire tracheostomy. Bronchiolitis may also complicate
measles in infants and children younger than 2 years of age
and is clinically indistinguishable from bronchiolitis caused
by respiratory syncytial virus. Sinusitis occurs in 2% to 4% of
patients with measles, primarily in adolescents and adults,
and has been observed in 25% of young adults hospitalized
with pneumonia.

Neurological Complications (Table 2)
Uncomplicated measles is frequently accompanied by CSF
pleocytosis and electroencephalographic abnormalities, but
there is no evidence that the parenchyma of the brain is
directly infected. Infection of vascular endothelial cells is a
central feature of the pathogenesis of uncomplicated mea-
sles, and vascular endothelial cells in the brain are not spared
(132). MeV infection of vascular endothelial cells in the
CNS provides a route of entry for virus into the brain pa-
renchyma in those rare patients who develop MIBE or
subacute sclerosing panencephalitis (SSPE).

Acute Postinfectious Measles Encephalomyelitis
Acute postinfectious measles encephalomyelitis is the

most common neurological complication of measles. It is
rare in children under 2 years of age, but it occurs in about
one in 1,000 cases of measles in older children and some-
what more frequently in adults (133). The onset is usually
during the first week after appearance of the rash, but it

TABLE 2 Neurologic complications of measles

Disease Host
Typical age
of measles

MeV in
brain Incidence Pathology Time course

Acute postinfectious
measles encephalitis

Normal > 2 years No 1:1,000 cases Demyelination and
perivascular inflammation

Monophasic course
over weeks

Measles inclusion body
encephalitis (MIBE)

Immune
suppressed

Any Yes Unknown Inclusion bodies in
neurons and glial cells

Progressive course
over months

Subacute sclerosing
panencephalitis (SSPE)

Normal < 2 years Yes 1:10,000 cases Inclusion bodies
and inflammation

Progressive course
over years

Adapted from reference 26.
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occasionally develops during the prodrome. Onset is typi-
cally abrupt, starting with resurgent fever, irritability, head-
ache, vomiting, and confusion and progresses rapidly to
obtundation and coma. These manifestations are frequently
accompanied by seizures, and some patients develop focal
neurological signs, including cerebellar ataxia, myelitis,
optic neuritis, and retinopathy. There are usually signs of
meningeal irritation, and the CSF shows a mild lymphocytic
pleocytosis and a moderately elevated protein concentra-
tion. Mortality is 10% to 20%, and the majority of survivors
have neurological sequelae.

Acute postinfectious measles encephalomyelitis appears
to be an autoimmune disease. The neuropathology is similar
to that of experimental autoimmune encephalomyelitis,
with lymphocytic perivascular cuffing and perivenular de-
myelination (134). Neither MeV RNA nor viral antigens
have been detected in the brain, and there is no intrathecal
synthesis of MeV-specific antibody. However, antibodies to
myelin basic protein are present in the CSF. The patho-
genesis is unclear but possibilities include altered presenta-
tion of myelin antigens, activation and expansion of
autoreactive lymphocytes as a result of the immune activa-
tion and dysregulation, and molecular mimicry. There are
regions of homology between MeV proteins and myelin
basic protein, but neither cross-reactive antibodies nor cross-
reactive T cells have been identified (134).

Subacute Sclerosing Panencephalitis
A second form of measles encephalitis, SSPE, is a rare

delayed complication of measles that occurs in approxi-
mately one in 10,000 cases (135). Typically, SSPE presents 6
to 8 years after measles that occurred in early childhood,
generally before the age of 2 years (136). The onset is in-
sidious, with symptoms of progressive loss of cortical func-
tion developing over months. In the early stages, subtle
personality changes and declining school performance often
indicate deteriorating intellectual capacity. There may also
be awkwardness and stumbling followed by development of
myoclonic jerks, seizures, and characteristic EEG changes
consisting of periodic high-amplitude slow-wave complexes.
Patients subsequently develop ataxia, progressive mental
deterioration, and extrapyramidal dyskinesias, including
choreoathetosis and dystonic posturing. Progressive loss of
vision is caused by chorioretinitis, optic atrophy, or cortical
blindness. Disease progression is variable and periods of re-
mission are common, but in most cases death occurs within 1
to 3 years of onset (137).

Pathologic examination reveals diffuse encephalitis in-
volving both white and gray matter with perivascular cuff-
ing, diffuse lymphocytic infiltration, extensive microglial
proliferation, and patchy demyelination. Neurons and glial
cells contain typical nuclear and cytoplasmic inclusion
bodies composed of MeV ribonucleocapsids, but multinu-
cleated giant cells are not present. Although large amounts
of viral RNA and N and P proteins are present, the MeV
envelope proteins are usually markedly reduced, absent, or
functionally defective, resulting in deficient virion assembly
and budding (138). The defective MeVs in SSPE brains
have mutations throughout the genome, especially within
the M, H, and F genes, and infectious MeV cannot be re-
covered (139–141).

Patients with SSPE have exceptionally high titers of
antibody to MeV in their plasma and CSF. Synthesis of
antibody to MeV by plasma cells in the CNS results in el-
evated levels of MeV-specific CSF immunoglobulin. Because
this antibody is of limited heterogeneity, electrophoretic

analysis of the CSF typically reveals oligoclonal bands of
IgG (142).

The pathogenesis of SSPE is unclear, but sequence
analysis of MeV RNA from various parts of the brain sug-
gests that virus in the CNS is clonal. Neurons and glial cells
are not fully permissive for MeV, down-regulate transcrip-
tion, and increase the 3¢-5¢ transcription gradient, resulting
in a marked reduction in the synthesis of envelope glyco-
proteins. Infected cells produce MeV nucleocapsids and
defective interfering particles, but little or no infectious
virus. Antibodies to MeV may contribute to this process by
further inhibiting transcription of MeV mRNA and re-
moving MeV proteins from the cell membrane. The result is
the establishment of a persistent infection that can slowly
progress by cell-to-cell spread within the brain in the ab-
sence of giant cell formation. Immune lysis of cells expres-
sing even small amounts of MeVenvelope proteins may limit
progression of the infection and could account for the pro-
longed latent period of SSPE. The diagnosis of SSPE is based
on (i) the gradual and progressive onset of behavioral
changes, myoclonus, dementia, visual disturbances, and
pyramidal and extrapyramidal signs; (ii) characteristic peri-
odic EEG discharges; and (iii) demonstration of antibodies
to MeV in the CSF.

Measles Inclusion Body Encephalitis
The third form of measles encephalitis, MIBE, is a pro-

gressive, generally fatal infection of the brain that occurs
in immunocompromised patients (see Measles in Immuno-
compromised Patients).

Gastrointestinal Complications
MeV infection of epithelial surfaces and lymphoid tissues
throughout the gastrointestinal tract is responsible for the
nausea, vomiting, diarrhea, and diffuse abdominal pain ob-
served in 30% to 60% of children and adults with measles, as
well as for rare cases of nonsuppurative appendicitis. Lab-
oratory evidence of hepatitis occurs in the majority of adults
with measles, but there is rarely symptomatic hepatitis or
jaundice (121). In developed countries, these manifestations
are self-limited and generally resolve as the rash disappears.
In developing countries, severe and persistent diarrhea oc-
curs in 20% to 70% of children with measles and is fre-
quently associated with secondary bacterial or protozoal
infection (143).

Cardiovascular Complications
Electrocardiographic evidence of myocarditis and pericar-
ditis, including prolongation of the P-R interval, STsegment
abnormalities, and T wave inversions, can be detected in
15% to 30% of children and adults during the acute phase
of measles (144). These abnormalities are transient and
rarely result in symptomatic disease. Prolongation of the Q-T
interval also may be observed, presumably related to the
transient hypocalcemia that can occur during the acute
phase of measles.

Ocular Complications
Conjunctivitis and punctate keratitis are features of un-
complicated measles and resolve as the rash disappears. In
malnourished children with vitamin A deficiency, these le-
sions frequently progress to corneal ulceration, which may be
complicated by secondary bacterial infection. Consequently,
before the widespread use of measles vaccine measles was
an important cause of childhood blindness in developing
countries where vitamin A deficiency was prevalent.
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Other Complications of Measles
Mild to moderate thrombocytopenia is common during the
acute phase of uncomplicated measles, but it is asymptom-
atic and transient, resolving soon after the rash disappears.
Rarely, thrombocytopenic purpura develops several weeks
after uncomplicated measles. This complication resembles
idiopathic thrombocytopenic purpura and has an excellent
prognosis.

Severe hemorrhagic measles (black measles) is an ex-
tremely rare form characterized by the sudden onset of high
fever, seizures, delirium, respiratory distress, and a confluent
hemorrhagic eruption in the skin and mucous membranes.
Bleeding from the nose, mouth, gastrointestinal tract, and
genitourinary tract are frequently severe and uncontrollable,
and mortality is high. The pathogenesis appears to involve
disseminated intravascular coagulopathy associated with
extensive MeV infection of vascular endothelium.

Tuberculosis may be exacerbated or reactivated by mea-
sles, presumably because of the prolonged suppression of cell-
mediated immunity induced by MeV infection (114). This
has not been observed after live attenuated MeV vaccine,
although suppression of tuberculin skin test reactivity and
in vitro lymphoproliferative responses occur after measles
vaccination.

There are conflicting and inconclusive data suggesting
that persistent MeV infection causes or contributes to the
development of chronic diseases of unknown etiology, in-
cluding multiple sclerosis, Paget’s disease, inflammatory
bowel disease, and otosclerosis (66). However, no causal
association has been established between MeV or measles
vaccines and these conditions.

Clinical Diagnosis
Measles is readily diagnosed on clinical grounds. Koplik’s
spots are especially helpful because they appear early and are
pathognomonic of measles. Clinical diagnosis is more diffi-
cult during the prodrome, when the illness and rash are
attenuated by passively acquired MeV antibodies or prior
immunization, or when the rash is absent in immunocom-
promised patients and severely undernourished children.
Clinical diagnosis is also more difficult in regions where the
incidence of measles is low because other pathogens are re-
sponsible for the majority of measles-like illnesses (fever and
rash). The Centers for Disease Control and Prevention
(CDC) case definition for measles requires (i) a generalized
maculopapular rash of at least 3 days’ duration; (ii) fever of
at least 38.3°C (101°F); and (iii) either cough, coryza, or
conjunctivitis. While the CDC case definition has a sensi-
tivity of at least 90%, its specificity is only about 25% in the
absence of endemic and epidemic measles.

The differential diagnosis of measles includes a number of
conditions associated with fever and rash, including rubella,
enterovirus infections, drug eruptions and other allergic
rashes, scarlet fever, meningococcemia, roseola infantum
caused by human herpesvirus 6, erythema infectiosum caused
by parvovirus B19, and dengue virus infection. Other diseases
that may cause maculopapular rashes resembling measles in-
clude toxic shock syndrome, infectiousmononucleosis caused
by Epstein-Barr virus, toxoplasmosis, and Kawasaki’s disease.

Laboratory Diagnosis

Virus Isolation
Measles can be diagnosed by isolating virus in cell culture
from respiratory secretions, nasopharyngeal and conjuncti-
val swabs, peripheral blood mononuclear cells, or urine. Spin

amplification (shell vial) assays, with fluorescent antibody
staining for MeV antigens, can improve the speed and sen-
sitivity of culture diagnosis. Nevertheless, virus isolation
remains technically difficult and unavailable in most clinical
settings.

Cytologic Diagnosis and Antigen Detection
Direct detection of giant cells in respiratory secretions or
urine; on accessible epithelial surfaces, such as the pharynx,
nasal mucosa, buccal mucosa, or conjunctiva; or in tissue
obtained by biopsy provides a rapid and practical means of
diagnosis. Characteristic multinucleated giant cells con-
taining eosinophilic intranuclear and intracytoplasmic in-
clusion bodies are ordinarily present during the prodrome
and for the first 2 or 3 days of the rash. Multinucleated giant
cells with eosinophilic intranuclear inclusion bodies are also
produced by herpes simplex and varicella-zoster virus in-
fections. Detection of MeV antigens by immunofluorescent
or immunoenzyme staining increases sensitivity and speci-
ficity. These techniques can detect MeVantigens later in the
disease when infectious virus can no longer be isolated.
Polyclonal sera and monoclonal antibodies are both effec-
tive, but antibodies to the MeV N protein are most useful
because this viral protein is the most abundant antigen.

Nucleic Acid Detection
Detection of MeV RNA by RT-PCR amplification of RNA
extracted from clinical specimens or tissue can be accom-
plished using primers targeted to highly conserved regions of
the MeV N, M, or F genes. Testing is frequently performed at
WHO Regional or Global Network Laboratories, including
the CDC. These techniques provide an extremely sensitive
and specific means of diagnosis and are especially useful in
CNS infections in which infectious virus cannot be readily
isolated and in immunocompromised patients who may not
be capable of antibody responses. RT-PCR assays can be
applied to specimens obtained under field conditions and,
when combined with nucleotide sequencing, permit the
precise identification and characterization of MeV geno-
types for molecular epidemiologic studies.

Serologic Diagnosis
Serology has been the mainstay of the laboratory diagnosis of
measles. A 4-fold or greater increase in MeV-specific IgG
antibody levels between acute and convalescent sera or the
detection of MeV-specific IgM or low-avidity IgG antibodies
in a single specimen of serum or saliva are considered diag-
nostic of acute MeV infection. The presence of IgG antibody
to MeV in a single serum specimen is evidence of prior in-
fection or immunization. In primary infection in the normal
host, detectable antibodies to MeV generally appear in the
serum within 1 to 3 days of rash onset and reach peak levels
in 2 to 4 weeks. Because some patients will already have had
a substantial rise in antibody titer if the initial serum is ob-
tained 4 days or more after rash onset, acute serum should be
obtained as soon as possible after the onset of symptoms.
Convalescent serum should be obtained 2 to 4 weeks later,
although an interval of 7 days is often sufficient to demon-
strate a rising antibody level. MeV-specific IgM antibodies
may not be detectable with some currently available assays
until 4 to 5 days or more after rash onset, and MeV-specific
IgM antibodies usually fall to undetectable levels within 4 to
8 weeks of rash onset (145).

A number of methods are available for measuring anti-
bodies to MeV. Neutralization tests are sensitive and specific,
the results are highly correlated with immunity to infection,
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and they provide the most clinically relevant measure of re-
sponse to immunization (146). However, they require prop-
agation of MeV in cell culture and are thus expensive,
laborious, and not widely available. The hemagglutination
inhibition (HI) test results correlate well with those of
conventional neutralization tests and the presence of HI
antibody is indicative of immunity to measles. The comple-
ment fixation test is less sensitive than HI or neutralization
tests and more difficult to perform, and it is now rarely used.

Enzyme immunoassays (EIAs) are now the most widely
used means of serologic diagnosis. Employing antigens pre-
pared from MeV-infected cells or recombinant MeV pro-
teins, they can detect both IgM and IgG antibodies. With
sensitive EIAs, it is possible to detect MeV-specific IgM
antibodies in patients with secondary immune responses
to MeV, albeit at lower IgM to IgG ratios than observed in
patients with primary immune responses. Thus the presence
of IgM antibody is not necessarily indicative of primary MeV
infection. Recent MeV infection also can be distinguished
from past infection by the presence of low-avidity antibody
and IgG3 (147).

PREVENTION
General
Environmental disinfection has little impact on the spread of
MeV because the virus is efficiently transmitted by respira-
tory routes and fomites do not play a significant role in
transmission. Quarantine is generally futile because exposure
often occurs during the prodrome and before the diagnosis is
made. Airborne precautions are indicated for all hospitalized
patients with measles until 4 days after the onset of the rash.
These include use of an N95 respirator or a respirator with
similar effectiveness in preventing airborne transmission and
preferably placement in a single patient, airborne infec-
tion isolation room (see CDC recommendations for details:
http://www.cdc.gov/hicpac/). Immunocompromised patients
with measles may continue to shed virus and should be
isolated for the duration of their illness. Susceptible medi-
cal personnel exposed to measles should be relieved from
patient contact from the 5th through the 21st day after
exposure, regardless of whether or not they receive postex-
posure immunization with vaccine or Ig. Personnel who
become ill should be relieved from patient contact until 5
days after the onset of rash.

Passive Immunoprophylaxis
Ig can prevent or modify measles in susceptible persons, but
administration of measles vaccine is the preferred inter-
vention. Attenuated measles vaccines may provide some
protection to immunocompetent persons if administered
within 72 hours of exposure and have the advantage of in-
ducing long-term immunity. In immunocompetent persons,
administration of Ig within 72 hours of exposure usually
prevents MeV infection and almost always prevents clinical
measles. Administered up to 6 days after exposure, Ig will
still prevent or modify the disease. Prophylaxis with Ig is
recommended for susceptible household and nosocomial
contacts that are at risk of developing severe measles,
particularly children younger than 1 year of age, immuno-
compromised persons (including HIV-infected persons pre-
viously immunized with attenuated measles vaccine), and
pregnant women. Except for premature infants, children
younger than 6 months of age will usually be partially or
completely protected by passively acquired maternal anti-

body. If measles is diagnosed in a mother, all unimmunized
children in the household should receive Ig. The re-
commended dose of Ig is 0.25 ml/kg of body weight given
intramuscularly: immunocompromised persons should re-
ceive 0.5 ml/kg. The maximum total dose is 15 ml. Intra-
venous immunoglobulin (IgIV) contains antibodies to MeV
and the usual dose of 100 to 400 mg/kg should provide ad-
equate prophylaxis for measles exposures occurring as long as
3 weeks or more after IgIV administration.

In countries where the use of measles vaccine has been
widespread for decades, most adults are immune as a con-
sequence of vaccination rather than natural infection, and
the reduction in indigenous MeV transmission has elimi-
nated the immunologic “boosting” associated with re-
exposure. Consequently, levels of antibody to MeV in adults
are considerably lower than they were when wild-type MeV
infection was prevalent, resulting in lower levels of passively
acquired maternal antibody to MeV in newborns (148) and
lower levels of antibody to MeV in current lots of immu-
noglobulin (149).

Susceptible persons who receive postexposure prophy-
laxis with Ig should be immunized with attenuated measles
vaccine (if it is not contraindicated). Measles vaccine should
be given 5 months after Ig if the dose was 0.25 mg/kg
(standard dose) and 6 months after Ig if the dose was 0.5 mg/
kg (for immunocompromised persons).

Active Immunization
Remarkable progress in reducing measles incidence and
mortality has been and continues to be made as a conse-
quence of increasing routine measles vaccine coverage,
provision of a second dose of measles vaccine through rou-
tine immunization services or supplementary immunization
activities (SIAs), and increasing efforts by the WHO, the
United Nations Children’s Fund (UNICEF), and their
partners in the Measles and Rubella Initiative to achieve and
sustain measles elimination. All six WHO regions have
adopted measles elimination goals, with the latest date being
2020.

This achievement in reducing measles impact attests to
the enormous public health significance of measles vacci-
nation and was a key factor in achieving the Millennium
Development Goal 4 to reduce overall child mortality. The
most recent global measles goals were to achieve the fol-
lowing by 2015: (i) increase coverage with the first dose of
measles vaccine to > 90% nationally and > 80% in every
district; (ii) reduce global measles incidence to fewer than
five cases per million population; and (iii) reduce global
measles deaths by 95% compared to the estimated number of
measles deaths in 2000 (40).

Measles Vaccines
The process of adaptation of MeV grown in nonsusceptible
host cells, such as the chick embryo and canine and bovine
kidney cells, led successfully to the development of attenu-
ated vaccine strains. The first attenuated measles vaccine
was developed by passage of the Edmonston strain of MeV in
chick embryo fibroblasts to produce the Edmonston B virus
(Fig. 9) (150). Licensed in 1963, this vaccine was protective,
but also reactogenic, inducing fever and rash in a large
proportion of immunized children. Reactions were reduced
when Ig that contained antibodies to MeV was given at the
time of vaccination.

More extensive passage of the Edmonston B virus in
chick embryo fibroblasts produced the more attenuated
Schwarz vaccine that was licensed in 1965 and currently
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serves as the standard measles vaccine in much of the world
(Fig. 9). The Moraten strain (licensed in 1968 and mean-
ing “more attenuated Enders” strain) used in the United
States is closely related to the Schwarz strain (Fig. 9) (151).
Other Edmonston-derived vaccine strains (e.g., Zagreb,
AIK-C) and attenuated strains developed independently
(e.g., CAM, Leningrad-16, Shanghai-191) are also suc-
cessful vaccines. Few antigenic differences have been de-
scribed among MeV vaccine strains (all genotype A)
regardless of the geographic origin of the parent virus.
However, the Edmonston-Zagreb vaccine is produced in
human diploid cells, rather than chick embryo fibroblasts,
and may be more reactogenic and immunogenic in young
infants and when delivered by the aerosol route (152).

The lyophilized attenuated vaccine virus is relatively
stable, but the reconstituted vaccine rapidly loses infectivity.
The attenuated virus is inactivated by light and heat, and
after reconstitution loses about half of its potency at 20°C
and almost all potency at 37°C within an hour. Therefore, a
cold chain must be maintained prior to and after reconsti-
tution. Attenuated vaccine viruses replicate less efficiently
than wild-type MeV but induce both neutralizing anti-
body and cellular immune responses qualitatively similar to
that induced by natural disease, although antibody titers
are lower (153). Antibodies first appear 12 to 15 days after
vaccination and peak at 1 to 3 months. In many countries,
attenuated measles vaccine virus is combined with other live
attenuated virus vaccines such as those for rubella (MR),
mumps and rubella (MMR), and mumps, rubella, and vari-
cella (MMRV). With increasing global emphasis on rubella
elimination, more countries are using combined measles
and rubella vaccines.

Administration
The recommended age of vaccination with the first dose
of measles-containing vaccine (MCV) varies from 6 to 15
months depending on region and is a balance between the
optimum age for seroconversion and the probability of ac-
quiring measles before that age. In areas where measles re-
mains prevalent, measles vaccination is routinely performed
at 9 months, whereas in areas with little measles, vaccina-
tion is often at 12 to 15 months. During epidemics and
among HIV-infected infants, the measles vaccine may be
administered at 6 months with another routine dose at 9
months of age.

Attenuated measles vaccine is administered subcutane-
ously or intramuscularly. However, there is substantial in-
terest in alternate routes of delivery that would not require
needles and syringes. Neither oral nor intranasal adminis-
tration is effective, but delivery to the lower respiratory tract
may be more promising. Aerosol administration was advo-
cated by Albert Sabin in the early 1980s, is highly effec-
tive in boosting preexisting antibody titers, and may hold
promise for use in older children. However, the primary
immune response to aerosolized measles vaccine is lower
than it is to subcutaneous administration of the same vac-
cine (154). The reasons for this are not known but may be
related to dose or efficiency of delivery and infection. A
promising approach is the use of microneedle patches to
deliver lyophilized vaccine virus subcutaneously (155).

The proportions of immunized children who develop
protective levels of antibody are approximately 85% at 9
months of age and 95% at 12 months of age (156), although
these proportions vary by vaccine strain and host charac-
teristics (157). Genetic background affects the likelihood of

FIGURE 9 Measles virus vaccines. Most attenuated measles vaccines were developed from the Edmonston strain of measles virus. The
Edmonston B vaccine was the first licensed measles vaccine but was associated with a high frequency of fever and rash. The further attenuated
Schwarz and Edmonston-Zagreb vaccines are widely used throughout the world. The Moraten vaccine is the only measles vaccine used in the
United States. [Origin: Markowitz LE. Measles control in the 1990s: immunization before 9 months of age. Document WHO/EPI/GEN/90.3.
Geneva: World Health Organization, 1990. Reprinted in: Cutts FT. Measles. Module 7. The Immunological Basis for Immunization Series.
Document WHO/EPI/GEN/93.17. Geneva: World Health Organization, 1993.] (From reference 127 with permission of the publisher.)
Source: Moss WJ, Griffin DE. Global measles elimination. Nat Rev Microbiol 2006;4:900–908.
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seroconversion and antibody titers (158, 159). Common
childhood illnesses at the time of vaccination may also re-
duce immune responses, although this is not frequent and
should not be a reason for withholding vaccination (160).
Any potential decrease in seroconversion must be balanced
against the loss of the opportunity for vaccination and the
consequent risk of the child acquiring measles. Similar
compromises must be considered with respect to immuniz-
ing individuals infected with HIV. Overall, measles vaccine
has been well tolerated and immunogenic in HIV-infected
children and adults, although antibody levels may wane
(69). Because of the potential severity of wild-type MeV
infection in HIV-infected individuals (70), attenuated mea-
sles vaccine is recommended for routine administration to
HIV-infected children, except those who are severely im-
munocompromised (73, 157). Attenuated measles vaccine is
also contraindicated in individuals with other severe defi-
ciencies of cellular immunity because of the possibility of
disease due to progressive pulmonary or CNS infection.

The dose of MeV routinely used for immunization is
between 103 and 104 plaque-forming units. When 10- to
100-fold higher doses were used, seroconversion in younger
infants improved, and in 1990 theWHO Expanded Program
for Immunization (EPI) recommended use of the high-titer
Edmonston-Zagreb vaccine at 6 months of age in countries
where measles before the age of 9 months was a significant
cause of death. However, subsequent follow-up of children
receiving high-titer vaccines in countries with high child-
hood mortality showed an increased mortality in girls over
the subsequent 2 to 3 years, and this recommendation was
withdrawn (67). Mortality was not due to measles, but rather
to a relative increase in the deaths due to other infections.
The pathogenesis of delayed increased mortality after the
high titer vaccine is not understood but occurred primarily
in those who developed a rash after vaccination and may be
related to long-term suppression of immune responses similar
to that induced by measles or alteration of immune responses
associated with a change in the sequence of delivery of
vaccines (161).

The duration of vaccine-induced immunity is variable.
Secondary vaccine failure rates have been estimated to be
approximately 5% at 10 to 15 years after immunization, but
they are probably lower when vaccination is given after 12
months of age (162). Waning antibody levels occur within 2
to 3 years of measles vaccination of HIV-infected children in
the absence of antiretroviral therapy (69). However, de-
creasing antibody titers do not necessarily imply a complete
loss of protective immunity because a secondary immune
response usually develops after re-exposure to MeV, with a
rapid rise in antibody titers without overt clinical disease
(163).

Second Dose of Measles Vaccine
With increasing emphasis on regional measles elimination
and the potential for global measles eradication (see Re-
gional Elimination and Global Eradication), achieving
high coverage with two doses of measles-containing vaccine
(MCV2) is receiving increased attention. The herd im-
munity threshold (H) is the level of population immunity
necessary to interrupt MeV transmission and is estimated
by the equation, H = 1 - 1/R0. This equation is based on
several simplifying assumptions, but it provides an approxi-
mation of the level of population immunity required to
eliminate measles. For MeV, this value is 93% to 95%, a
level of population immunity that cannot be achieved with a
single dose of MCV at 9 months of age. Thus, a second dose

is required for measles elimination. This second dose can be
administered through routine immunization services, often
in the second year of life or prior to school at 4 to 6 years
of age, or through mass vaccination campaigns called sup-
plemental immunization activities (SIAs). In the United
States, many colleges and universities require a second dose
of measles vaccine because of the shift to older age groups in
recent measles outbreaks. This second dose serves to im-
munize those children who failed to respond to the first dose
or who missed it. The vast majority of children who do not
develop protective antibodies after a first dose of measles
vaccine will respond to the second dose, although there have
been recent measles outbreaks that included a substantial
proportion of cases who had received two doses of measles
vaccine (164).

Vaccine Side Effects
Standard doses of currently licensed measles vaccines are
safe in immunocompetent children and adults. Fever to
39.4°C (103°F) occurs in 5% to 15% of seronegative vac-
cine recipients, which can induce seizures in children
predisposed to febrile seizures, and 2% to 5% of vaccine
recipients develop transient rash. Attenuated measles vac-
cine is not a recognized cause of SSPE, which has declined in
incidence in parallel with the vaccine-induced decline in
the incidence of measles. Mild transient thrombocytopenia
has been reported with an incidence of approximately one in
a million vaccine recipients (165).

Although assumed to be rare, the risk of disease caused by
attenuated measles vaccine virus in HIV-infected persons is
unknown. The only documented case of fatal disease in-
duced by measles vaccine virus in an HIV-infected person
was in a 20-year-old man who died with MeV giant cell
pneumonitis 15 months after receiving his second dose
of measles vaccine (166). He had a very low CD4+ T-
lymphocyte cell count but no HIV-related symptoms at the
time of vaccination. Fatal, disseminated infection with
measles vaccine virus has been reported rarely in persons
with other impairments of immune function, and MIBE
caused by vaccine virus was reported in a child with an
uncharacterized immune deficiency (130).

As with wild-type MeV infection, measles vaccine is as-
sociated with immunosuppression. However, this immune
suppression is less than after wild-type MeV infection and
resolves within weeks after vaccination (167). Manifesta-
tions include decreased lymphoproliferative responses to
mitogens and antigens, altered patterns of cytokine pro-
duction, and suppression of delayed-type hypersensitivity
skin test responses. Tuberculin skin test reactivity may be
abrogated for 4 to 6 weeks after immunization, but unlike
wild-type MeV infection, measles vaccine does not exacer-
bate tuberculosis.

Much public attention has focused on a purported asso-
ciation between MMR vaccine and autism following pub-
lication of a report in 1998 hypothesizing that MMR vaccine
may cause a syndrome of autism and intestinal inflammation
(168). The events that followed and the public concerns
over the safety of MMR vaccine led to diminished vaccine
coverage in the United Kingdom and provided important
lessons in the misinterpretation of epidemiologic evidence
and the communication of scientific results to the public
(169). The publication that incited the concern was a case
series describing 12 children with a regressive developmental
disorder and chronic enterocolitis. Nine of the children had
autism. Onset of the developmental delay was associated by
the parents with MMR vaccination in eight children. This

38. Measles - 921



simple temporal association was misinterpreted and mis-
represented as a possible causal relationship, first by the lead
author of the study and then by the media and public.
Subsequently, several comprehensive reviews and addi-
tional epidemiological studies rejected evidence of a causal
relationship between MMR vaccination and autism (170),
and the original paper was retracted because of ethical vi-
olations and misrepresentation of data.

Contraindications
Contraindications to measles vaccination include pregnancy
(a theoretical risk to the fetus); anaphylactic allergy to eggs,
gelatin, or neomycin; severe immune suppression associ-
ated with HIV-infection defined as percentage of CD4+ T
lymphocytes < 15%, other conditions associated with severe
impairment of cellular immunity, and recent administration
of Ig, IVIg, or other Ig-containing products.

Investigational Approaches to Measles Vaccination
A new measles vaccine approach would be advantageous if it
would allow vaccination of infants before 6 months of age.
This would both close the “window of susceptibility” be-
tween decay of maternal antibody and vaccination and fa-
cilitate delivery by allowing measles vaccine to be given at
the same time as other WHO EPI vaccines. Additional
motivations for development of new vaccine approaches
would be to increase thermostability, eliminate the use of
needles and syringes for delivery, and provide a vaccine
that would be safe for immunocompromised individuals
(171).

A number of experimental vaccines have been devel-
oped, including individual MeV proteins (usually H and F)
expressed in plants, by viral or bacterial vectors, from DNA,
or as peptides or proteins. Delivery of viral genes into host
cells for processing and antigen presentation without the
need for virus infection, along with thermostability, inex-
pensive manufacture, and the potential for mucosal admin-
istration make DNA vaccines an attractive possibility for
development. Studies in juvenile macaques indicated that
DNA vaccines could protect from measles and were not
associated with predisposition to atypical measles (94).
Adjuvants improved responses and protection in macaques.
In addition to DNA, several viruses and bacteria have been
used to express MeV proteins and tested as experimental
vaccines. These include alphavirus replicon vectors, shi-
gella, salmonella, and Bacille-Calmette-Guerin, the myco-
bacteria used for neonatal immunization against tuberculosis
(171–173). These vaccines have received limited testing in
humans and are not currently being advanced.

Needleless respiratory delivery of the current attenuated
measles vaccine has been extensively evaluated. It is pos-
tulated that this route of vaccination would be more natural,
be easier to administer, generate less medical waste, and
might also overcome the presence of maternal antibody to
allow vaccination at an earlier age (174, 175). Reconstituted
aerosolized liquid measles vaccine has been studied for more
than three decades (176–178) and recently dry powder
versions have also been developed. Both are safe and immu-
nogenic in humans and macaques (179, 180). If employed
for routine vaccine delivery, either the liquid nebulized or
inhalable dry powder vaccine is projected to provide sub-
stantial cost savings for measles immunization through
elimination of the need for waste management of used
needles and improved vaccine coverage particularly during
mass campaigns (181).

Measles Vaccination Strategies
Different goals for measles control have been established,
necessitating different vaccination strategies. Three broad
goals can be defined: mortality reduction, regional elimina-
tion, and global eradication.

Mortality Reduction
Mortality reduction, the least demanding of the three goals,
calls for a reduction in measles mortality from a pre-
determined level through reductions in incidence, case fa-
tality, or both (182). Although a reduction in case fatality
using appropriate case management is an important com-
ponent, measles mortality reduction is achieved largely
through a reduction in incidence. To reduce incidence,
measles vaccine is administered as a single dose through
routine immunization services in child health clinics, with
the optimal age of immunization determined by the trans-
mission intensity and rate of decline of maternal antibodies.
If vaccination coverage is sufficiently high, substantial re-
ductions in incidence and mortality occur, the interepidemic
period lengthens, and the age distribution shifts toward older
children, further contributing to a reduction in case fatality.

Regional Elimination
Measles elimination is the interruption of MeV transmission
within a defined geographic area, such as country, continent,
or region. Small outbreaks of primary and secondary cases
may still occur following importation from outside the re-
gion, but sustained transmission does not occur. Because of
the high infectivity of MeV and the fact that not all persons
develop protective immunity following vaccination, a single
dose of measles vaccine does not achieve a sufficient level of
population immunity to eliminate measles. A second op-
portunity for measles immunization is necessary to eliminate
measles by providing protective immunity to children who
failed to respond to the first dose and to those who were not
previously vaccinated. Two broad strategies to administer
the second dose have been used. In countries with sufficient
infrastructure, the second dose of measles vaccine is ad-
ministered through routine immunization services, typically
prior to the start of school (4 to 6 years of age) or during the
second year of life. High coverage levels can be ensured by
school entry requirements. A second approach, first devel-
oped by the Pan American Health Organization (PAHO)
for South and Central America (183), involves mass im-
munization campaigns (called SIAs) to deliver the second
dose of measles vaccine. This strategy was very successful in
eliminating measles in South and Central America and
subsequently resulted in a marked reduction in measles in-
cidence and mortality in parts of sub-Saharan Africa. This
strategy has been adopted by most countries (not the United
States) but is difficult to sustain in the long term because of
the financial and human resources required for these large
campaigns.

The PAHO strategy consisted of four subprograms: catch-
up, keep-up, follow-up, and mop-up. The catch-up phase is a
onetime, mass immunization campaign that targets all chil-
dren within a broad age group regardless of whether they
have previously had wild-type MeV infection or measles
vaccination. The goal is to rapidly achieve a high level of
population immunity and interrupt MeV transmission.
These campaigns are conducted over a short period of time,
usually over several weeks, and during a low transmission
season. Under the PAHO strategy, children 9 months to 14
years of age were targeted for vaccination. In many coun-
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tries, this is a substantial proportion of the total population.
The appropriate target age range depends upon the age
distribution of measles seropositivity. In regions with en-
demic measles, the majority of older children are likely to be
immune. Nevertheless, seroprevalence studies usually are
not conducted prior to catch-up campaigns, and this broad
age range first adopted by PAHO has been widely used in
sub-Saharan Africa and Asia. These campaigns require large
investments of financial resources and personnel; extensive
logistical planning to transport and store vaccines, maintain
cold chains, and dispose of syringes and needles; and com-
munity mobilization to ensure participation. But if success-
ful, SIAs are cost effective and can abruptly interrupt MeV
transmission with dramatic declines in incidence and mor-
tality.

Keep-up refers to the need to maintain greater than 90%
routine measles vaccine coverage through improved access
to measles vaccination and a reduction in missed oppor-
tunities (e.g., because of false contraindications to vacci-
nation). Follow-up refers to periodic mass campaigns to
prevent the accumulation of susceptible children. Follow-up
campaigns typically target children 1 to 4 years of age, a
narrower age group than targeted in catch-up campaigns.
Follow-up campaigns should be conducted when the esti-
mated number of susceptible children reaches the size of one
birth cohort, generally every 3 to 5 years after the catch-up
campaign. Mop-up campaigns target difficult-to-reach chil-
dren in sites of measles outbreaks or low vaccine coverage.
Difficult-to-reach children include those living on the street
or in areas of conflict.

Global Eradication
The possibility of measles eradication has been discussed for
almost 40 years (184). Serious discussion of measles eradi-
cation began in the late 1960s, when smallpox eradication
was nearing completion and the effective, long-term im-
munity induced by measles vaccine became apparent. MeV
meets many of the biologic criteria for disease eradication
(185). MeV has no nonhuman reservoir and is accurately
diagnosed, and measles vaccination is a highly effective in-
tervention. Although MeV displays sufficient genetic vari-
ability to conduct molecular epidemiologic analyses, the
antigenic epitopes against which protective antibodies de-
velop have remained stable. Where MeV differs from
smallpox and polioviruses is that it is more highly infectious,
necessitating much higher levels of population immunity to
interrupt transmission.

The vaccination strategy necessary for measles eradica-
tion is not different from that of regional elimination, only
that the target population is global. The success of measles
elimination in large geographic regions suggests that measles
eradication is possible. Two doses of measles vaccine, ad-
ministered through routine immunization services or via
SIAs would need to be administered to the children of the
world. Many believe this to be a realistic and morally im-
perative goal, but as polio eradication efforts have shown,
the endgame may be full of challenges.

TREATMENT
Symptomatic and Supportive Therapy
Treatment of uncomplicated measles is symptomatic and
includes bed rest, hydration, and antipyretics. Secondary
bacterial infections require prompt treatment with antibi-
otics. Antibiotics are indicated for children with measles

who have clinical evidence of bacterial infection, including
pneumonia, otitis media, skin infection, eye infection, or
severe mouth ulcers. Streptococcus pneumoniae and Haemo-
philus influenza type B were the most common causes of
bacterial pneumonia following measles prior to widespread
use of vaccines against these pathogens. More recent data on
bacterial pathogens causing pneumonia in children with
measles are lacking. Whether all children with measles or all
hospitalized children with measles should be given prophy-
lactic antibiotics remains controversial. Limited evidence
suggests that antibiotics administered as prophylaxis to all
children presenting with measles may reduce the inci-
dence of pneumonia but not mortality (131). The poten-
tial benefits of antibiotic prophylaxis need to be weighed
against the risks of adverse effects and accelerating antibiotic
resistance.

Vitamin A
Vitamin A is effective for the treatment of measles, and its
administration results in marked reductions in morbidity and
mortality in hospitalized children with measles treated with
vitamin A. The WHO recommends administration of two
daily doses of 200,000 IU of vitamin A to all children with
measles 12 months of age or older. Lower doses (100,000 IU)
are recommended for children less than 12 months of age.
Overall, this regimen results in a 64% reduction in the risk of
mortality (186). Pneumonia-specific mortality is reduced,
and the impact is greatest in children younger than 2 years of
age (186). The mechanisms by which vitamin A reduces
measles morbidity and mortality are not known, but these
effects are likely mediated through beneficial effects on ep-
ithelial cells and host immune responses.

While vitamin A deficiency is not a recognized problem
in the United States, many children in the United States
with measles have low serum vitamin A levels and these
children have increased morbidity following measles. The
Committee on Infectious Diseases of the American Acad-
emy of Pediatrics recommends the administration of two
consecutive daily doses of vitamin A (200,000 IU orally
for children 1 year and older; 100,000 IU for children
6 months to 1 year of age) be considered for children 6 to
24 months of age hospitalized for measles and its compli-
cations, as well as for children older than 6 months with
measles who have immunodeficiency, ophthalmologic
evidence of vitamin A deficiency, impaired intestinal ab-
sorption, moderate to severe malnutrition, or recent im-
migration from areas where high measles mortality rates
have been observed.

Vitamin A has been widely distributed through polio and
measles SIAs as well as through routine child health services
and fortified foods. Prophylactic vitamin A supplementation
of apparently healthy children has resulted in a 39% re-
duction in measles-associated mortality (187).

Antiviral Therapy
There is no antiviral therapy of proven efficacy for measles.
Ribavirin inhibits MeV replication in cell culture and has
been reported to reduce the severity of measles in children
and adults (188). Anecdotal reports have described previ-
ously healthy, pregnant, and immunocompromised patients
with measles pneumonia and immunocompromised patients
with subacute measles encephalitis who recovered following
treatment with aerosolized and/or intravenous ribavirin
(127, 129). However, the clinical benefits of ribavirin
treatment have yet to be demonstrated as only a few
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anecdotal cases have been reported, and its use in measles is
investigational.

Numerous therapeutic agents have been used to treat
SSPE, including IFN, ribavirin, amantadine, isoprinosine,
inoseplex, and levamasole. Experience has been anecdotal
and any benefits have been transient at best.
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Mumps virus, a member of the paramyxovirus family, causes
a distinctive and generally benign systemic infection that is
clinically characterized by fever and parotitis. In older lit-
erature, mumps was often termed “epidemic parotitis.” His-
torically, mumps occurred commonly among school-aged
children but dramatically declined following the in-
troduction of routine vaccination. Significant mumps out-
breaks continue to occur, however, among previously
infected or vaccinated individuals for reasons that are not
fully understood. These cases of reinfection or vaccine fail-
ure can sometimes be difficult to diagnose due to mild
clinical presentations and can be difficult to confirm due to
limitations of current laboratory testing.

VIROLOGY
Classification
Mumps virus is a member of the order Mononegavirales (vi-
ruses with nonsegmented, negative-sense, single-stranded
RNA genomes), family Paramyxoviridae, subfamily Para-
myxovirinae, and genus Rubulavirus. Serologic testing by
hemagglutination inhibition or by in vitro plaque reduction
neutralization assays has identified only one serotype of
mumps virus. However, strain-specific variation in cross-
neutralizing antibody titers has been observed with in-
dividual sera, and minor antigenic differences among mumps
virus isolates can be detected using panels of glycoprotein-
specific monoclonal antibodies (1–4).

Virus Composition
Mumps virions are markedly pleomorphic, irregularly spher-
ical particles that range from 50 to > 300 nm in diameter
(average about 200 nm) (5–7). An outer envelope derived
from the host cell plasma membrane encloses a helically
coiled ribonucleocapsid core (8). The envelope is about 10
nm thick and is composed of three layers: glycoprotein spikes
that project 10 to 15 nm from the outer surface of the en-
velope, which consists of a lipid bilayer acquired from the
host cell as the virus buds from the cytoplasmic membrane,
and an inner structural matrix protein (Fig. 1) (9).

Genome
The mumps virus genome is a linear molecule of single-
stranded, negative-sense RNA (approximately 15,384 bases)

that serves as a template for both transcription and repli-
cation by the virus-encoded RNA polymerase. Wild-type
mumps virus genomes adhere to the “rule-of-six,” meaning
that the total number of bases in the genome must be evenly
divisible by six (10), although this requirement may not
be absolute (11). The gene order is 3¢-NP-V/P/I-M-F-SH-
HN-L-5¢ (Fig. 2). The letter designations are NP (nucleo-
protein), P (phosphoprotein), V and I (no alternative
names), F (fusion), SH (small hydrophobic protein), HN
(hemagglutinin-neuraminidase), and L (large protein; cata-
lytic RNA polymerase subunit). There are 3¢-leader and 5¢-
trailer untranslated regions (UTR) at the ends of the ge-
nome that encode the genomic and antigenomic promoter
sequences, and short intervening sequences between each
gene that encode transcription control signals (12–14). The
V, P, and I genes overlap and share 5¢ mRNA coding se-
quence. The V gene mRNA is produced by faithful tran-
scription of the genome, but the P and I gene transcripts
contain additional nontemplated G residues that are in-
serted by the RNA polymerase during transcription and re-
sult in shifted open reading frames (15–17).

There are 12 known genotypes of mumps virus recognized
by the World Health Organization that are distinguished by
sequences of the SH and HN genes (18). The SH gene
sequence is the most variable of all the mumps virus genes
(up to 20% heterogeneity among genotypes). The genotypes
are designated by letters A through N (excluding E and M).
The global distribution and temporal circulation of mumps
genotypes has been described (18), but improved molecular
epidemiology is needed to strengthen surveillance efforts.

Viral Proteins
The nucleoprotein (NP) is a major viral structural protein.
Monomers of NP assemble into a left-handed helical coil,
forming a tubular structure that encapsidates the genomic
RNA. This is referred to as the ribonucleocapsid, or ribo-
nucleoprotein complex (RNP) (19–23). An 18-Å resolution
structure of the mumps RNP has been reported based on
cryoelectron microscopy (20). The RNP helps protect the
genome against degradation and is essential for transcription
to occur (21).

The mumps virus RNA-dependent RNA polymerase
(RdRp) is composed of two subunits: the large protein (L)
and the phosphoprotein (P). There are few published reports
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that specifically describe the activities of mumps virus L
subunit (14), but the L proteins of closely related para-
myxoviruses provide catalytic activity for RNA polymer-
ization, mRNA capping, and polyadenylation (24, 25). The
phosphoprotein (P) is an essential cofactor for the poly-
merase that is required to uncoil the nucleocapsid to allow
the L subunit access to the genomic RNA template (20, 26).
Both the P and NP proteins are phosphorylated, which can
alter the efficiency of RNA synthesis depending on the
specific residues involved (21, 27). The kinases that phos-
phorylate mumps P and NP proteins are not known, and
mumps virus does not encode any proteins with known
kinase activity. However, based on studies of related para-
myxoviruses, host cell kinases such as CKII, PKC-z, AKT, or
PLK1 may be responsible (27–29).

The hemagglutinin-neuraminidase (HN) and fusion (F)
membrane proteins have cooperative roles in virus attach-
ment and entry into host cells (30–32). The HN protein is a
type II glycoprotein; it is anchored in the plasma membrane
at the N terminus, and it is glycosylated (33–35). Structur-
ally, the HN protein forms a homo-tetramer that is charac-
terized by a globular head sitting atop a stalk domain (36).
The HN head binds to N-acetyl neuraminic (sialic) acid
residues on host cells and attaches the virus particle to the
cell prior to fusion (37). As a result of the sialic acid binding

property, the HN protein has the ability to agglutinate red
blood cells (38). The HN globular head domain also has a
neuraminidase activity that cleaves sialic acid, enabling re-
lease and preventing aggregation of virus particles as they
bud from the host membrane (39).

The F membrane protein is a homo-trimer (40–42). It is
synthesized as an inactive precursor (F0) that is cleaved into
a biologically active form consisting of two fragments, (F1)
and (F2), that are joined by a disulfide bond (43, 44). An
irreversible change in the F protein conformation is triggered
by direct interaction with the HN stalk domain. This change
in structure is ATP independent and it brings F into a lower-
energy state, resulting in fusion of the virus with host cell
membranes (30, 36, 45–47). HN and F are essential not only
for virus-cell membrane fusion, but also for cell-to-cell
membrane fusion and virus spread (48). As a result, multi-
nucleated giant cells (syncytia) can be observed in cultures
of cells infected with mumps virus. However, due to varia-
tion in the activities of the HN and F proteins, the degree to
which syncytia are formed is dependent on the specific virus
strain (44, 48–50).

The matrix (M) protein is a membrane-associated mo-
lecular scaffold that is required along with the F and NP
proteins for efficient virus particle formation and release (9,
32, 51, 52). Based on studies of related paramyxoviruses, the

FIGURE 1 Structure of the mumps virion. Molecular weights of viral proteins as measured by gel electrophoresis are shown in parentheses.
Data from Galinski and Wechsler (372).

FIGURE 2 Genome organization of mumps virus. Number of nucleotides in messenger mRNA: and Protein: Amino acid residues in
corresponding protein. Data from Pringle (373).
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mumps M protein is thought to interact with the nucleo-
protein and the tails of glycoproteins on the inside of the
virion membrane to facilitate virus assembly and budding (9,
52). Mumps virus M protein also transits through the nu-
cleus as the result of a bipartite nuclear localization sequence
(NLSbp) and a leucine-rich nuclear export sequence (NES).
The process of nuclear transit appears to be modulated by
ubiquitination and may result in interactions with compo-
nents of the nuclear pore complex (52). Additional evi-
dence indicates that M protein interactions with class E host
cell proteins of the ESCRT complex are essential for virus
budding (51).

Both the mumps virus V and SH proteins have been im-
plicated as modulators of the host immune response (53–55).
The V protein inhibits the expression and signaling of type I
interferon, and signaling by IL-6 by inducing ubiquitin-
mediated degradation of host cell STAT1 and STAT3 pro-
teins (56–59). In addition, the V protein has been reported
to inhibit the double-stranded (ds)RNA pattern recognition
receptor MDA5 (60). The SH protein is only 57 amino acids
long and the C terminus of SH is integrated into the viral
membrane (61). Although SH is nonessential for virus
growth in tissue culture, SH interferes with tumor necrosis
factor (TNF)a-mediated signaling and apoptosis by un-
known mechanisms (53, 62, 63). The SH protein also
binds cellular ubiquilins 1 and 4, which participate in the
ubiquitin-mediated proteasome degradation pathway (64).
There have been reports of a protein expressed from the I
gene transcript, but additional information regarding I pro-
tein function is lacking (16, 17, 65).

Replication Cycle
After binding to sialic acid on the cell surface and fusion of
the virus and host membranes through cooperative inter-
action between the HN and F proteins, the RNP complex is
released from the virus particle into the host cell cytoplasm
(30). The RNP serves as a template for both transcription
and replication by the viral RNA polymerase (L and P
proteins) (12, 24). The polymerase engages the template at
the promoter within the leader sequence at the 3¢ end of the
genome. As the polymerase proceeds, it initiates mRNA
synthesis and releases the transcripts in response to gene-
start (gs) and gene-end (ge) sequences flanking each gene
(12). The mRNA transcripts are capped and polyadenylated
by the virus RNA polymerase (Fig. 3) (24). The likelihood
that polymerase remains engaged with the template dimin-
ishes as it continues toward the 5¢ end of the genome, and
termination occurs more frequently at the end of each suc-
cessive gene. As a result, a gradient of mRNAs is produced,
with NP and L mRNAs representing the highest and lowest
abundance transcripts, respectively (24).

The molecular mechanism that determines if the RNA
polymerase preferentially synthesizes monocistronic mRNA
transcripts or full-length copies of the antigenome and ge-
nome is not clear. However, it is thought that the accumu-

lation of NP protein in the cytoplasm of the infected cell
drives the switch from transcription to replication (12, 22).
The polymerase is stabilized by the immediate binding of NP
to the nascent, newly synthesized RNA as it emerges from
the polymerase complex. As a result, the polymerase does
not terminate in response to gene-end signal sequences and
full-length antigenomic RNA is produced. The positive-
sense antigenomic RNA then serves as a template for rep-
lication of the negative-sense genomic RNA. Synthesis of
the genomic RNA is initiated by a promoter located within
the trailer sequence juxtaposed to the L gene at the 3¢ end
of the antigenome. Unlike viral mRNA, the full-length
antigenomic and genomic RNA are not capped or poly-
adenylated (12). The mechanism that controls the relative
abundance of full-length genomic and antigenomic tran-
scripts is uncertain, but it has been suggested that binding of
the V protein to L, or differential phosphorylation of the P
protein might influence this process (12). The full-length
negative-sense RNA copies may serve as templates for rep-
lication or as templates for secondary transcription, or they
may be packaged into progeny virions (Fig. 3).

Assembly and budding of mumps virions from the host
cell membrane is dependent upon the M, F, and NP proteins
(9, 32, 51). The matrix protein orchestrates the assembly
process through interactions with the ribonucleocapsid and
the cytoplasmic tails of the glycoproteins along the inner
surface of the cellular membrane. Evidence suggests that the
functions of the M protein require ubiquitin-regulated traf-
ficking through the nucleus and interactions with cellular
class E proteins of the ESCRT complex (9, 32, 52). As the
progeny virions are released from the cell by budding, they
acquire a portion of the cellular cytoplasmic membrane,
which becomes the virion envelope. As a result, the enve-
lope may include some host cell membrane proteins, such as
CD55 and CD46, which regulate the activity of complement
(66).

Host Range
Humans are the only known natural host for mumps virus;
however, a virus with approximately 90% homology to
mumps virus was recently isolated from bats, suggesting the
potential of this host as a reservoir (67). Experimental
mumps virus infection has been attempted in a variety of
animal species, but no animal models consistently reproduce
the full spectrum of clinical symptoms observed in humans.
Rhesus macaques appear to be the best model for mumps
disease in humans, although hamsters and mice have been
the preferred models for studies of neuropathology induced
by mumps virus infection (68).

Cell Culture
Mumps virus can be propagated in embryonated chicken eggs
(69) or in a wide variety of primate, human, and murine-
derived cell lines. Vero cells (African Green Monkey
kidney) are commonly used, but other cell lines that support
mumps virus replication include CaCo2, PLC/PRF/5, NCI-
H292, BSC-1, MCF-7, CV-1, A549, L-41, HEp2, HeLa, and
CHO (66, 70–76). Although most of these cell lines have
epithelial origins, there have been reports of mumps virus
replication in cultures of human peripheral blood mono-
nuclear cells, with preferential replication in T cells and T-
cell-derived lymphoblastoid cell lines (77, 78). Mumps virus
has rarely been isolated from blood of infected individuals,
however, likely due to the development of neutralizing an-
tibody during infection (79, 80). In vitro cytopathic effects
may appear any time from 24 hours up to 1 week afterFIGURE 3 Replication strategy of mumps virus.
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inoculation. A characteristic cytopathic effect of mumps
infection is cell-to-cell fusion, resulting in giant multi-
nucleated syncytia (Fig. 4). Varying degrees of fusion and
plaque morphology can occur and are dependent on the
virus strain and cell lines involved (81). However, the de-
gree of virulence of mumps virus strains cannot be predicted
by in vitro cytopathology. Persistent, generally noncytopathic
mumps virus infection can be established in cultured cells,
including Vero (82), L929 (83), BHK-21 (84), MCT (85),
human HEp2, L-41, MCN, Lung-To cells (74, 86), and
primary human cells derived from synovial membranes (87)
and conjunctiva (88, 89).

Stability and Inactivation
Infectivity of mumps virus can be maintained for months to
years if stored at - 70°C, or if it is lyophilized and stored at 4°
C (90, 91). The virus is stable within the pH range of 4.6 to
8.5 (69), but it can be inactivated by heating to ‡ 56°C or
by exposure to formalin, organic solvents, detergents, or
ultraviolet irradiation (92, 93).

EPIDEMIOLOGY
Transmission Patterns
Mumps has a worldwide distribution. In susceptible urban
populations, it is primarily a disease of school-aged children,
with over 50% of cases occurring between 5 and 9 years of
age (94). In unvaccinated populations, over 90% of children
have antibodies against mumps virus by age 15 (95). In-
fection is commonly acquired at school, with secondary
spread to susceptible family members. Mumps is rare in
children under 1 year of age, presumably due to the pro-
tective effect of passively acquired maternal antibody. Before
the release of the mumps vaccine in the United States in
1967, mumps was an endemic disease with annual peak
activity occurring between January and May. Localized epi-
demics of mumps in closed populations (isolated commu-
nities, boarding schools, military units, etc.) were also well
recognized.

Transmission
Mumps virus is spread by the respiratory route and can be
transmitted by contact with respiratory secretions or saliva
from infected individuals (96, 97). The incubation period
between infection and symptom onset is approximately 18
days, but cases may occur from 12 to 25 days after exposure
(97, 98). The virus can be isolated from and spread by in-
fected individuals with no clinically apparent symptoms (97,
99). Many studies since the 1940s have estimated that 30%
or more cases of mumps virus infection may be asymptomatic
(100–107). Although mumps is easily spread, it is less con-
tagious than measles (105, 108). The basic reproduction

number (R0, the estimated number of secondary cases ex-
pected to result from a single index case in a susceptible
population) for mumps has been estimated as 10 to 12, while
for measles it is 15 to 17 (109, 110).

Incidence and Prevalence Epidemiology of Mumps
in the United States
The largest number of mumps cases reported in the United
States occurred in 1941 when the incidence was 250 cases
per 100,000 persons (111). When the mumps vaccine first
entered clinical usage in 1968, the incidence of mumps was
76 cases per 100,000 persons. Mumps vaccine was recom-
mended for routine use in the United States in 1977. In
1985, only 2,982 cases of mumps were reported (1.1 cases per
100,000 population), which was a 98% reduction from the
185,691 cases reported in 1967 (112). Between 1985 and
1987, the incidence of mumps in the United States in-
creased 5-fold to 5.2 cases per 100,000 population (111,
113). More than one-third of the cases reported during this
interval occurred in adolescents, reflecting the failure to
adequately vaccinate this cohort of children during the
1970s (114, 115).

In 1989, the Centers for Disease Control Advisory
Committee on Immunization Practices (ACIP) issued a
recommendation that all children receive a second dose of
the measles-mumps-rubella (MMR) vaccine, primarily to
ensure seroconversion to measles (112). Following this rec-
ommendation, the incidence of mumps in the United States
also continued to decline and only 231 cases were reported
in 2003 (116, 117). The importance of immunization of
adolescents and young adults was further emphasized by a
large outbreak (over 56,000 reported cases) of mumps in the
United Kingdom in 2004 to 2005 (109, 118). Many of the
cases occurred in university students who were too old to
have been vaccinated, but too young to have been exposed
to epidemic natural infection (119).

High two-dose MMR vaccination coverage in the United
States led to the declared elimination of endemic sustained
transmission of measles (120) and rubella (121) viruses in
2000 and 2004, respectively. It appeared that mumps would
also soon follow suit. By testing sera from the 1999 to 2004
U.S. National Health and Nutrition Examination Survey
(NHANES), the overall age-adjusted seroprevalence of IgG
to mumps virus was shown to be 90% (122), a figure thought
to be near the lower end of the level of seroprevalence re-
quired to achieve population immunity. In 2005 to 2006 a
series of outbreaks in the United States and Canada dem-
onstrated the potential for mumps virus to cause limited,
localized outbreaks even among vaccinated populations
(123, 124). In 2006, a total of 6,584 cases of mumps were
reported in the United States, with a national incidence of
2.2 cases per 100,000 population (123). The American

FIGURE 4 Cytopathic effect of mumps virus replication in tissue culture. Cell-to-cell fusion in Vero cells during the course of infection
with mumps virus (10x magnification). (A) uninfected, and 48 hours post infection (m.o.i. = 0.01) with (B) Jeryl Lynn strain, and (C) wild-
type virus (genotype G).
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outbreak was centered in the Midwest and peaked in April
2006; 34% of the cases occurred in Iowa. Among the Iowa
cases, 7% were unvaccinated; 14% had received one dose of
MMR; 49% had received two or more doses of MMR; and
30% had unknown vaccine status. The highest age-specific
rate was in persons aged 18 to 24 years (median age 22
years), many of whom were college students (125). Another
relatively large mumps outbreak (> 3,500 cases) occurred in
2009 to 2010 in New York and New Jersey, causing disease
primarily among adolescent boys attending Orthodox Jewish
schools (126). Mumps transmission in this highly vaccinated
population was apparently facilitated by the close face-to-
face interactions among the students (127, 128). Numerous
other outbreaks among highly vaccinated populations have
been reported from around the world (129–135).

Mortality
Mumps is generally a benign disease; the case-fatality ratio
from 1966 to 1975 was 1.0 to 3.4 per 10,000 cases, with most
deaths resulting from encephalitis (136). This ratio is likely
an overestimation due to underreporting of mild or asymp-
tomatic cases. No deaths were reported during mumps out-
breaks in the United States from 2006 to 2010 (137).

The basis for the recurrent mumps outbreaks among
vaccinated individuals is not understood and may be mul-
tifactorial, but it is not completely unexpected since wild-
type mumps virus infection does not necessarily confer
lifelong immunity (138, 139). Although failure to vaccinate
was a problem in past decades, the vaccine coverage rate for
one or more doses of MMR was 91.9% for American chil-
dren aged 19 to 35 months in 2013 (although MMR cov-
erage was below 90% in 17 states) (140). Primary vaccine
failure due either to reduced vaccine potency or host im-
mune factors seems unlikely (141). Secondary vaccine fail-
ure (waning immunity over time) is certainly a concern but
has been at least partially addressed by the addition of a
mandatory second dose of MMR (142, 143). Some inves-
tigators have suggested the possibility of infection caused by
variant wild-type mumps viruses and enabled by a genotype-
specific neutralizing antibody response (144). Neutralization
capacity of vaccine-induced antibodies may be reduced
against more antigenically divergent mumps virus strains (3).
However, other studies have demonstrated that sera from
vaccinated children will effectively neutralize a spectrum
of genotypically diverse wild-type mumps strains, arguing
against the immune escape hypothesis (145). A combination
of these factors could result in suboptimal population-level
immunity in high-risk settings such as schools or college
campuses (146).

Some have suggested the need for an improved mumps
vaccine with a longer duration of protection (147). Alter-
natively, the propensity for mumps to spread among vacci-
nated adolescents in schools and communal living
environments with high-intensity exposures raises the ques-
tion of whether a revised vaccination schedule with a focus
on young adults should be considered (123, 134, 148–150).

PATHOGENESIS
Viral Replication
Epithelial cells of the nasal and oral mucosa and the upper
respiratory tract are assumed to be the initial sites of virus
replication based on historic studies of experimental human
inoculation (96, 97). Virus can be isolated from saliva for
approximately 5 to 6 days before and following the onset of

symptoms (97, 151, 152), although the likelihood of de-
tecting virus in the saliva rapidly diminishes by 3 days after
the onset of symptom (153). As the infection progresses, the
virus becomes disseminated systemically, but how this occurs
is not clear since the virus has been rarely isolated from
blood (79, 80, 96). Lymphocytes staining positively for the
NP protein have been observed in the nasal mucosa, lep-
tomeninges, and lungs in experimentally infected rhesus
macaques (68). In addition, reports of in vitro infection and
replication of mumps virus in human peripheral blood
mononuclear cells suggest these cells may be important for
spreading the virus to secondary sites of replication (77, 78).
Difficulties with virus isolation from blood may be due to the
development of neutralizing antibody around the time of
symptom onset (79).

Based on autopsy reports, clinical observations, and ex-
perimental infection of animal models, the parotid gland,
testes, kidney, and tissues of the central nervous system
(CNS) are significant sites of disseminated virus replication
(96, 154). Mumps virus has been detected in various human
tissues and secretions depending on the timing of sample
collection and severity of infection. These include the pa-
rotid gland (155), testes (156), semen (157), kidney (158),
urine (159), thyroid (160), tears (161), brain (162), cere-
brospinal fluid (CSF) (163, 164), myocardium (165), breast
milk (166), and placenta (167). Mumps can be transmitted
through the placenta to the fetus (96, 168, 169), and
spontaneous abortion has been reported following maternal
infection during the first trimester of pregnancy (170, 171).
Although congenital malformation has been reported fol-
lowing mumps infection in utero (171), the rate of occur-
rence is statistically similar to uninfected controls (172).

Pathology
Since mumps is rarely a fatal illness, few pathologic de-
scriptions from autopsy series are available and usually in-
volve patients who died of acute encephalitis (155, 162,
173–176). A hallmark manifestation of infection is swelling
of the parotid salivary gland (parotitis), which occurs in 60%
to 70% of individuals depending on age and immune status
of population (101, 102). Parotid gland histopathology is
characterized by diffuse periductal and interstitial edema
with infiltration by lymphocytes and monocytes. The ductal
epithelial cells degenerate and the ductal lumen becomes
occluded with neutrophils and necrotic debris, but the
glandular cells are generally not involved (155, 177).

Orchitis is a common complication of mumps virus in-
fection in postpubertal men (approximately 30% of cases)
(96, 102, 178, 179). Virus has been recovered from testicular
biopsy material and semen, indicating that testicular tissue is
directly infected (156, 157). Histopathology demonstrates
severe and sometimes hemorrhagic interstitial edema with
substantial infiltration of leukocytes and separation of the
seminiferous tubules (174, 179–181). Swelling within the
closed space bounded by the tunica albuginea causes severe
pain and can produce vascular insufficiency and areas of
infarction. Necrosis of the germinal epithelium and atrophy
of the testicle along with scarring and fibrosis may also occur
(179, 180). Temporary reduction in the levels of testosterone
and inhibin B and elevations of luteinizing hormone have
been observed along with negative effects on spermato-
genesis (179, 182). Absolute infertility following mumps
orchitis is rare, but impaired fertility has been estimated to
occur in approximately 13% of patients (179).

Mumps virus frequently infects the kidney, resulting in
viruria and microscopic hematuria, with abnormal renal
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function evidenced by reduced creatinine clearance (159).
Renal injury is usually minimal, but infection may rarely
result in severe interstitial nephritis and acute renal failure
with damage to the tubular epithelium, immune-complex-
mediated glomerulonephritis, and edema with infiltration of
mononuclear cells (158, 183–188). Pancreatitis has been
reported in approximately 2% of cases (123, 189), but direct
evidence for virus isolation from the pancreas in humans is
lacking. A few reported severe cases of pancreatitis during
acute infection have been accompanied by hemolytic ane-
mia and renal failure (190–193). Pancreatitis associated with
mumps infection can occur in the absence of parotitis (194).
Infection may also result in thyroiditis. Mumps virus has
been isolated from biopsy specimens of the thyroid; histology
demonstrates infiltration of leukocytes around the follicles
and giant cell formation with destruction of the acinar cells
(160). Although cardiac complications resulting from in-
fection are rare, mumps virus has been detected in the my-
ocardium of several patients with endocardial fibroelastosis
(165), and infection may result in interstitial fibrosis with
hypertrophy and atrophy of heart muscle fibers (195).

In the prevaccine era, mumps infection was a common
cause of deafness. Histopathologic changes of the inner ear
in one individual who experienced hearing loss as a result of
mumps prior to death (196, 197) were limited to the
cochlear duct contents and the peripheral cochlear neuron.
Degeneration of the organ of Corti and the stria vascularis
was observed with complete atrophy of the basal coil and
substantial damage to the tectoral and Reissner’s mem-
branes.

Central Nervous System
Central nervous system involvement during mumps virus
infection is common. Based on observed pleocytosis in CSF,
asymptomatic meningitis has been reported in up to 55% of
suspected mumps cases who have undergone lumbar punc-
ture (198). Mumps virus has been isolated from CSF ob-
tained from patients with meningitis without other clinical
symptoms (164), and virus can be detected in CSF collected
during the early phases of mumps meningoencephalitis in
30% to 50% of cases (199). Studies of infection in rodent
models suggest that the virus enters the CNS via the choroid
plexus and replicates in the choroidal and ependymal cells,
resulting in the release of virus into the CSF (200, 201).

Brains of individuals who died with encephalitis as a
result of infection have exhibited a range of neuropathologic
findings including diffuse cerebral edema, meningeal in-
filtration with mononuclear leukocytes, perivascular cuffing
with mononuclear cells, proliferation of glial cells, focal
neuronal destruction, and localized demyelinization (96,
173, 175, 176, 202, 203). Histologic changes indicate both
direct viral cytopathic effect and demyelinization suggestive
of autoimmune postinfectious encephalopathy. In the
suckling hamster model, mumps CNS infection is associated
with the development of stenosis of the aqueduct of Sylvius
and with granular ependymitis (204). These findings suggest
a possible but unproven linkage between mumps CNS in-
fections and aqueductal stenosis in children (205).

Mumps virus can establish persistent infection in neuronal
cell lines (206) and chronic CNS infection in animal models
(207), but it does not routinely cause chronic infections in
humans. In patients with mumps meningitis, the persistence
of leukocytes and mumps-specific immunoglobulins in the
CSF for months after the acute infection suggests the possi-
bility of ongoing antigenic stimulation from chronic mumps
CNS infection (208). Anecdotal case reports of chronic

mumps encephalitis have appeared, but data are insufficient
to confirm a role for mumps virus as a cause of chronic CNS
infection in humans (209–213).

Virulence Factors and Attenuation
Because mumps virus is highly neurotropic and infection can
result in serious neurologic sequelae, substantial effort has
been placed toward elucidating the roles of individual genes
in neurovirulence and attenuation. Several reports have
suggested that the HN gene may have an important role in
neurovirulence (214–217), and the F, M, V, and SH genes
also have been reported to influence attenuation (53, 59, 81,
217, 218). However, the precise roles of individual genes and
their mutations in pathogenesis have been difficult to es-
tablish, in part because specific mutations only appear to
have effects in a virus-strain-specific manner (96, 219, 220).

Immune Responses
During the primary immune response to wild-type mumps
virus infection (in unvaccinated individuals), virus-specific
IgM is detectable in serum within the first few days following
symptom onset. The amount of IgM in serum peaks by 7 to
10 days post onset and may persist for up to 6 months (221,
222). Similarly, virus-specific IgA is detectable in serum
within days after the onset of symptoms, persists for up to 6
months (221), and can be detected in saliva for up to 5
weeks post onset (151, 223). The IgG antibody response is
detectable within the first week of symptoms and continues
to rise for approximately 1 month (222). While some studies
indicate overall mumps antibody levels are maintained at a
steady state throughout life (224), others indicate that
neutralizing antibody levels wane over time (225). IgG1 is
the dominant subclass of mumps-specific IgG (226). IgG
specific for the nucleoprotein has been reported to appear
first, followed by production of antihemagglutinin IgG
(226). In addition, the nucleoprotein appears to be the
immunodominant target and is nonneutralizing (226–228),
while the HN and F proteins are neutralizing targets (229).
Typical neutralizing antibody titers measured by in vitro
plaque reduction tend to be low (230) and may wane over
time (225). During a secondary immune response to mumps
following acute infection, IgM may be present in up to 51%
of previously vaccinated individuals (153), and rises in IgG
titer and avidity have been observed (231–233). The fre-
quency of mumps-specific memory B cells in circulation is
low (234, 235). However, antibody-secreting B cells can be
readily detected in the circulation during the course of acute
infection (235), and mumps-specific long-lived plasma cells
(CD19 - , CD38hi, CD138+) have been isolated from the
bone marrow more than 40 years after exposure (236).

The mumps-specific T-cell response has historically been
characterized using antigen-induced proliferation assays
(237, 238) and cytotoxicity assays (239), by detection of
interferon production (240–242), and more recently by flow
cytometry (243, 244). Virus-specific lymphoproliferative
responses have been described following vaccination (245,
246) and can be detected up to 20 years post vaccination
(243, 247). A correlation exists between histocompatibility
leukocyte antigen (HLA) haplotypes and frequencies of
virus-specific T cells, suggesting that the effectiveness of the
immune response to mumps may be heritable (248–252).
Virus-specific memory CD4+ T cells have been detected in
circulation at low frequency but with greater abundance in
bone marrow (244). There is little or no correlation between
the mumps-specific T-cell immune response and the virus-
specific antibody response (239, 247, 253). Evidence of
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mumps-specific T cells can be detected even in seronegative
individuals, suggesting that this may be the most robust
component of the mumps-specific immune response (247).
Elevated frequencies of both gamma-delta T cells (254) and
mumps-specific T cells with specific clonal TCR rearrange-
ments have been described in the CSF of patients with
meningitis (255–257). Recruitment of cytotoxic T lym-
phocytes into the CNS in patients with mumps may play a
role in the immunopathologic changes observed in human
brains after fatal mumps encephalitis (256).

Elevated levels of cytokines and immunoglobulins can be
measured in CSF from patients with mumps meningitis. CSF
interferon levels decline within a week in patients with self-
limited mumps meningitis, but they remain elevated in the
CSF of those patients who have more severe CNS in-
volvement or persistent CSF pleocytosis (257). Intrathecal
production of mumps-specific IgG and IgM is a common
feature of mumps meningitis in children, although there is
no apparent correlation between the severity of clinical
meningoencephalitis and antibody titers in the CSF (258).
A delayed hypersensitivity response to intradermally in-
jected mumps antigen usually develops following clinical
illness, but it is not a reliable indicator of mumps immune
status (259).

Although humoral and cellular components of the im-
mune response to infection can be measured for many years
after vaccination or wild-type infection, it is not known
what specific parameters of the immune response may con-
stitute a protective level of immunity. Neutralizing antibody
is assumed to be essential for protection, but no studies have
been able to define a titer that reliably assures protection
(178, 260). Although there is only one serotype of mumps
virus (2, 145), infections have been documented in in-
dividuals who had been previously infected or vaccinated,
and who (in many cases) had preexisting antibody (100,
138, 261–266).

CLINICAL MANIFESTATIONS
Primary Infection
The clinical manifestations described below refer to non-
immune patients. Although breakthrough mumps virus in-
fections occur in vaccinated individuals, the complication
rates are lower and the symptoms are typically less severe
(126). Following an incubation period of about 16 to 18 days
(range 12 to 25 days), symptomatic mumps begins with a
short, nonspecific prodromal phase characterized by fever,
malaise, headache, and anorexia. Young children may ini-
tially complain of ear pain. Up to 50% of mumps virus in-
fections may be associated with nonspecific or respiratory
symptoms and 20% to 30% are asymptomatic (96, 103).
Patients often develop characteristic parotid salivary gland
pain and swelling (Table 1; Fig. 5). Parotitis occurs in 60% to
70% of patients, but the frequency may range from 50% to
95% depending on population characteristics such as age
and immunity (178). Although parotitis is often unilateral at
onset, it may progress to the contralateral side during the
course of infection. Swelling of other salivary glands may
also occur, but it usually does not occur without parotitis.
Involvement of the submandibular glands may mimic an-
terior cervical adenopathy. Sublingual gland involvement is
the least frequent symptom, but it may be associated with
tongue swelling.

Presternal pitting edema occurs in about 5% of patients
and may be secondary to lymphatic obstruction caused by

enlarged salivary glands (267). Painful parotid gland swel-
ling progresses over 2 or 3 days, lifting the ear lobe outward
and obscuring the angle of the mandible, which helps dis-
tinguish parotitis from cervical adenopathy. The orifice of
Stensen’s duct is often erythematous and edematous. Pa-
tients complain of trismus, difficulty chewing, and difficulty
speaking. Drinking citrus juice may exacerbate the parotid
pain. Fever up to 40°C and parotid enlargement peak on the
third day of illness, followed by defervescence and resolution
of parotid pain and swelling within about 1 week. Long-term
sequelae of parotitis are uncommon, although sialectasia and
recurrent sialadenitis have been reported.

TABLE 1 Clinical manifestations of mumps
Common
Salivary gland enlargement (esp. parotitis)
Lymphocytic (“aseptic”) meningitis
Epididymo-orchitis (postpubertal males)
Uncommon
Hearing loss
Encephalitis
Oophoritis (postpubertal females)
Mastitis (postpubertal females)
Pancreatitis
Polyarthritis
Myocarditis
Thyroiditis
Hepatitis
Thrombocytopenia
Ocular involvement
Nephritis

FIGURE 5 Child with mumps displaying diffuse lymphedema of
the neck due to parotitis. (Image courtesy of CDC Public Health
Image Library.)
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Routine laboratory findings in patients with mumps are
generally nonspecific. The peripheral leukocyte count is
slightly elevated (10,000 to 12,000 cells/mm3) with a mild
lymphocytosis (30% to 40% lymphocytes). Approximately
30% of mumps patients will have an elevated serum amylase
reflecting inflammation of the salivary glands or pancreas
(268); these can be distinguished by isoenzyme analysis or by
pancreatic lipase determination.

Central Nervous System
CNS involvement is the most common extrasalivary man-
ifestation of mumps and occurs with sufficient frequency
(10% to 30% of mumps cases) that it should be considered a
part of the natural history and not a complication (96, 198,
269). For reasons that remain unexplained, mumps CNS
disease in unvaccinated individuals occurs 3 to 4 times more
frequently among males than among females (176, 270,
271). In unvaccinated individuals, the spectrum of CNS
diseases associated with mumps ranges from mild aseptic
meningitis, which is very common, to fulminant and po-
tentially fatal encephalitis, which is very rare, occurring in
less than 0.1% of cases of acute mumps (270, 271). CSF
pleocytosis is present in 40% to 60% of patients with acute
mumps, although only 10% to 30% of mumps patients will
have clinical evidence of meningeal irritation (Table 2).
Thus, half of the mumps patients demonstrated to have CSF
pleocytosis will not have CNS symptoms (176, 198).

CNS symptoms usually appear about 5 days after the
onset of parotitis, although development of CNS findings
before or simultaneously with parotitis is well recognized
(270–272). Mumps CNS disease can also occur in patients
without clinical evidence of parotitis; indeed 40% to 50% of
patients with symptomatic mumps meningitis have no evi-
dence of salivary gland enlargement. The diagnosis of
mumps cannot be excluded in a patient with me-
ningoencephalitis simply because the patient does not have
clinically apparent salivary gland involvement.

Mumps CNS infection presents with high fever, vomit-
ing, and headache that lasts for 48 to 96 hours (272–274)
(Table 3). The majority of mumps patients with CNS in-
volvement will have signs of meningeal irritation, but no
evidence of cortical dysfunction. Defervescence is accom-
panied by overall clinical improvement; the total duration of
illness in uncomplicated cases is 7 to 10 days. Mumps
meningitis is a benign disease with essentially no risk of
mortality or long-term morbidity.

The onset of seizures, altered level of consciousness, or
focal neurologic abnormalities in a patient with mumps is
indicative of encephalitis (270, 271). The mortality rate for
patients with mumps encephalitis is less than 1.5% and
permanent sequelae are rare. Even among patients who are
profoundly encephalopathic, the probability of complete
recovery is high; sustained seizures and focal neurologic
deficits may indicate a less favorable prognosis (270).

CSF pleocytosis ( > 5 white blood cells [WBCs]/mm3)
occurs in 40% to 60% of unvaccinated patients with mumps
parotitis and is a prominent feature of patients with mumps
meningoencephalitis (275) (Table 2). Lumbar puncture in
patients with mumps meningoencephalitis usually reveals a
normal opening pressure and an elevated leukocyte count of
200 to 600 cells/mm3 (ranging up to 2,000 cells/mm3) that is
> 80% lymphocytes (176, 271, 276). About 50% of patients
will have a moderately elevated CSF protein and 10% to
20% will have moderate hypoglycorrhachia (CSF glucose 20
to 40 mg/dl) (276, 277). Depressed CSF glucose, an unusual
finding in viral meningitis, has been reported most often with
mumps virus, lymphocytic choriomeningitis virus, and herpes
simplex virus infections. CSF pleocytosis often persists for
weeks after resolution of clinical mumps disease (268). There
is no definite correlation between the magnitude of the CSF
abnormalities and the clinical course, although one study
reported that higher CSF protein and lower CSF glucose
levels were associated with longer durations of hospitalization
(271, 278). Mumps virus can be isolated from about 33% of
CSF specimens in which there is pleocytosis.

Numerous neurologic complications have been described
in association with mumps encephalitis, including behav-
ioral disturbances and personality changes (270, 279), seizure
disorders (274), cranial nerve palsies (especially facial and
ocular palsies) (280), muscular weakness (including hemi-
paresis), ataxia (270, 281), myelitis (282, 283), Guillain-
Barré syndrome (284), and hydrocephalus (285–287).

Electroencephalograms recorded in patients with acute
mumps encephalitis characteristically show moderate to se-
vere slowing without spikes or lateralizing signs. Modern
imaging techniques (computed tomography, magnetic reso-
nance imaging, etc.) have not been systematically evaluated
as diagnostic tools for patients with mumps CNS infection
(288).

Special Populations
Maternal mumps infection during the first trimester of
pregnancy may result in an increased frequency of sponta-
neous abortion; infection during the second or third tri-
mester is generally uncomplicated (289). Fetal wastage
occurs as a result of infection of the placenta and/or fetus
during the early viremic phase. Villous necrosis with intra-
cytoplasmic inclusion bodies in decidual cells has been seen
in placentas from spontaneous abortions following maternal
mumps (169). In addition, mumps virus has been isolated
from fetal tissue following a spontaneous first trimester
abortion that occurred during acute maternal mumps (168).

TABLE 2 Initial CSF findings in patients with CNS mumps
infectiona

Mean Typical Range

WBCs 450/mm3 100–1,000/mm3

WBC differential 90% lymphocytes 70%–100% lymphocytes
Protein 65 mg/dl 30–150 mg/dl
Glucose 55 mg/dl 30–70 mg/dl

aCompiled from 116 cases (274, 276, 370, 371). Modified from Gnann (269),
with permission.

TABLE 3 Initial clinical findings in patients with CNS
mumps infectiona

Signs and Symptoms % of Patients

Fever 95
Vomiting 75
Headache 70
Neck stiffness 70
Parotitis 50
Lethargy 40
Abdominal pain 15
Seizures 15

aCompiled from 248 cases (199, 271–273). Modified from Gnann (269), with
permission.
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A possible association between mumps occurring during the
first trimester and low birth weight has been described.
There is no clear connection between mumps occurring
during pregnancy and congenital defects (172). Mumps virus
is excreted in breast milk, but perinatal mumps infection is
extremely rare.

There are few reports of wild-type mumps virus infection
in individuals with congenital or acquired im-
munodeficiency. There are two case reports of mumps
leading to fatal encephalomyelitis in individuals with severe
combined immunodeficiency (290), and one renal trans-
plant patient developed acute irreversible transplant failure
due to interstitial nephritis caused by mumps (291). Reports
of disease caused by wild-type mumps virus among HIV-
infected individuals are lacking.

Complications of Mumps
Mumps can result in a variety of complications, most of
which have become much less common in the postvaccine
era (137) (Table 1). Gonadal involvement can occur in both
men and women with mumps (292). Epididymo-orchitis is
rare in prepubertal boys with mumps, but was reported in
25% to 38% of men in the prevaccine era (293, 294). Or-
chitis can occur in vaccinated males who develop mumps
but is less frequent and less severe (126, 295). Orchitis is
usually unilateral; bilateral involvement occurs in 17% to
38% of cases. Orchitis typically develops within 4 to 10 days
after the onset of parotitis, although it can develop prior to
or even in the absence of parotitis (296, 297). Patients with
mumps orchitis present with severe testicular pain and
swelling accompanied by high fever (39°C to 41°C), nausea,
vomiting, and headache (179). Physical examination dem-
onstrates warmth and erythema of the scrotum with marked
tenderness of the testis, which may be swollen to 3 or 4 times
its normal size. Epididymitis is also present in 85% of cases
(298, 299). The testicular swelling and constitutional
symptoms resolve within 5 to 7 days, although residual tes-
ticular tenderness persists for several weeks in up to 20% of
patients. Testicular atrophy may follow orchitis in 35% to
50% of cases, but impotence or sterility is uncommon even
among patients with bilateral orchitis (300). A proposed
association between mumps-related testicular atrophy and
subsequent testicular malignancy is unsubstantiated (301).

Oophoritis occurs in 5% of postpubertal women with
mumps. Women with mumps oophoritis typically report
fever, nausea and vomiting, and adnexal pain. Sequelae are
uncommon, although impaired fertility and premature
menopause following mumps can occur. Fifteen percent of
postpubertal women with mumps complain of breast swel-
ling and tenderness consistent with mastitis.

Mumps-associated pancreatitis occurs in about 4% of
cases and presents with fever, nausea, vomiting, and epi-
gastric pain. Some epidemiologic data suggested an associ-
ation between mumps pancreatitis and juvenile diabetes
mellitus; however, the dramatic decline in the incidence of
mumps has not been mirrored by a corresponding decline in
the occurrence of juvenile-onset diabetes mellitus.

Migratory polyarthritis, or less frequently monoarticular
arthritis, has been observed in mumps patients (302, 303).
The pathogenesis of mumps-related arthritis is uncertain;
virus has not been isolated from joint fluid, and there is
no evidence of immune complex deposition. The arthritis
may involve large and small joints and usually begins 10 to
14 days after the onset of parotitis. The joint symptoms
may last 4 to 6 weeks, but usually resolve with no permanent
joint damage.

Symptomatic mumps myocarditis is rare, although elec-
trocardiographic (ECG) changes have been reported in 3%
to 15% of patients (275). The most common ECG abnor-
malities are prolongation of the PR interval, flattening or
inversion of T waves, and depression of ST segments. Rare
cases of inflammatory myocarditis with lymphocytic in-
filtration in patients with mumps have been described. A
proposed linkage of mumps with pediatric endocardial fi-
broelastosis remains unproven (165).

Sensorineural hearing loss is a well-recognized compli-
cation of mumps that occurs with a frequency of 0.5 to 5.0
episodes/100,000 mumps cases (304–307). In one series
collected among military personnel, transient high fre-
quency hearing loss occurred in 4.4% of cases (308). The
onset of deafness may be either gradual or abrupt and may be
accompanied by vertigo. Hearing changes result from direct
damage to the cochlea by the mumps virus and may be either
transient or permanent (309).

Other infrequent complications of mumps include thy-
roiditis, hepatitis, nephritis (184), and thrombocytopenia.
Rare ocular complications of mumps include iritis, keratitis,
and central retinal vein occlusion (310, 311). A mumps-
virus-associated hemophagocytic syndrome has been de-
scribed (312).

Clinical Diagnosis of Mumps
The presentation of a febrile child with parotitis strongly
suggests the diagnosis of mumps, particularly if the in-
dividual is known to be susceptible and has been exposed to
mumps during the preceding 2 to 3 weeks (154). However,
the etiology of aseptic meningitis may not be apparent if
there is no concomitant salivary gland enlargement, and
specific laboratory testing is required to establish the diag-
nosis.

A variety of other infectious and noninfectious disorders
can cause parotid enlargement that may be confused with
mumps (313, 314). Other viruses (including parainfluenza
virus, coxsackievirus, adenovirus, EBV, HHV-6, and influ-
enza A virus) can cause fever and parotid gland enlargement
(315–317). Accurate diagnosis requires viral culture, mo-
lecular diagnostics, or specific serologic testing. Parotid
gland enlargement has also been described in patients with
AIDS, especially children (318, 319). Bacterial parotitis
(usually caused by Staphylococcus aureus or Gram-negative
bacilli) is most often unilateral and occurs in debilitated
patients with poor oral intake, postoperative patients, and
premature infants. Physical examination reveals eryth-
ematous skin overlying a hard, warm, and very tender pa-
rotid gland. Parotid massage expresses pus from Stenson’s
duct. Tumors, cysts, and duct obstruction due to salivary
stones can also result in unilateral parotid swelling.

Drugs and systemic illness can result in parotid swelling,
which is typically bilateral and nontender (320). Medi-
cations associated with salivary gland enlargement include
iodides, phenothiazines, phenylbutazone, didanosine, and
thiouracil. Chronic diseases in which parotitis can appear
include cirrhosis, diabetes mellitus, malnutrition, chronic
renal failure, sarcoidosis (uveoparotid fever), tuberculosis,
lymphoma, amyloidosis, and Sjögren syndrome.

LABORATORY DIAGNOSIS
The role of the laboratory in confirming clinically suspected
cases of mumps infection is important because hallmark
clinical symptoms like parotitis may not be present in all
cases (321–324), vaccinated individuals may have mild or
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modified symptoms (126), and parotitis can be caused by a
number of other etiologies (316).

As described below, acute mumps infection can be con-
firmed by direct detection of virus in clinical samples by
reverse transcription (RT)-PCR or culture and detection of
virus-specific IgM in serum. These tests are available through
some commercial diagnostic laboratories, many state public
health laboratories, a network of regional reference labo-
ratories designated by the Association of Public Health
Laboratories, and through services offered by the federal
Centers for Disease Control and Prevention. Among pre-
viously vaccinated persons, negative laboratory test results
cannot be used to rule out the possibility of mumps virus
infection, but positive results are useful for confirming
clinically suspected cases of infection. Importantly, cases of
mumps virus infection must be reported to local or state
public health authorities as part of the National Notifiable
Diseases Surveillance System. Additional information re-
garding laboratory testing, protocols, collection and trans-
port of specimens, vaccination recommendations, answers to
frequently asked questions, and further guidance for health
care providers can be found at http://www.cdc.gov/mumps
/index.html.

Virus Isolation and Nucleic Acid Amplification
Detection of viral RNA in clinical samples by RT-PCR is a
sensitive, definitive, and preferred diagnostic method. The
SH and NP gene sequences are common amplification tar-
gets, although methods targeting the F, M, and HN genes
have also been described (153, 325–330). Because the SH
gene sequence has the most diversity among virus strains and
is used for genotype determination, it is an important am-
plification target for enhancing epidemiologic investigation
(18). However, the NP gene sequence provides somewhat
greater sensitivity of detection (153).

Virus is shed into the saliva for up to 1 week following the
onset of symptoms, but it rapidly diminishes around 3 days
post onset (153). To increase the likelihood of detection,
oral fluid samples should be collected as soon as symptoms
appear. Following thorough massage (30 seconds or longer)
of the affected parotid gland, samples of oral fluid should be
collected by swabbing the area around Stenson’s duct with a
flocked swab made of synthetic material, such as polyester,
but not cotton, which may interfere with nucleic acid am-
plification. To maintain viability, samples should be placed
in 1 to 2 ml of viral transport medium such as Dulbecco’s
modified Eagle’s medium, Hank’s balanced salt solution, or
phosphate-buffered saline containing a source of protein
such as 2% fetal bovine serum, 1% bovine serum albumin, or
0.5% gelatin. Samples should be maintained at 4°C if testing
is to be performed within 24 hours, or frozen at - 70°C if
testing is to be delayed. Although oral specimens are pre-
ferred, virus may also be isolated from urine for up to 2 weeks
following infection (331) or from CSF (163, 164). If viral
RNA cannot be amplified directly from a clinical specimen,
the specimen may be used to inoculate a cultured cell line
(typically Vero cells). Passage in cell culture may allow the
virus to replicate to a level that can be detected by RT-PCR
and confirmed by sequencing.

Serologic Assays
Diagnosis of acute primary infection can also be reliably
confirmed by the appearance of mumps-specific IgM in se-
rum by ELISA (178, 222). In contrast, ‡ 50% of individuals
with previous exposure to mumps virus either through wild-
type infection or vaccination may not develop detectable

IgM (178). The most reliable method of IgM detection is
capture ELISA. Indirect ELISA and immunofluorescence
assays are less sensitive or have higher rates of false-positive
results (153, 178, 332). The likelihood of obtaining an IgM-
positive serum sample is lower at the time of symptom onset
and increases up to the fifth day following onset (153). If an
acute phase serum sample collected £ 3 days after the onset
of parotitis is IgM negative, a second sample collected 5 to 7
days after symptom onset should also be tested since the IgM
response may require more time to develop.

The presence of virus-specific IgG in the serum is evi-
dence of a previous immune exposure and is routinely
measured by commercially available ELISA or bead-based
assays (333, 334). Avidity testing of IgG may be useful for
distinguishing between cases of primary and secondary vac-
cine failure (232, 233). In vitro plaque reduction neutrali-
zation tests have been used as a measure of neutralizing
antibody, but they are labor intensive (335). Other historical
methods used to detect mumps virus or virus-specific anti-
body included hemagglutination-inhibition assays (336),
complement fixation (337), and immunofluorescence (338).
Although humoral immune responses to mumps infection or
immunization can be measured by a variety of techniques,
each is limited to some extent by antigenic cross-reactivity
between mumps and other paramyxoviruses (339–341).

PREVENTION
Current guidelines recommend the isolation of individuals
with mumps for 5 days after the onset of parotitis, although it
is recognized that viral shedding may also occur for a few
days before the onset of symptoms (342, 343). Hospitalized
patients with mumps should be isolated using standard and
droplet isolation precautions for 5 days after onset of paro-
titis, the period of heaviest viral shedding (342).

Vaccines
Mumps can be most efficiently prevented by use of an ef-
fective vaccine containing live attenuated virus. A formalin-
inactivated mumps virus vaccine was also developed, but the
duration of protection was shorter, so the killed virus vaccine
is no longer used (178). The vaccine currently used in the
United States contains replication competent genotype A
mumps virus attenuated by serial passage in embryonated
hens’ eggs and chick embryo cell cultures. The “Jeryl Lynn”
vaccine contains two virus strains JL5 and JL2, which differ
by > 400 nucleotides (344, 345).

The mumps vaccine is a component of the MMR vaccine
and is given by subcutaneous injection in two doses. ACIP
recommends that the first dose of MMR be given at 12 to 15
months of age and the second dose given at 4 to 6 years of
age (346). A quadrivalent vaccine (MMR plus varicella
[MMRV]) is approved for use in the United States (347).
Because of a very small increased risk of febrile seizures as-
sociated with MMRV vaccine use in children aged 12 to 47
months, some authorities recommend that MMR and vari-
cella vaccines be administered separately for the first dose;
the MMRV vaccine is appropriate for the second dose (137).

Mumps-specific antibody appears within 2 weeks of im-
munization and is eventually detectable in about 94% of
children vaccinated with Jeryl Lynn MMR (348). Although
antibody titers decline over time, 74% to 95% of vaccine
recipients followed for 12 years still had detectable antibody
following two doses of vaccine (150, 225). Mumps-specific
cell-mediated immune responses appear to persist even
longer (253). While mumps-specific IgG is a simple measure
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of vaccine response, it is not a definitive correlate of pro-
tection from mumps virus infection (349).

Early studies optimistically estimated that a single vac-
cine injection provided protective immunity to 97% of re-
cipients (350). However, studies conducted during
subsequent mumps virus outbreaks indicated an efficacy rate
of 75% to 91% following a single dose (115, 351). The
efficacy of at least one dose of Jeryl Lynn vaccine for pre-
venting clinical mumps is estimated to be 69% to 81%
(352); the median efficacy for two doses is higher at 86% to
88% (178, 353).

The two-dose MMR vaccination schedule was adopted in
the United States in 1989 in response to increased rates of
measles, but it also effectively addressed the problem of
primary mumps vaccine failure seen with a single dose
(112). Most states now require presumptive evidence of
mumps immunity (documented age-appropriate vacci-
nation, laboratory-demonstrated seropositivity, or laboratory
confirmation of disease) before children are allowed to enroll
in school. Health care workers without evidence of mumps
antibody should also be immunized (137).

The Jeryl-Lynn-based mumps vaccine is safe, well tol-
erated, and cost-effective (354–356). In healthy children,
immunization usually causes no symptoms other than loca-
lized injection site reactions. However, fever, febrile seizures,
rash, and parotitis are occasionally reported (137, 357).
Administration of MMR is contraindicated in pregnant
women, but it can be safely administered to children who are
household contacts of pregnant women. MMR is also con-
traindicated in (i) persons with primary or acquired humoral
or cellular immunodeficiency syndromes; (ii) persons with
lymphoproliferative malignancies; and (iii) persons receiv-
ing systemic immunosuppressive therapy (137). MMR is
recommended for HIV-infected children without evidence
of severe immunodeficiency, as determined by appropriate
age-specific CD4 lymphocyte counts (137, 358).

Mumps vaccine is produced in chick embryo cell cultures
and may contain trace amounts of neomycin, so immuni-
zation is not recommended for any person with a history of
anaphylactic reactions to that antibiotic. Although MMR
may contain trace amounts of egg protein, serious allergic
reactions are extremely rare, even among children with a
documented egg allergy. Therefore, history of egg allergy is
not considered a contraindication to MMR administration
(137).

Other strains of live attenuated mumps vaccine (in-
cluding Urabe AM9 and Leningrad-3) have been associated
with higher rates of vaccine-associated aseptic meningitis
and are no longer widely used (359, 360). In some countries,
the Urabe mumps vaccine strain was replaced by the highly
attenuated Rubini strain, which provides unacceptably low
levels of clinical protection (139, 361). An important ad-
vance has been the development of a rat-based neuro-
virulence assay to assess the safety of candidate mumps
vaccine viruses (218, 362, 363).

Postexposure Prophylaxis
Postexposure vaccination of mumps susceptible individuals
may not provide protection or alter the course of the in-
fection (137, 364). Mumps immune globulin is of no proven
value in this setting and is not commercially available. The
mumps antibody status of the exposed individual can be
rapidly determined by ELISA, although it is generally safe to
assume that adults born in the United States before 1957
have been naturally infected and are considered immune
(112). Administration of a third dose of MMR as post-

exposure prophylaxis during a mumps outbreak appears safe,
but the efficacy has not been established (355, 365, 366).

TREATMENT
Therapy for uncomplicated mumps consists of conservative
measures to provide symptomatic relief, such as analgesics,
antipyretics, rest, and hydration. There is currently no es-
tablished role for corticosteroids, antiviral chemotherapy, or
passive immunotherapy in mumps. Case reports and small
series have claimed that administration of interferon-
alpha2b is beneficial in men with mumps orchitis, but this
treatment has not been adequately studied in a controlled
fashion (179, 367, 368). Symptomatic measures to alleviate
the pain and swelling of mumps orchitis include bed rest,
scrotal support, opioid analgesics, and application of ice
packs. Surgical decompression was frequently performed in
the past for mumps orchitis, but is no longer recommended
(369).

Patients with mumps and clinical evidence of encepha-
litis (e.g., altered mental status, seizures, or focal neurologic
findings) should be hospitalized for observation. Supportive
care for patients with mumps meningoencephalitis includes
bed rest, fever control, hydration, antiemetics, and anti-
convulsants as required. Lumbar puncture may temporarily
relieve the headache in some patients with mumps menin-
gitis. Corticosteroids have been used in the treatment of
mumps encephalitis (274) and orchitis, but there are no data
from controlled studies to support this approach, and corti-
costeriod use is not routinely recommended. Benefit from
intravenous Ig infusion for mumps-related complications
(e.g., transverse myelitis, immune thrombocytopenic pur-
pura, acute disseminated encephalomyelitis) has been
claimed in case reports, but this intervention has not been
systematically evaluated and is not recommended (137, 154).
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This chapter focuses on emergent paramyxoviruses that are
associated with zoonotic disease. Hendra virus (HeV), Ni-
pah virus (NiV), Menangle virus (MenPV), and Sosuga virus
(SosPV) are known to have caused severe zoonotic infec-
tions, and Tioman virus (TioPV), Achimota virus (AchPV),
and Mojiang virus (MojPV) are also suspected of causing
them. These viruses, which have emerged or been detected
over the last two decades, are potential threats to both
livestock animals and humans (Table 1). In particular, HeV
and NiV have caused fatal diseases in animals and humans,
and outbreaks of NiV continue to occur almost annually.
Molecular biological studies have made substantial contri-
butions to the characterization of emergent zoonotic para-
myxoviruses. Sequencing studies provide an accurate picture
of the relative taxonomic position of these viruses and pro-
vide rapid diagnostic capabilities. In the case of outbreaks of
NiV in Malaysia, Bangladesh, and India, molecular biologi-
cal data quickly identified the etiologic agent present, and
reverse transcriptase PCR (RT-PCR) and serologic assays
were used to rapidly confirm NiV infections in humans and
animals (1–4).

Other paramyxoviruses that have been documented to
cause rare human infections include MenPV (5–7) SosPV
(8), and TioPV (9–11). Most of these viruses share a com-
mon reservoir in large fruit bats (in the genus Pteropus), also
known as flying foxes (12). Because of their clear poten-
tial to cause severe disease in humans and animals, NiV
and HeV have been designated class C select agents and
have been the focus of intense study since their emergence
(13–15). Although yet to be conclusively linked to zoonotic
disease, bats are suspected to also play a role in the trans-
mission of AchPV and MojPV to humans (16). MojPV is a
novel henipa-like virus detected in rats (Rattus flavipectus) in
a cave in Yunnan Province, China, in 2012 (17). Although
isolated from rats, microbats (Rhinolophus ferrumequinum)
also reside in this cave, so it is possible that the disease
observed in the three humans may represent a spillover
event from either rats or bats.

VIROLOGY
Classification
HeV was originally named equine morbillivirus because
initial sequencing and morphological studies conducted

following its emergence in 1994 led to the conclusion that
HeV was most closely related to the morbilliviruses (18).
However, subsequent studies showed that HeV is neither a
morbillivirus nor an equine virus. Analysis of the sequences
of the entire genomes of both HeV and NiV now groups
these viruses together in the genus Henipavirus, within the
subfamily Paramyxovirinae (Fig. 1) (15). HeV and NiV are
related viruses that share 68 to 92% amino-acid-sequence
identity in their protein coding regions and 40 to 67%
nucleotide-sequence identity in the untranslated regions of
their genomes (3, 19). Among the other seven genera within
the Paramyxovirinae, the henipaviruses are more closely re-
lated to the respiroviruses and morbilliviruses.

Based on the genome structure and phylogenetic analysis,
both MenPV and TioPV have been tentatively classified as
members of the genus Rubulavirus (20). AchPV1 and 2 are
distinct paramyxoviruses and, although not closely related,
cluster with the other bat-borne rubula-like viruses (16). The
genome organization of SosPV is typical of the rubulaviruses,
and phylogenetic analysis clearly demonstrated that SosPV
also clusters with the bat-borne rubula-like viruses (8).

Sequencing of a number of novel paramyxoviruses has
substantially increased our appreciation of the diversity
within this viral family (6, 8, 9, 16, 17, 18, 21, 22). Several of
these viruses demonstrate a departure from the restricted
host range that has been the norm for most members of the
Paramyxoviridae. For example, viruses closely related to the
morbillivirus canine distemper virus have been associated
with disease outbreaks in harbor seals (23), striped dolphins
(24), and Serengeti lions (25).

Genome Structure and Gene Function
Paramyxoviruses contain a negative-sense, nonsegmented,
single-stranded RNA genome ranging from 15,178 to 19,212
nucleotides in length. The genome structure is conserved
with the nucleocapsid (N), phosphoprotein (P), matrix (M),
fusion (F), attachment (HN/H/G), and large (L) genes
present in all viruses (Fig. 2).

The genomes of HeV and NiV are 18,234 and 18,246
nucleotides in length, respectively, and, until the charac-
terization of Beilong (26) and J viruses (27), these were the
largest genomes among the paramyxoviruses. The newly-
characterized genome of henipa-like MojPV is also large, at
18,406 nucleotides. In contrast, the average genome size
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for the other members of Paramyxovirinae is approximately
15,500 nucleotides. The genomes of the rubulaviruses Men-
PV (15,516), TioPV (15,522), SosPV (15,480), AchPV1
(15,624), and AchPV2 (15,504) are all typical in length.
The larger size of the HeVand NiV genomes is mostly due to
the unusually large sizes of the open reading frame (ORF) for
the phosphoprotein (P protein) gene and the large 3’ un-
translated regions of several of the genes (3). The “rule of
six” states that the total length of the genomic RNA of
viruses within the subfamily Paramyxovirinae must be evenly
divisible by six in order for the viruses to efficiently replicate
(28). Studies with a minigenome replication assay confirmed
that NiV and HeV conform to the rule of six (29).

The complete genome sequence of a horse isolate of HeV
was published in 2000 (30, 31), and subsequent sequencing
of other HeV isolates allowed for variants of HeV to be
differentiated through analysis of the hypervariable region of
the genome, despite the overall genome displaying genetic
stability (32, 33). The complete genomic sequences of the
NiV strains associated with the outbreaks in Malaysia in
1999 (NiV-MY) and Bangladesh in 2004 (NiV-BD) have
been determined (4). The genome of NiV-BD is six nucle-
otides longer than that of NiV-MY, the prototype strain of
NiV, and two nucleotides shorter than that of HeV. The
additional six nucleotides map to the 5’ untranslated region
of the F protein gene. The gene order and sizes of all the
open reading frames except V are conserved between NiV-
BD and NiV-MY. The overall nucleotide homology between
the genomes of NiV-BD and NiV-MY is 91.8%; the predicted
amino acid homologies between the proteins expressed by
NiV-MY and NiV-BD are all greater than 92% (4). The
minor degrees of sequence variation among strains appear to
be related to their geographic distribution. The N protein
gene sequence of a bat isolate of NiV from Cambodia is more
closely related to the sequence of NiV-MY than to the se-
quence of NiV-BD, while sequences obtained from samples
from an outbreak in India were more closely related to NiV-
BD (1). Full-genome sequence analysis of MojPV demon-
strated that the closest relatives are the henipaviruses, but
amino acid sequence identity only ranged from 38 to 63%
compared to HeV and NiV (17).

The genomes of paramyxoviruses contain a number of
conserved cis-acting signals that regulate gene expression
and replication. The cis-acting signals include the gene
transcription start sites, gene stop sites, RNA editing sites,
genomic termini, and intergenic sequences (34). The 5’UTR
contains a gene start (GS) sequence utilized for transcription
initiation, and the 3’ UTR contains a gene end (GE) region
responsible for transcription termination. The GE sequence

FIGURE 1 Phylogenetic analysis of the sequences of the open
reading frame of the N protein gene from selected viruses in the
subfamily Paramyxovirinae. The genus name is on the right.
Abbreviations of virus names and sequence accession numbers are
as follows: Achimota virus 1 (AchPV1) JX051319; Achimota virus
2 (AchPV2) JX051320; Atlantic salmon paramyxovirus (AsaPV)
EU156171; Avian paramyxovirus 6 (APMV6) AY029299; Bat
paramyxovirus/Eid hel/GH-M74a/GHA/2009 (BPV-M74a)
HQ660129; Beilong virus (BeiPV) DQ100461; Bovine parainflu-
enza virus 3 (bPIV3) AF178654; Canine distemper virus (CDV)
AF014953; Cedar virus (CedPV) JQ001776; Fer-de-lance para-
myxovirus (FdlPV) NC_005084; Hendra virus (HeV) AF017149;
Human parainfluenza virus 2 (hPIV2) AF533010; Human parain-
fluenza virus 3 (hPIV3) Z11575; J virus (JPV) AY900001;
Menangle virus (MenPV) AF326114; Measles virus (MeV)
AB016162; Mojiang virus (MojPV) KF278639; Mossman virus
(MosPV) AY286409; Mumps virus (MuV) AB000388; Newcastle
disease virus (NDV) AF077761; Nipah virus, Bangladesh strain
(NiV-BD) AY988601; Nipah virus, Malaysian strain (NiV-MY)
AJ627196; Parainfluenza virus 5 (PIV5) AF052755; Rinderpest
virus (RPV) Z30697; Salem virus (SalPV), AF237881; Sendai virus
(SeV) M19661; Sosuga virus (SosPV) KF774436; Tioman virus
(TioPV) AF298895; Tupaia paramyxovirus (TupPV) AF079780.

TABLE 1 Characteristics of zoonotic paramyxovirus infections of humans

Virus discovery and reservoir Nonhuman species infected Incidence and clinical disease in humans

Virus
Year

identified
Presumed
Reservoir Natural Experimental

Human
cases (fatal)

Clinical disease
in humans

HeV 1994 Fruit bats Horse, dog Horse, cat, dog, guinea
pig, ferret, bat

7 (4) Influenza-like illness,
pneumonia, encephalitis

MenPV 1997 Fruit bats Pig Pig 2 (0) Febrile, rash illness
NiV 1999 Fruit bats Pig, cat,

dog, horse
Pig, cat, hamster, bat,
guinea pig, squirrel
monkey, ferret

557 (320)a Pneumonia, encephalitis

SosPV 2012 Fruit bats Unknown Not done 1 (0) Febrile, rash illness
aIncludes one outbreak in Malaysia and Singapore (2), one outbreak in India (1), and outbreaks in Bangladesh, 2001 to 2005 (Institute of Epidemiology, Disease

Control and Research Bangladesh situation reports: http://www.iedcr.org/); not all cases were confirmed by laboratory testing.
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contains a stretch of four to seven uridine residues that act as
a template for polyadenylation of the mRNA. The inter-
genic region is three nucleotides in length for most Para-
myxovirinae members with the exception of rubulaviruses
and avulaviruses, which can vary in length from 1 to 124
nucleotides (35, 36). However, HeV and NiV are the only
paramyxoviruses in which the intergenic sequence, CTT, is
conserved at every gene junction (3, 31).

Proteins
The P protein is an essential component of the replication
complex for all paramyxoviruses. The P protein of NiV
contains binding domains for the N protein at both its
amino and carboxyl termini (37). The coding strategy for
the P protein gene of the henipaviruses, respiroviruses, and
morbilliviruses is that a faithful transcript of the P protein
gene codes for the P protein, while the transcript encoding
the V protein is produced by RNA editing. RNA editing
refers to the insertion of nontemplated guanosine (G) nu-
cleotides into the mRNA of the P protein gene to permit
access to additional ORFs (38). The V proteins of the
respiroviruses, morbilliviruses, and henipaviruses share the
N-terminus as their respective P proteins, which, at the edit-
ing site, are joined to a unique, C-terminal cysteine-rich
domain encoded by a different ORF (Fig. 3). In contrast,
faithful transcription of the rubulavirus P protein gene pro-
duces a V protein, while the P protein is produced by RNA
editing. The P protein genes of the henipaviruses also code
for a C protein, which is produced by internal ribosomal
entry from an overlapping reading frame located near the 5’
terminus of the P protein gene mRNA. As in the case of the

morbilliviruses, the translational start site for the C protein
of HeVand NiV is located downstream of the start codon for
the P/V protein (19, 30). The P protein genes of HeV and
NiV also have the capacity to code for a protein that is
analogous to the W protein described for Sendai virus (39).
W protein is produced by the addition of two nontemplated
G proteins at the RNA editing site. The P protein gene of
HeV, but not NiV, also contains another short ORF that
codes for a small basic protein (SB) with unknown function.
While a similar coding region has been located in the P
protein genes of vesicular stomatitis virus and Marburg virus,
expression of SB has not been demonstrated for HeV (30).

The P gene products from viruses within the subfamily
Paramyxovirinae have been demonstrated to inhibit both
dsRNA signaling (40–43) and IFN production and signaling
(44–46). The ability of viruses to inhibit IFN pathways is
considered to be important determinants of virulence and
host range. As for other paramyxoviruses, the C, V, and W
proteins of NiV and HeV function as virulence factors that
interfere with the innate immune system. NiV C, V, and W
proteins can rescue growth of interferon (IFN)-sensitive
viruses, and cells expressing both V and W of NiV block
activation of an IFN-inducible promoter in primate cells
(47). The V protein sequesters STAT1 and STAT2 in high-
molecular-weight complexes, preventing both nuclear
transportation and activation (48, 49), while W protein has
been shown to sequester STAT1 in the nucleus (50, 51).
The P protein also inhibits the nuclear translocation of
STAT1 (50). The V and W proteins also block virus acti-
vation of the IFN-ß promoter and of an IFN regulatory factor
3-responsive, IFN-stimulated promoter (50). The ability to

FIGURE 2 Schematic representation of the genomes of viruses in the subfamily Paramyxovirinae. Genomes are single-stranded, negative-
sense RNA shown in the 3’-to-5’ (left-to-right) orientation. Boxes indicate protein-coding regions, and solid lines indicate noncoding
regions. The genome, coding regions, and untranslated regions are drawn to scale. The six conserved genes present in all paramyxovirus
genomes are indicated as follows: light shaded = RNA polymerase and nucleocapsid genes (N, P and L); slanted = envelope membrane protein
genes (F and attachment protein); white = matrix protein (M). The dark shaded boxes represent genes which are not commonly shared
among members of the subfamily. The scale at the bottom represents genome size in nucleotides.
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block IFN signaling has been mapped to a single amino acid
on the NiV V protein (52).

The N, P, and L proteins are necessary and sufficient for
transcription and genome replication. The genes coding for
the RNA-dependent RNA polymerase (L protein) of HeV
and NiV have a linear domain structure that is conserved in
all of the Mononegavirales (53). In domain III, all of the
negative-strand RNA viruses have a predicted catalytic site
with the amino acid sequence GDNQ. The sequence QDNE
is found only in HeV, NiV, and Tupaia paramyxovirus (3, 31,
54). However, substitution of the E for Q did not affect the
function of the L protein of NiV in a minigenome replica-
tion assay (55). Interestingly, the GDNE motif is not found
in MojPV, Cedar virus (56), and other recently identified bat
henipa-like viruses (57).

HeV and NiV have two membrane glycoproteins, the F
protein and the attachment protein G, which perform the
same functions as the membrane glycoproteins of the mor-
billiviruses and respiroviruses. As with the other para-
myxoviruses, both the G and F proteins of HeV and NiV
are required for cell fusion, and heterotypic mixtures of
the G and F proteins of HeV and NiV are also fusion com-
petent (58, 59). MenPV lacks detectable neuraminidase
and erythrocyte binding activity, and the hemagglutinin-
neuraminidases of MenPV and TioPV lack the hexapeptide,
NRKSCS, that is proposed to be essential for neuraminidase
activity (21). Compared to the other rubulaviruses, TioPV
and MenPV also have some unique genetic features in their
RNA start sites and intergenic regions (9, 60).

The F proteins of the Paramyxovirinae are type I mem-
brane glycoproteins that facilitate the viral entry process by
mediating fusion of the virion membrane with the plasma
membrane of the host cell. F proteins are synthesized as
inactive precursors, F0, that are converted to biologically

active subunits, F1 and F2, following proteolytic cleavage by
a host cell protease. The F peptide, located at the amino
terminus of the F1 protein, is highly conserved within the
Paramyxovirinae (61). The F peptides of HeV and NiV are
related to the F proteins of other paramyxoviruses, with the
exception that HeV and NiV have leucine at the first po-
sition, while almost all of the other viruses have phenylal-
anine (19). However, substitution of phenylalanine for
leucine in the F1 subunit of NiV does not affect its ability to
form syncytia (62).

Among the paramyxoviruses, the carboxyl terminus of the
F2 protein subunit contains either single-basic or multiple-
basic amino acids that comprise the cleavage site between
F1 and F2. F proteins with multiple-basic amino acids are
cleaved by furin-like protease during exocytosis from the
host cell. F proteins of viruses with a single-basic amino acid
are cleaved at the cell surface by trypsin-like proteases.
These viruses usually require the addition of exogenous
trypsin to replicate in cell culture. While HeVand NiV have
a single-basic residue at the cleavage site, both produce
productive infections in a variety of cell lines in the absence
of exogenous trypsin. In addition, the cleavage site of the F
proteins of NiVand HeV do not contain a furin-like protease
consensus sequence (R-X-R/K-R) found in most morbilli-
viruses, rubulaviruses, and pneumoviruses (35, 61) and, in
fact, the basic amino acids do not appear to be required for
cleavage (62). Cleavage of the F protein of NiV and HeV
occurs by a novel mechanism involving clathrin-mediated
endocytosis via a tyrosine-dependent signal on the cyto-
plasmic tail (63–65). The F proteins of both HeV and NiV
require the endosomal protease cathepsin L for proteolytic
processing (66). N-glycans of the F protein of NiV are re-
quired for proper proteolytic processing, and these glycans
may modulate access to neutralization epitopes (67, 68).

FIGURE 3 Schematic representation of the coding strategy found in the P protein gene of NiV. The predicted P protein mRNA is 2,704
nucleotides in length (nucleotides with asterisks indicate the location of the P protein gene sequence within the sequence with GenBank
accession no. AF212302). The P protein is encoded by a faithful transcript of the viral genomic RNA from an opening reading frame
beginning at nucleotide 106 of the mRNA. The RNA editing site is indicated by the vertical arrow. The addition of a nontemplated G
nucleotide at the RNA editing site (nucleotide 1325) allows access to a different reading frame (–1 relative to P). The V protein contains the
amino-terminal domain of the P protein (horizontal lines) joined to the cysteine-rich domain that is unique to the V protein (diagonal lines).
The addition of two nontemplated G nucleotides at the RNA editing site produces the mRNA for the W protein in which the amino-
terminal domain of P is joined to carboxyl-terminal domain unique for W (diagonal lines). The C protein (gray box) is expressed from an
ORF that begins at nucleotide 128 (or 131) and overlaps P in the +1 frame.
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As for other paramyxoviruses, the NiV surface glyco-
proteins are the primary targets for neutralizing antibodies
(59, 69, 70). Recombinant vaccinia viruses expressing NiV F
and G proteins elicit neutralizing antibodies against NiVand
protect Syrian hamsters and pigs against lethal NiV chal-
lenge (59, 70, 71). Antibodies to F or G protein also pro-
vided passive protection in the hamster challenge model
(70, 72).

Entry and Receptors
The attachment proteins of the Paramyxoviridae are type II
membrane glycoproteins and are responsible for binding to
receptors on host cells (34, 35). Paramyxovirus attachment
proteins are designated HN, H, or G, depending on their
hemagglutinin (H) and/or neuraminidase (N) activities (73).
Unlike many other paramyxoviruses, neither of the heni-
paviruses has been shown to have erythrocyte binding or
neuraminidase activities. The attachment proteins of the
henipaviruses are most closely related to the hemagglutinin-
neuraminidases of the respiroviruses (74). The conservation
of most of the structurally important amino acids suggests
that the attachment proteins of HeV and NiV would have
structures that are very similar to the structure proposed for
the attachment proteins of other paramyxoviruses (61).
EphrinB2, the membrane-bound ligand for the EphB class of
receptor tyrosine kinases, specifically binds to the attach-
ment (G) glycoproteins of henipaviruses and is a functional
receptor for HeVand NiV (75–77). While ephrinB3 has also
been shown to be a functional receptor for both viruses, the
binding of NiV to ephrinB3 is much more efficient than the
binding of HeV (76, 78, 79), and the G protein of NiV has
distinct binding regions for ephrinB2 and ephrinB3 (78).
EphrinB3 but not ephrinB2 is expressed in the brain stem, so
the difference in the abilities of HeV and NiV to bind to
these cellular receptors is consistent with the neuroinva-
siveness of NiV (76, 78, 79). NiV infection does not appear
to down-regulate cell surface expression of ephrinB2 or ep-
hrinB3 (80).

Viral Replication

Cell Culture
Vero cell culture (African Green monkey kidney) supports
the growth of HeV, NiV, and MenPV. Both HeV and NiV
were first identified as syncytium-forming agents in Vero cell
cultures, and electron microscopic studies revealed the
presence of typical paramyxovirus “herringbone” nucleo-
capsid structures (2, 81). Vero cells are routinely utilized to
attempt to propagate paramyxoviruses for virus isolation (9,
56, 82–84). In instances where a bat origin is suspected, cell
lines such as PaKi (bat kidney) (56, 85, 86) are commonly
used for virus isolation from various bat samples.

Virus Stability and Inactivation
Paramyxoviruses are susceptible to common soaps and dis-
infectants. Lipid solvents (alcohol and ether) and sodium
hypochlorite solutions are used effectively in outbreaks for
cleaning and disinfection. Paramyxoviruses are stable be-
tween pH 4.0 and 10.0 and inactivated by heating at 60°C
for 60 minutes.

Animal Models
The development or characterization of animal models to
study henipavirus infections has been critical for under-
standing their pathogenesis and for development of thera-

peutics or vaccines (87). Both cats and golden hamsters have
been used as small animal models, and both develop fatal
disease after challenge with NiV. In cats, virus is mostly
present in the respiratory epithelium, while hamsters de-
velop neurologic disease (70, 72, 88). NiV in pigs causes a
febrile respiratory illness with or without neurologic signs
(89, 90). Following infection of fruit bats with NiV, some
bats seroconverted and intermittently excreted low levels of
virus (91).

EPIDEMIOLOGY
Hendra Virus

Distribution and Geography
There have been multiple outbreaks of HeV among horses
recognized between 1994 and 2014. The majority of the
outbreaks have occurred in Queensland, Australia, and five
have resulted in spillover to humans. The first incident oc-
curred in September 1994 at a stable in Hendra, a suburb of
Brisbane. An outbreak of acute respiratory disease resulted in
14 horse deaths (18, 92). Approximately 1 week after ex-
posure to the index horse case, a pregnant mare recently
moved to the stable, a stable hand and a horse trainer de-
veloped an influenza-like illness. The stable hand recovered
completely after 6weeks, but the horse trainer died on the sev-
enth day of illness. The second incident, in October 1995,
involved the death in Brisbane of a farmer from Mackay
(93). The patient lived on a horse stud farm and often as-
sisted a veterinary surgeon during treatment. In August 1994,
the patient developed meningitis shortly after he cared for,
and assisted in, the autopsies of two horses that died, one
from acute respiratory distress and the other from rapid-onset
neurologic symptoms. Both horses were retrospectively di-
agnosed with HeV (94). The patient recovered completely
and remained symptom free for 13 months before his fatal
illness, which is believed to have resulted from reactivation
of virus that entered a putative latent phase following the
initial disease. In the 20 years since the first two HeV out-
breaks, there have been three additional outbreaks involving
human cases, with two fatalities.

Transmission
Despite the potential for HeV to infect a wide variety of
animals under experimental conditions (95–97), horses ap-
pear to be the primary source of human HeV infection. Each
of the HeV-infected persons reported extensive contact with
horses. In the first incident, both infected persons had close
contact with a dying mare, particularly the horse trainer with
fatal disease, who had abrasions on his hands and arms and
was exposed to nasal discharge while trying to feed the in-
capacitated horse (98). The infected farmer from Mackay in
the second incident cared for sick horses and assisted in their
autopsies without using gloves, masks, or protective eyewear
(93). No serologic evidence of infection was found in 22
other persons who reported feeding or nursing sick horses or
participating in their autopsies or in more than 110 other
persons associated with, or living near, the affected stables
(98, 99). These data indicate that transmission of infection
from horses to humans is inefficient and requires very close
contact. The urine and saliva from infected horses are im-
portant in disease transmission (95), whereas respiratory
spread is less likely. Human-to-human transmission of HeV
has not been documented, either among domestic contacts
or among health care workers (98, 99).
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Reservoir
No epidemiological connection could be found between the
first two HeV incidents, which occurred within 1 month of
each other at locations 1,100 km apart. No evidence of HeV
infection was found among horses, other farm animals, or
more than 40 species of wildlife in Queensland (100, 101).
However, HeV antibodies were detected in several fruit bat
species in Queensland, and the virus isolated from a fruit bat
was indistinguishable from that isolated from horses and
humans (102–104). The natural reservoir of HeV has been
identified as flying foxes or fruit bats, with seroprevalence
varying from 10 to 50% in different colonies (103, 105).
HeV has also been isolated on several occasions from three
different species of Australian pteropid bats: Pteropus alecto,
P. poliocephalus, and P. conspicillatus (32, 103). It is postulated
that transmission to horses may occur through the ingestion
of pasture recently contaminated by the urine or infected
fetal tissue of fruit bats (102, 106). In recent years HeV has
also been reported to naturally infect dogs. On two separate
occasions dogs have tested positive for infection, with these
dogs being present on properties with known HeV infected
horses. In 2011, a dog tested seropositive to HeV on a
property where three horses were infected with HeV, and, in
2013, another dog tested positive to HeV by PCR (107).

Nipah Virus

Distribution and Geography
The first known human infections with NiVoccurred during
an outbreak of severe encephalitis in 1998 to 1999, during
which 265 patients (40% fatal) with viral encephalitis and 11
patients (1 fatal) with laboratory-confirmed NiV disease were
reported in peninsular Malaysia and Singapore, respectively
(2, 108, 109). This outbreak began in October 1998 in
Malaysia near the city of Ipoh and then spread southward in
conjunction with the movement of pigs, resulting in three
other clusters of human disease in Malaysia. The largest,
accounting for approximately 85% of all cases of outbreak-
associated encephalitis, occurred in the Bukit Pelandok area
of Negeri Sembilan state, a region with extensive pig farming
activities. In Singapore, abattoir workers, who slaughtered
pigs imported from outbreak-affected areas in Malaysia, were
exclusively affected (110, 111). Adult males of Chinese or
Indian ethnicity, who were primarily involved in pig farming
activities, accounted for more than three-fourths of the cases.
Infections were also documented among abattoir workers
(110, 111), veterinary personnel and military personnel in-
volved in pig-culling activities to control the outbreak. Since
the 1998–1999 outbreak, Malaysia has reported no further
cases of NiV infection; however, the virus continues to spill
over and cause disease in other countries. Since 2001, human
cases of NiV have occurred almost annually in Bangladesh
and sporadically in neighboring India (1, 112, 113).

Sequence analyses suggest that there were at least two
introductions of NiV into pigs prior to the outbreak in 1999.
Only one of these variants was associated with the explosive
spread within pig farms and subsequent transmission to hu-
mans, suggesting that a single spillover from the reservoir
triggered the outbreak. In contrast, the sequence heteroge-
neity observed between samples obtained from the outbreak
in Bangladesh in 2004 suggests multiple spillovers between
the reservoir and humans (4).

Transmission
The transmission route of NiV differed between the out-
breaks in Bangladesh and India, compared with Malaysia.

Human infections in Malaysia were almost exclusively as-
sociated with contact with infected pigs (114). In contrast,
in Bangladesh, no intermediate animal host has been iden-
tified, and human-to-human transmission has been observed
(1, 115). Mortality rates of outbreaks in India and Bangla-
desh have also been higher than the rate reported for
Malaysia (116, 117). Direct, close contact with pigs was the
primary source of human NiV infection during the initial
outbreaks (47, 118). Activities involving close contact with
pigs (e.g., medicating sick pigs and assisting in birthing) were
associated with the greatest risk of human infection (119).
In pigs, extensive infection of the upper and lower airways is
seen with evidence of tracheitis and bronchial and inter-
stitial pneumonia, and a harsh, nonproductive cough is a
prominent clinical feature (2, 120). Vasculitis of small ves-
sels in the kidney is also seen (2, 120), and viral antigen is
detected by IHC studies as focal staining in renal tubular
epithelium. Therefore, exposure to respiratory secretions and
possibly the urine of infectious pigs likely results in trans-
mission of virus among pigs and to humans.

Drinking fresh date palm sap was the most strongly as-
sociated risk factor among the exposures investigated during
an outbreak of human NiV infection in Bangladesh in 2008
(121). To prevent NiV transmission, date palm sap should
not be drunk fresh unless effective steps have been taken to
prevent bat access to the sap during collection.

Serologic studies demonstrated evidence of infection
among other species of animals, including dogs and cats (2,
120) on and near farms with NiV-infected pigs. As NiV can
be found by IHC staining in renal glomeruli of infected dogs
and cats and virus can be isolated from the urine of experi-
mentally infected cats, virus may be transmitted by exposure
to the urine of these two species. It is possible that humans
are at risk from exposure to infected animals other than pigs,
as some patients reported no direct contact with pigs and
others reported contact with dogs that died of unknown
causes (119, 122).

Although NiV is excreted in respiratory secretions and
urine of patients (123), a survey of healthcare workers during
the first outbreak initially demonstrated no evidence of
human-to-human transmission (124). Human-to-human
transmission has since been confirmed (125–127) and is a
major pathway for human NiV infection (128).

Reservoir
Knowing the similarities between NiV and HeV, surveil-
lance for the natural reservoir for NiV focused on bats.
Neutralizing antibodies to NiV were found in a total of 21
bats belonging to four fruit bat species and one insectivorous
bat species in peninsular Malaysia (104). Attempts to detect
the virus in sera from bats using both cell culture and am-
plification of RNA were unsuccessful. Bat colonies were
noted proximal to pig farms near the city of Ipoh, where the
outbreak in pigs was first noticed, supporting the hypothesis
that transmission from bats to pigs initiated the outbreak
(104).

Evidence of henipaviruses in several species of the genus
Pteropus has suggested that the geographic range of the
henipaviruses is significant and ranges from African coastal
islands to the Western Pacific Islands (Fig. 4), including
American Samoa, Thailand, Cambodia, Indonesia, Ban-
gladesh, and Madagascar (112, 129–135). These findings
primarily implicate species within the genus Pteropus, sug-
gesting that this genus shares a coevolutionary relationship
with the genus Henipavirus.
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Menangle Virus

Distribution and Geography
From mid-April to early September 1997, at a piggery in
New South Wales, Australia, a decline was noticed in the
farrowing rate of sows, associated with an increase in the
proportion of malformed, mummified, and stillborn piglets
and occasional abortions (6, 7). Affected piglets had cra-
niofacial and spinal abnormalities and degeneration of the
brain and spinal cord. A new paramyxovirus, MenPV, was
isolated from the brain, heart, and lung specimens of several
affected piglets. No disease was seen in postnatal pigs of any
age, but a high proportion of serum specimens ( > 95%)
collected from these animals contained high titers of anti-
bodies that neutralized the virus. Evidence of infection with
MenPV was also detected in porcine sera from two other
associated piggeries that received weaned pigs from the af-
fected piggery but not in sera from several other piggeries
throughout Australia (136).

A serologic survey of persons who came into contact with
the affected piglets (5) detected a high titer of neutralizing
antibodies in two workers, one at the affected piggery and
one at an associated piggery. Both workers had an influenza-
like illness concomitant with the outbreak in pigs, and no
alternative cause was identified despite serologic testing.
Thus, the illness was attributed to MenPV infection.

Transmission
Close contact with infected piglets appears to be the primary
mode of transmission of MenPV to humans. The worker
reported splashes of amniotic fluid and blood to the face and
the frequent occurrence of minor wounds on his hands and
forearms (5). The other worker performed autopsies on pigs
without gloves or protective eyewear. Of note, a large
breeding colony of fruit bats roosted within 200 meters of the
affected piggery, and sera from several bats had antibodies
that neutralized MenPV (6). In addition, antibodies were
found in sera collected in 1996 before the outbreak and from
a colony of fruit bats 24 kilometers from the piggery. All
other sera collected from a variety of wild and domestic
animals (e.g., cattle, sheep, birds, rodents, feral cats, and a

dog) in the vicinity of the affected piggery tested seronega-
tive for the virus.

In 2009, MenPV was isolated from a bat roost at Cedar
Grove, South East Queensland, Australia (86). Black flying
foxes were the predominant species in this colony at the
time of sampling. The virus isolated was sequenced and
demonstrated a 94% nucleotide sequence identity to the
virus isolated from pigs in 1997, providing strong evidence
supporting the original hypothesis that the outbreak of
MenPV infection in pigs and humans in 1997 was probably
the result of a spillover from bats roosting near the piggery.

Sosuga Virus

Distribution and Geography
In 2012, a wildlife biologist returned to the United States
and developed a severe acute febrile illness after spending 6
weeks in South Sudan and Uganda collecting bats and ro-
dents from remote rural areas for ecological research (8).
During the field trip, the biologist manipulated animals in
traps and mist nets, performed dissections, collected blood
and tissues, and visited caves with large bat populations.
Initial diagnostic evaluation excluded malaria, common
bacterial pathogens, and viral hemorrhagic fever viruses like
Ebola and Marburg. Next generation sequencing was per-
formed on RNA extracted from blood and serum samples of
the patient, and metagenomic analysis revealed a novel
paramyxovirus (8) most closely related to ThkPV-3, a rubula-
like virus isolated from Rousettus leschenaultii fruit bats in
southern China (36). The novel paramyxovirus was provi-
sionally named Sosuga virus (SosPV) in recognition of its
probable geographic origin (South Sudan, Uganda). To date,
there has only been a single recorded case of SosPV infection.

Transmission
It is unclear how exactly the biologist became infected with
SosPV. Interviews with the patient revealed that personal
protective equipment (PPE) was used during animal capture
and processing in Kibaale, Uganda, but inconsistent use of
PPE occurred during the earlier South Sudan work (137).

FIGURE 4 Range of the genus Pteropus (shaded area). Locations where human infections of henipaviruses have occurred are designated
by stars.
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Sequence similarity of SosPV with other bat-derived rubula-
like viruses, in addition to the circumstances surrounding
the biologist’s illness is highly suggestive of a bat origin for
this new paramyxovirus (8).

SosPV was detected in Egyptian fruit bats (Rousettus
aegyptiacus), whereas Ethiopian epauletted fruit bats (Epomo-
phorus labiatus), Angolan rousettes (Lissonycteris angolensis),
and a roundleaf bat (Hipposideros spp.) caught in the same
general vicinity were negative (137). Egyptian rousette
populations in multiple locations across Uganda were shown
to be actively infected with SosPV over a 3-year period
(137). Given the biologist’s exposure to bats in Uganda dur-
ing the 3 weeks prior to onset of illness, these Egyptian
rousettes were the probable source of the infection. The wide
distribution and detection of the virus at multiple time
points suggest the Egyptian rousette could be a reservoir spe-
cies (137).

Suspected Zoonotic Paramyxovirus Infections
Many novel paramyxoviruses have been detected across the
world, including Ghana, Zambia, Democratic Republic of
Congo, Gabon, Central African Republic, Comoros, Maur-
itius, Madagascar, Germany, Bulgaria, Romania, Thailand,
Indonesia, Costa Rica, Panama, Brazil, and the Philippines
(57, 83, 84, 138–143). These viruses belong to the genera
Henipavirus,Morbillivirus, Rubulavirus, and Pneumovirus. Sev-
eral of these novel paramyxoviruses are either implicated or
suspected in causing zoonotic diseases.

Tioman virus (TioPV) was isolated from urine of the is-
land flying fox (Pteropus hypomelanus) collected from Tio-
man Island off the eastern coast of peninsular Malaysia (9).
TioPV is closely related to MenPV and has also been ten-
tatively classified in the genus Rubulavirus. A serological
survey of 169 Tioman Islanders demonstrated five individ-
uals (1.8%) had neutralizing antibodies to TioPV, suggesting
previous infection with TioPV or a similar virus (11). Suc-
cessful experimental infection of pigs suggested that pigs
could become naturally infected with TioPV and could fa-
cilitate virus transmission to humans following contact with
oral secretions (10). However, there is currently no evidence
of TioPV causing disease in humans or animals.

Mojiang virus (MojPV) is a novel henipa-like virus
detected in rats (Rattus flavipectus) in Yunnan Province,
China, in 2012 (17). This virus was detected in rectal swabs
collected from rats in a cave, cohabitated by bats (Rhinolo-
phus ferrumequinum). The detection resulted from part of an
investigation of three fatal human cases among workers who
had been involved in cleaning the cave, although no caus-
ative relationship can be established. Six months earlier,
three humans visiting this cave had developed severe
pneumonia. Although isolated from rats, it is not clear
whether rats are the natural reservoir or a spillover host in
this case. Genome sequence analysis of MojPV demonstrated
that the closest relatives are the henipaviruses. If rats are the
natural reservoir of this virus, it would suggest that henipa-
viruses have a broader natural reservoir range than just bats.

Achimota viruses (AchPV1 and 2) are two different
paramyxoviruses, which have been isolated from urine
samples collected from straw-colored fruit bat (Eidolon hel-
vum), bats roosting in Accra, Ghana (16). These two viru-
ses, although not closely related, cluster with the other bat-
borne rubula-like viruses. Human sera collected in Ghana
and Tanzania from both healthy and febrile humans were
able to neutralize AchPV2 (16). This suggests that AchPV2
has zoonotic potential, with either AchPV2 or a closely-
related virus having infected humans in the past. Whether

these viruses can cause disease in humans or animals is
currently unknown.

During 2014, an outbreak of severe illness among humans
and horses was reported in the villages Tinalon and Mid-
tungok, province of Sultan Kudarat, island of Mindanao,
Philippines (143). The outbreak encompassed fatal and
nonfatal human infections, as well as concurrent neurologic
disease (head tilting, circling, ataxia) and sudden deaths in
several horses, which were subsequently consumed by vil-
lagers. A total of 17 human cases were identified during this
outbreak. Of these cases, 7 people had participated in horse
slaughtering and horse meat consumption, and 3 had only
consumed horse meat. A further 5 people had been exposed
to other infected humans, and, of these, 2 were healthcare
workers without other known contacts (143). Among other
domestic animals, 4 cats and 1 dog that had eaten horse meat
died. Virus isolation was unsuccessful, but neutralizing anti-
bodies and IgM against NiV and correspondingly lower
neutralizing antibody titers against HeV were found for 3
patients (143). The pattern of neutralizing antibodies and
IgM in paired serum samples was interpreted as evidence of
recent exposure to a henipavirus. In addition, a serum sam-
ple from 1 of these patients was positive by real-time PCR for
NiV, and a single-sequence read (71 bp) of the P gene of NiV
was detected by next generation sequencing of the CSF from
another of these patients. In addition to transmission to
humans by direct exposure to infected horses, their con-
taminated body fluids or consumption of undercooked meat
from infected horses, there is strong evidence for direct
human-to-human virus transmission. Although the source of
the horse infections is unclear, on the basis of the known
ecology of henipaviruses, the most likely source of horse
infection is fruit bats (143).

PATHOGENESIS
Hendra Virus
A total of seven human HeV infections have occurred to
date, with four patients succumbing to their infections. All
human infections have resulted from close physical contact
with infected horses. Symptoms have varied between pa-
tients, with an estimated incubation period of 7 to 16 days.
Initial disease signs are influenza-like, which progress to a
fulminating encephalitis with multiorgan, failure (98, 144).
The autopsy of the horse trainer who died in the first HeV
incident showed a severe interstitial pneumonia. Both lungs
were congested, hemorrhagic, and edematous. Histologic
examination showed focal necrotizing alveolitis, with giant
cells, syncytium formation, and viral inclusions. Postmortem
lung, liver, kidney, and spleen samples were inoculated in
cell culture, resulting in the appearance of prominent syn-
cytia in cultures inoculated with kidney material (18, 98).
The findings at autopsy of the farmer fromMackay, who died
more than 1 year after initial infection with HeV (93),
showed leptomeningitis with lymphocyte and prominent
plasma cell infiltration, with discrete foci of necrosis in the
neocortex, basal ganglia, brain stem, and cerebellum. Mul-
tinucleate endothelial cells were observed in the brain, liver,
spleen, and lungs. Immunohistochemical (IHC) studies
showed the presence of viral antigen in the cytoplasm of
some cells, but most frequently scattered throughout the
neurophils, although virus could not be isolated from the
brain. These findings suggest that, following initial infection
with the virus, possibly through the oral/respiratory route
or through direct inoculation of cutaneous abrasions with
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infectious secretions, viremia develops, resulting in spread to
various organs, including the central nervous system. The
pathogenesis of recurrence of fatal disease in the farmer from
Mackay is unclear. The antibody profile during the fatal
illness was indicative of an anamnestic response to viral
antigens (93). This patient had abundant immunoglobulin
M (IgM) antibodies suggestive of a reinfection, but no ex-
posure to horses was documented prior to the recurrence.
The failure to isolate virus from this patient’s brain supports
speculation that the pathogenesis may be similar to that of
subacute sclerosing panencephalitis, as both diseases are
caused by paramyxoviruses and are characterized by recur-
rence of fatal neurologic disease following complete recovery
from an initial infection. However, the pathological findings
and rapid course of this disease are strikingly different from
those of subacute sclerosing panencephalitis.

Nipah Virus
The incubation period for NiV infection has been estimated
to be 1 to 2 weeks. During the initial outbreak, the period
between the last contact with pigs and onset of illness ranged
from several days to 2 months, but it was 2 weeks or less for
92% of patients (119). All available data on histopatho-
logical changes in humans infected with Nipah virus were
obtained in a single study performed during the Nipah virus
outbreak in Malaysia and Singapore (145). A multiorgan
vasculitis associated with infection of endothelial cells is
the hallmark pathological feature of Nipah disease (122).
Occasionally, multinucleate giant cells characteristic of para-
myxovirus infections are observed in the affected vascular
endothelium. Infection is most pronounced in the central
nervous system, where a diffuse vasculitis, characterized by
segmental endothelial cell damage, mural necrosis, karyor-
rhexis, and infiltration with polymorphonuclear leukocytes
and mononuclear cells, is noted. The lesions are primarily
seen in the cerebral cortex and brain stem, with extension to
parenchymal tissue, where extensive areas of rarefaction ne-
crosis are seen. Eosinophilic, mainly intracytoplasmic, viral
inclusions with a “melted-tallow” appearance are seen in the
affected neurons and parenchymal cells. IHC studies with
NiV antigen show intense staining of endothelial and pa-
renchymal cells. Evidence of endothelial infection and vas-
culitis is also seen in other organs, including the lungs, heart,
spleen, and kidneys. NiV has been isolated from CSF, tra-
cheal secretions, throat and nasal swabs, and urine speci-
mens from patients (119, 122).

The widespread distribution of vasculitis throughout the
central nervous system and, to a lesser extent, in other or-
gans, and the isolation of virus from a variety of clinical
specimens, suggest that, following initial infection with the
virus, possibly through the respiratory tract or direct inocu-
lation of cutaneous abrasions with infectious secretions, vi-
remia develops, resulting in systemic spread. Involvement of
the uncus of the temporal lobe in some patients has led to
speculation that virus may be spread along the olfactory tract
to the uncus following inhalation and local replication
(146). The nonspecific neurologic manifestations of Nipah
disease probably reflect widespread vasculitis, but the dis-
tinctive features, such as segmental myoclonus and brain
stem dysfunction, indicate a predilection of the virus for cer-
tain neurons.

Findings at autopsy of a patient, who died of encephalitis
that developed 10 weeks following an initial asymptomatic
infection, showed evidence of neuronal death, neurono-
phagia, parenchymal inflammation, and perivascular cuffing,
suggestive of a primary viral encephalitis rather than a vas-

culitis or infarction (146). MRI showed patchy areas of
confluent cortical involvement, mainly in the cerebral hemi-
spheres. The distinctive pathology and the MRI features of
patients with relapse suggest that the pathogenesis may differ
from that of acute Nipah encephalitis.

Immune Responses
Limited data are available regarding the human immune
response to NiV infection and correlates of immune pro-
tection and disease resolution. A serum IgM response has
been demonstrated shortly after onset of illness, and the
presence of IgM antibody appears to reduce the rate of iso-
lation of virus from throat and respiratory secretions (123).
The presence of antibodies in the serum or CSF, however,
does not appear to influence the rate of isolation of virus
from CSF (81), suggesting that humoral immunity plays a
minor role in recovery from neurologic disease.

The NiV nonstructural proteins C, V, and W have been
shown to play a role in pathogenesis by antagonizing the
interferon signaling response (147). Specifically, the C
protein inhibits the early proinflammatory response at sites
of infection, thereby preventing control of the infection by
the immune system (148). NiV C regulates expression of
proinflammatory cytokines, therefore providing a signal re-
sponsible for the coordination of leukocyte recruitment and
the chemokine-induced immune response and controlling
the lethal outcome of the infection. The role of innate im-
mune signaling in NiV pathogenesis is further exemplified by
the fact that NiV causes disease in IFNAR-KO mice lacking
the type I interferon receptor, which are thus deficient in
interferon signaling, but not in wild-type mice (149).

CLINICAL MANIFESTATIONS
Hendra Virus
The two patients in the first HeV incident had abrupt onset
of an influenza-like illness, characterized by myalgia, head-
aches, lethargy, and vertigo (18, 92). One patient remained
lethargic for 6 weeks but fully recovered. The other patient
developed nausea and vomiting on the fourth day of illness
and deteriorated rapidly in the next 2 days, requiring ad-
mission to an intensive care unit and mechanical ventila-
tion. He died on the seventh day of illness. The fatal patient
in the first HeV incident showed thrombocytopenia; in-
creased levels of creatine phosphokinase, lactic dehydroge-
nase, aspartate aminotransferase, alanine aminotransferase
and glutamyltransferase; and features of dehydration and
acidosis (18). Chest radiographs showed diffuse alveolar
shadowing. No laboratory abnormalities were detected in
the patient who survived.

Unlike the first two patients, the affected farmer in the
second HeV incident primarily had neurologic manifesta-
tions (93). He initially presented with features of meningitis,
including headache, drowsiness, vomiting, and neck stiffness.
Thirteen months following complete recovery, the patient
presented again with a 2-week history of irritable mood and
lower back pain, three episodes of focal seizures of the right
arm, and an episode of generalized tonic-clonic seizures. In
the following week, he continued to have a low-grade fever
and focal and generalized seizures. By day 7, he developed
dense right hemiplegia, signs of brain stem involvement,
and depressed consciousness, requiring intubation. The pa-
tient remained unconscious and febrile until he died, 25 days
after admission. Cerebrospinal fluid (CSF) examination
showed an elevated protein level, normal glucose level, and
mononuclear pleocytosis. Magnetic resonance imaging
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(MRI) of the brain showed multifocal cortical lesions,
sparing the subcortical white matter, that became more
pronounced and widespread prior to death. The two patients
infected during the 1998 outbreak also experienced initial
influenza-like symptoms; however, after apparent clinical
improvement, encephalitis developed in both patients. The
MRI changes showed widespread cortical, subcortical and
deep white matter involvement, similar to those described in
a previous HeV encephalitis case (144).

Nipah Virus
The initial symptoms of NiV are nonspecific and include
headaches, fever, dizziness, and muscle pain. As the disease
progresses, neurological symptoms become the dominant
feature and, depending on the strain, respiratory involve-
ment to various degrees. The onset of NiV disease is abrupt,
usually with the development of fever. Often, patients
deteriorate rapidly, requiring hospitalization 3 to 4 days
after onset of symptoms. Severe encephalitis is the most
prominent clinical manifestation. Fever (97%), headache
(65%), dizziness (36%), vomiting (27%), and reduced level
of consciousness (21%) are the most common features at
presentation (122). Several other features of neurologic in-
volvement, particularly signs of brain stem dysfunction, are
noted in patients during the course of illness (Table 2). The
disease in 3 of the 11 patients in the initial Singapore out-
break presented as an atypical pneumonia, with fever and
infiltrates on chest radiography (111). NiV disease was fatal
in up to one-third of hospitalized patients in Malaysia. The
following are all associated with a poor prognosis: older age;
evidence of brain stem involvement; the presence of seg-
mental myoclonus, seizures, or areflexia; elevated hepatic
enzyme levels or low platelet counts; and isolation of virus
from the CSF (81, 122).

Survivors of NiV infection frequently experience long-
term neurological deficits (150). Late-onset or relapse en-
cephalitis has been observed, and, in one case, this late-onset
encephalitis occurred 11 years after the initial NiV infection
(150, 151).

Laboratory Abnormalities
Thrombocytopenia (30%), leukopenia (11%), and elevated
levels of alanine aminotransferase (33%) and aspartate trans-

aminase (42%) are the most common hematologic abnor-
malities (122). CSF studies are frequently abnormal, with
elevated white blood cell counts and/or protein levels (111,
122), but the presence of abnormal CSF findings does not
correlate with severity of disease (81).

Computed tomography scans of the brain are generally
unremarkable. On MRI, small, discrete lesions measuring 2
to 7 millimeters are seen in the subcortical and deep white
matter of the cerebral hemispheres during both the acute and
late phases of illness (111, 122, 146). These lesions possibly
represent focal areas of ischemia and infarction resulting from
the vasculitis. The pattern and extent of brain involvement
on MRI do not appear to correlate with specific clinical
features, severity of coma or outcome of disease (118).
Electroencephalography (EEG) shows the following abnor-
malities: diffuse slow waves with focal sharp waves; contin-
uous, diffuse, irregular slow waves; and intermittent, diffuse,
slow waves (122, 146). Focal EEG abnormalities occur pri-
marily in the temporal lobes.

Complications
Residual neurologic deficits, including a vegetative state,
cognitive impairments, and cerebellar disabilities, occur in
10 to 15% of patients (111, 122, 146). Recurrence of neu-
rologic dysfunction is seen in some patients, including
neurologic relapse with seizures and cognitive impairment or
focal signs, such as isolated cranial nerve dysfunction.

Even without delayed progression to neurologic illness
following Nipah fever, persistent fatigue and functional
impairment are frequent (150). Neurologic sequelae were
frequent following Nipah encephalitis. Neurologic dys-
function may persist for years after acute infection, and new
neurologic dysfunction may develop after acute illness.
Survivors of NiV infection may experience substantial long-
term neurologic and functional morbidity.

Clinical Diagnosis
Encephalitis can be diagnosed by the presence of fever,
headache, reduced level of consciousness, and focal neuro-
logic signs, as well as abnormalities on CSF examination and
EEG studies. Clues to the NiV etiology are provided by the
history of contact with pigs or bats, particularly in the
context of an outbreak, the presence of segmental myoclo-
nus and MRI findings of small, discrete lesions in the sub-
cortical and deep white matter of the cerebral hemispheres.
MRI findings are particularly useful in distinguishing en-
cephalitis caused by NiV from that caused by Japanese en-
cephalitis virus, the most common arboviral encephalitis
worldwide, which is endemic in China, India, and other parts
of Southeast Asia, and by herpes simplex virus, the most
common sporadic form of encephalitis worldwide.

Menangle Virus
The two MenPV-infected workers had similar illnesses,
characterized by abrupt onset of fever, malaise, chills,
drenching sweats, and severe headache (5). On the fourth
day of illness, both developed a spotty, red, nonpruritic rash.
Bilateral hypochondrial tenderness was present in one pa-
tient, and an abdominal ultrasound conducted 2 months
after the illness showed splenomegaly and liver size at the
upper limit of normal. Both patients recovered after ap-
proximately 10 days of illness.

Sosuga Virus
Symptoms upon hospital admission included a 2-day history
of fever, malaise, headache, generalized myalgia, and

TABLE 2 Neurologic features in patients with laboratory-
confirmed NiV disease, Malaysia, 1998 to 1999a

Feature
% of patients
(n = 94)

Absent or reduced reflexes 56
Abnormal pupils 52
Tachycardia (heart rate > 120/min) 39
Hypertension (blood
pressure > 160/90 mm Hg)

38

Abnormal doll’s-eye reflex 38
Segmental myoclonus 32
Meningism 28
Seizures 23
Nystagmus 16
Cerebellar signs 9
Bilateral ptosis 4

aAdapted from reference (113) with permission of the Massachusetts Medical
Society.
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arthralgia, neck stiffness, a metallic taste, and sore throat (8).
A maculopapular rash on the trunk erupted on the second
day after hospital admission, and several small ulcers ap-
peared on her soft palate. The following day, fever, headache
and myalgia persisted, and the patient experienced bloody
emesis and mild diarrhea positive for occult blood but with-
out frank hematochezia or melena. The rash became con-
fluent. A bone marrow biopsy sample showed a mild increase
in macrocytic hemophagocytosis and pancytopenia with a
hypocellular marrow with myeloid hyperplasia and erythroid
hypoplasia. The fever slowly but progressively decreased, and
the last recorded fever was on the ninth day in hospital. The
biologist was discharged from hospital after 2 weeks, but con-
siderable sequelae (myalgia, arthralgia, headache, malaise,
and fatigue) persisted for several months (8).

LABORATORY DIAGNOSIS
Virus Isolation
Traditional techniques of virus isolation in cell culture,
electron microscopy, enzyme-linked immunosorbent assay-
based serology, neutralization assays, and IHC techniques
have been employed in the diagnosis of the zoonotic para-
myxoviruses (2, 6, 152, 153). Virus replication, hence suc-
cess of isolation, is cell-line dependent. NiV has been
successfully isolated from human specimens, including nasal
and throat swabs, as well as urine and CSF (122). The
kidneys have been the only human source of HeV isolation
from humans (18). In contrast, MenPV has not been iso-
lated from human specimens, but virus isolations from the
tissues of stillborn piglets were readily obtained (6).

NiV and HeV are internationally classified as biosafety
level or biosecurity level 4 (BSL-4) agents; thus, clinical
specimens suspected to be infected with these agents must be
handled with caution. Propagation of viruses from clinical
specimens known to be infected with henipaviruses is not
recommended without appropriate containment facilities.
The US Centers for Disease Control and Prevention,
Atlanta, GA, and the Australian Animal Health Laboratory,
Geelong, Australia, have adopted the approach that primary
virus isolation from specimens of outbreaks, not already
proven to be henipaviruses, take place at BSL-3 facilities.
However, if the results of cell culture suggest the presence of
these agents, cultures should be transferred to BSL-4 facili-
ties to conform to biosafety guidelines (152).

Antigen and RNA Detection
IHC is an excellent technique for the detection of the
zoonotic paramyxoviruses (2, 94, 152, 153) in the absence of
BSL-4 facilities. Tissue specimens can be formalin-fixed with
minimal risk to the laboratory workers. Convalescent-phase
human serum was initially used for antigen detection in the
investigations of the first HeV outbreak, but subsequently, a
wide variety of immunologic reagents became available from
the Australian Animal Health Laboratory and US CDC,
including polyvalent and monoclonal antibodies to both
HeV and NiV. HeV and NiV are genetically closely related
(2, 19); thus, the investigation of more current NiV out-
breaks benefited greatly from the availability of immuno-
logic reagents made to HeV.

Diagnostic specimens from suspected cases can be dis-
rupted in chaotropic salts in preparation for RNA extraction
and RT-PCR. The addition of the chaotropic agent (gua-
nidinium isothiocyanate) almost immediately abrogates
paramyxovirus infectivity, and it minimizes human exposure

to the infected tissues. RT-PCRs with conserved primer pairs
(or families of degenerative primers), flanking the P protein
gene-editing region (2, 38) of the subfamily Paramyxovirinae,
were utilized in the investigation of the NiV outbreak in
Malaysia and Singapore. Consensus primers targeting the
conserved region of the L gene (154) have been successfully
used in the identification and characterization of AchPV 1
and 2 (16), several henipaviruses in African bats (138, 155),
and unclassified paramyxoviruses in Indonesia (141), Europe
(57, 83), Africa (57, 139), and South America (57). This
method can be used in conjunction with fresh or formalin-
fixed tissues from a variety of sources, including brain, lung,
and kidney, as well asCSF, for the detection of viral sequences.

Next-generation sequencing (NGS), otherwise known as
massively parallel or deep sequencing, (156, 157) functions
without knowledge about the target sequence, as opposed
to conventional PCR. Targeted enrichment can greatly
enhance the discovery rate of novel viruses (158–162). A
combination of NGS and metagenomic analysis was used for
the identification of SosPV (8), AchPV (16), and several
other paramyxoviruses (163, 164).

Serology
Enzyme-linked immunosorbent assays, using both indirect
and antibody capture formats, have been configured for the
detection of IgM and IgG antibodies to HeVand NiV (152).
However, viral antigen preparation for the henipaviruses is
expensive and must take place in a BSL-4 facility. While
sufficient quantities were prepared and made available for
the diagnostic needs of the HeV and NiV outbreaks, alter-
native approaches to viral antigen production from virus-
infected cells are currently being explored. One alternative is
the expression of individual viral proteins following the in-
corporation of the viral genes in baculovirus expression or
similar expression systems. Measuring serum neutralization
antibody titers against HeV and NiV is currently performed
in Vero cell monolayers at BSL-4 facilities. In order to negate
the requirement for BSL-4 containment, which is not widely
available, pseudotyped virus particles provide an alternative
diagnostic method that can be performed at BSL-2 condi-
tions. VSV pseudotype particles displaying NiV F and G
were used as a substitute for NiV virions (165, 166). Mul-
tiplexed microsphere assays for henipaviruses have also been
used as a surrogate for virus neutralization (167). These tests
are very specific and have been used in conjunction with
enzyme immunoassays and radioimmunoprecipitation assays
to confirm acute infection and previous exposure to the
viruses. In addition, the neutralization assay has been used to
detect neutralizing antibody to HeV and NiV in animal se-
rum specimens, particularly bat serum, in attempts to identify
possible reservoirs of these agents (56, 104, 105, 152, 168).

PREVENTION
Currently, the only vaccine that exists for a bat paramyxo-
virus is Equivac HeV (Zoetis, Parkville, VIC., Australia), the
HeV vaccine approved for use in horses. Equivac HeV was
launched in 2012 and is the first vaccine licensed and
commercially deployed against a BSL-4 agent (97). The
HeV subunit vaccine consists of a recombinant soluble and
oligomeric form of the G glycoprotein (169). Vaccine effi-
cacy in immunized horses was assessed against the clinical,
virologic, and pathologic features of HeV infection (97, 170).
Studies using NiV in cats (88, 171) and monkeys (172) and
HeV in ferrets (173) and nonhuman primates (174) provided
strong evidence that the HeV glycoprotein subunit-based
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vaccine could prevent not only disease but also infection in
animals exposed to otherwise lethal doses of either HeV or
NiV. The HeV vaccine has the potential for breaking the
chain of HeV transmission from bats to horses to humans,
thereby protecting both horse and human health.

Apart from vaccination, the principal means of prevent-
ing human infections are early recognition of animal disease
and use of precautions to avoid exposure. As interruption of
transmission to horses or pigs from the natural reservoir of
these viruses is difficult, early identification of infected ani-
mals and use of appropriate personal protective measures to
prevent transmission are keys to reducing the risk to humans.
For example, persons handling horses in areas in which HeV
may be endemic should be educated regarding the features of
disease in horses and should use appropriate PPE (e.g.,
gloves, gowns, and face visors).

Pig farmers in areas in which NiV may be endemic should
be educated regarding the features of Nipah encephalitis in
pigs and to report any unusual disease. As transmission is
possible without close contact with pigs, exposure to po-
tentially infected animals should be completely avoided, if
possible. Persons handling pigs or their excreta should wear
PPE such as gloves, masks, gowns, and face visors.

Infection in piggeries with NiV or MenPV can be erad-
icated through a combination of quarantine, segregation,
and culling. During the outbreak in Malaysia, a national
swine testing and surveillance program was initiated in
which a sample of adult sows from pig farms was tested for
antibody to NiV. Farms with antibody-positive animals were
considered infected, and pigs from these farms were culled. A
similar program to identify infected farms by testing pigs
entering abattoirs is also important.

During community outbreaks, additional control mea-
sures may be required, including the restriction of movement
of animals between farms, the culling of pigs from infected
farms and the temporary closure of abattoirs that slaughter
pigs from farms in outbreak-affected areas. Disinfection of
fruit and boiling of palm sap potentially contaminated by
bats are warranted in areas where repeated NiV outbreaks
have occurred (115, 175). In areas where large populations
of fruit bats of the genus Pteropus congregate or frequent fruit
or other agricultural products, means of reducing exposure of
persons to potentially contaminated plants, areas and
products and means of disinfection of fruits or commodities
before consumption should be considered.

Person-to-person transmission of NiV occurred in Ban-
gladesh and perhaps in India (1, 115, 126). Given the po-
tential severity of illness, those in contact with patients,
including healthcare workers, should use standard and drop-
let precautions (e.g., strict attention to good hand-washing
practices and wearing a mask and gloves) during contact with
secretions, excretions, and body fluids of patients.

TREATMENT
Symptomatic therapy includes the use of antipyretic and
antiepileptic drugs and mechanical ventilatory support for
severely ill patients. Because of the histopathological fea-
tures of vasculitis-induced thrombosis, aspirin and pentox-
ifylline were used empirically in some NiV patients (122).

No specific antiviral therapy for infection by henipa-
viruses has been proven effective to date. One HeV patient
recovered completely without any specific treatment, and
neither patient with fatal disease received antiviral therapy.
In vitro ribavirin is inhibitory for HeV at a concentration of
10 to 50 micrograms per milliliter, and the drug also crosses

the blood-brain barrier with a mean CSF/plasma ratio of 0.7
(110, 176). In Malaysia, ribavirin was administered either
orally or intravenously to 140 patients with suspected Nipah
encephalitis; 54 patients who were managed prior to the
availability of ribavirin or refused treatment were selected as
controls (110). Of the 140 patients who received ribavirin,
128 received it orally (2 g on day 1, 1.2 g three times daily on
days 2 to 4, 1.2 g twice daily on days 5 and 6, and 0.6 g twice
daily for another 1 to 4 days), whereas 12 received ribavirin
intravenously (loading dose of 30 mg/kg of body weight,
followed by 16 mg/kg every 6 h for 4 days and 8 mg/kg every
8 h for 3 days). A total of 45 (32%) of the 140 treated
patients died, compared with 29 (54%) of the 54 controls,
representing an apparent 40% decline in the mortality rate
in the treated group compared to historical and untreated
controls. Because a small number of patients received in-
travenous ribavirin, its effectiveness could not be adequately
compared with that of oral ribavirin. Despite the absence of
any known published information on the in vitro effect of
acyclovir on NiV infection or replication, acyclovir was
empirically administered to all nine patients with encepha-
litis in Singapore. While only one of these patients died,
several deteriorated before recovering. This may have been
related to the quality of supportive care provided. The in-
fluence of acyclovir therapy on the course of disease is un-
known.

Passive immunotherapy, with either polyclonal or mono-
clonal antibody specific for henipavirus envelope glycopro-
teins, has proved successful from initial proof-of-concept
findings in animal models (70, 72, 177). Presently, the most
promising postexposure therapy against Hendra or Nipah
virus infection is a human monoclonal antibody (mAb)
known as m102.4, which was isolated from a recombinant
naïve human phage-displayed Fab library (178, 179). The
m102.4 mAb has exceptionally potent neutralizing activity
against both Nipah and Hendra viruses, and testing of m102.4
has confirmed its neutralization activity against different iso-
lates of NiV-MY and NiV-BD (177). Effective postexposure
efficacy with m102.4 has now been demonstrated in nonhu-
man primates (180). The cell line expressing the human
m102.4 mAb was provided to the Queensland Government,
Queensland Health, to allow health authorities to manufac-
ture m102.4 for its potential use on a compassionate basis in
future cases of high-risk human exposure. A phase I clinical
trial will be conducted in Queensland.

Galectin-1, an endogenous lectin secreted by a variety of
cell types, has pleiotropic immunomodulatory functions and
also appears to have antiviral effects against NiV (181), al-
though recently this lectin has been shown to also promote
NiV infection of endothelial cells (182). A peptide based on
the heptad repeats of the hPIV3 F protein was also able to
inhibit HeV infection (183). A novel minigenome assay
based on polymerase 1-driven transcription has been used to
screen a library of small molecules to identify potential lead
compounds for further study (184).
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Rhabdoviruses
ALAN C. JACKSON

41
Rabies is an acute encephalomyelitis of humans and animals
caused by infection with rabies virus. Rabies virus is usually
transmitted by an animal bite. Worldwide, dogs are the most
important rabies vector, whereas in North America wild
animals, especially bats, are the main threat to humans.
After a delay at the site of entry, rabies virus spreads through
the nervous system within axons by fast axonal transport.
Rabies can be very effectively prevented after a recognized
animal exposure with wound cleansing and administration
of rabies vaccine and rabies immune globulin. Rabies typi-
cally develops after an incubation period of 20 to 90 days
following the exposure. There are both encephalitic and
paralytic forms of rabies and the disease is virtually always
fatal after clinical onset. Hydrophobia is a characteristic
clinical feature of encephalitic rabies. Progressive weakness
involving the limbs and face occurs in paralytic rabies,
which often begins close to the site of the wound. Patho-
logical changes in rabies include the presence of eosinophilic
inclusions called Negri bodies in the cytoplasm of neurons
and inflammatory changes. Imaging studies may be normal
and do not show specific abnormalities. A laboratory diag-
nosis can be made antemortem with the detection of rabies
virus antigen or RNA in tissues (e.g., skin) and/or body
fluids (e.g., saliva) and with serological testing. There have
been rare survivors of rabies, but there is no known effective
therapy.

Rhaboviruses in the family Rhabdoviridae contain many
different virus species, but the most important is rabies virus
in the Lyssavirus genus that causes the vast majority of cases
of rabies. Rabies is an acute viral infection of the central
nervous system (CNS) that is almost invariably fatal. Rabies
is a zoonotic disease affecting mammals and is normally
transmitted to humans by bites from infected animal vectors.
Nonrabies virus lyssaviruses have also been recognized to
rarely cause disease in humans and animals with identical
clinical and pathological features to rabies. Rabies has typ-
ical clinical features, but they may not be recognized by
physicians who are not familiar with the disease. Rabies can
be very effectively prevented after recognized exposures if
current recommendations are followed very closely. Vesi-
cular stomatitis virus (VSV) is another rhabdovirus in the
Vesiculovirus genus that causes vesiculation and ulceration in
cattle, horses, and other animals, and causes a self-limited,
mild, systemic illness in humans.

HISTORY OF RABIES
Rabies is an ancient disease with references as far back as
2300 BC in the pre-Mosaic Eshnunna Code of Mesopotamia
(1). In Greek and Roman times the works of Democritus
(460–370 BC), Hippocrates (460–377 BC), Aristotle (384–
322 BC), and Celsus (25 BC-50 AD) made reference to
rabies in both humans and animals (2). Celsus described
human rabies and used the term hydrophobia, which is de-
rived from the Greek words meaning fear of water, and at
that time he recognized that that the saliva of the rabid
animal contained the poisonous agent (2).

In 1769, the pathologist John Morgagni (1735–1789)
wrote that rabies virus “does not seem to be carried through
the veins, but by the nerves, up to their origins” (3), indicating
his insight into a mechanism of neural spread by rabies virus at
a very early time before experimental studies had been first
performed. In the early 19th century Zinke (1771–1813)
discovered that the infectious agent causing rabies was trans-
mitted in the saliva by experimentally painting saliva from a
rabid dog into incisions made in healthy animals (4). In 1879,
Galtier (1846–1908), who was a professor at a veterinary
school in Lyon, France, used rabbits in his experimental work
on rabies and he found that using rabbits was technically
much less difficult and dangerous than using dogs and cats (5).
Subsequently, Louis Pasteur (1822–1895) also used this ex-
perimental rabbit model of rabies. Pasteur transmitted rabies
virus by inoculating CNS tissues of rabies animals into the
brains of other animals, and he observed that sequential brain
passages led to attenuation of the agent after peripheral in-
oculation (6). In 1885, Pasteur successfully immunized a 9-
year-old boy, Joseph Meister, who had been severely bitten by
a rabid dog, with a series of inoculations of infected rabbit
spinal cord tissues that he had partially inactivated by sub-
jecting them to variable periods of desiccation (7). Joseph
Meister did not develop rabies and subsequently many people
with rabies exposures were immunized with nervous system
vaccines in Paris and other locations throughout the world.

In 1903, Adelchi Negri (1876–1912) described eosino-
philic cytoplasmic inclusions in infected neurons, which are
now called Negri bodies (8). Negri bodies have proven to be
useful in making a pathological diagnosis of rabies. In 1958,
Goldwasser and Kissling (9) used fluorescent antibody staining
in order to demonstrate rabies virus antigens in tissues, which
proved to be much more sensitive for rabies diagnosis and also
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for the development of early rabies pathogenesis studies in
animals, which were performed by Richard Johnson (10) and
Frederick Murphy (11, 12) and their colleagues.

VIROLOGY OF THE RHABDOVIRUSES
The Rhabdoviridae is a virus family (along with four others) in
the viral order Mononegavirales, which are nonsegmented
negative strand (anti-sense) RNA viruses. The Rhabdoviridae
consist of both animal (vertebrates and invertebrates) and
plant viruses in 11 different genera. The name rhabdovirus was
derived from the Greek “rhabdos,”meaning rod. However, the
viruses actually have a bullet-like morphology (13), which can
be demonstrated by electron microscopy. The Lyssavirus genus
contains 14 species, including rabies virus that causes infec-
tions in humans and other mammals. The Vesiculovirus genus
has another well-known species, VSV (Alagoas, Indiana, and
New Jersey) that causes infections in animals and only inci-
dentally in humans after contact with infected animals. It has
been recognized that rabies virus and VSV have many struc-
tural features in common. Rhabdoviruses are RNA viruses
capable of rapid evolution because of the high error rate of
their RNA polymerases with the lack of proofreading activity.

Lyssaviruses
Rabies virus belongs to genotype 1 of lyssaviruses, which in-
cludes wild-type or street rabies virus strains and also laboratory-
adapted strains, including vaccine strains. The sequence of ra-
bies virus consists of 11,932 nucleotides that code for five viral
proteins: nucleocapsid protein (N), matrix protein (M), phos-
phoprotein (P), glycoprotein (G), and large polymerase protein
(L) (14) (Figure 1). A ribonucleoprotein (RNP) core of the
virion is formed by helical genomic RNA associated with the
N, P, and L proteins. The RNP serves as a functional template
for viral transcription and replication. The G and M proteins
are associated with a lipid-bilayer envelope surrounding the
RNP core. The G protein forms spike-like projections on the
surface of the viral envelope and serves as the major surface
antigen of rabies virus and binds viral neutralizing antibodies
and is important for stimulation of an immune response.

In recent years, some of the nonrabies virus lyssaviruses
have been recognized to very rarely cause human disease,
which is clinically and pathologically indistinguishable from
rabies, include Mokola virus (genotype 3), Duvenhage virus
(genotype 3), European bat lyssavirus 1 (genotype 5), Eu-
ropean bat lyssavirus 2 (genotype 6), Australian bat lyssa-
virus (genotype 7), and Irkut virus (genotype pending) (15).

Vesiculoviruses
VSV is the prototype rhabdovirus and more research has been
done on its molecular virology and biochemistry than any
other member of the Rhabdoviridae. VSV has the same five
genes (N, M, P, G, and L) as rabies virus in its genome orga-
nization and its virion structure, and the replication cycles are
also similar and will not be addressed further. Two serotypes of
VSV, New Jersey and Indiana (type 1), cause outbreaks in
animals in the United States and there are additional VSV
serotypes in Latin America (e.g., Algoas, Cocal, and Piry).

PATHOGENESIS
Lyssavirus Infections
Except under unusual circumstances, rabies virus is trans-
mitted to humans and animals in the saliva via an animal
bite. However, a scratch or abrasion with salivary (or brain

FIGURE 1 Schematic representation of the rabies virus particle.
Viral proteins: N for nucleoprotein, P for phosphoprotein, M for
matrix protein, G for glycoprotein, and L for large protein; their
length in amino acids are indicated. The viral membrane is covered
by the glycoprotein G, whereas M is located beneath the mem-
brane. N is bound to the genomic RNA and together with P and L
forms the ribonucleoprotein, which constitutes the active viral
replication unit. (Reproduced with permission from Albertini AAV
et al.: Rabies virus transcription and replication, in Research
Advances in Rabies, Alan C. Jackson (ed), Advances in Virus
Research 79:1–22, 2011. Copyright Elsevier.)

TABLE 1 Cases of human rabies associated with organ
transplantation in the USA (19–21), Germany (22),
and Kuwait/Saudi Arabia (22a). (Adapted with permission
from Jackson AC: Human disease, in Rabies: scientific basis
of the disease and its management, Third Edition, edited
by AC Jackson, 2013, Elsevier Academic Press, Oxford, UK,
pp 269–298. Copyright Elsevier.)

Sex/Age
Organ

transplanted

Onset of clinical
rabies post-

transplantation

Donor in USA male/20 – –

Recipient 1 male/53 liver 21 days
Recipient 2 female/50 kidney 27 days
Recipient 3 male/18 kidney 27 days
Recipient 4 female/55 iliac artery

segment
(for a liver)

27 days

Donor
in Germany

female/26 – –

Recipient 1 female/46 lung 6 weeks
Recipient 2 male/72 kidney 5 weeks
Recipient 3 male/47 kidney and

pancreas
5 weeks

Donor in USA male/20 – –

Recipient male/49 kidney 18 months
Donor in Kuwait male/28 – –

Recipient 1
in Kuwait

female kidney 8–9 weeks

Recipient 2
in Kuwait

unknown kidney 9–10 weeks

Recipient 3
in Saudi Arabia

unknown heart unknown

Recipient 4
in Saudi Arabia

male liver unknown
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or spinal cord tissue) contamination can also result in viral
transmission. Aerosol transmission in laboratory acci-
dents (16, 17) and in a cave containing millions of bats (18)
have also been documented, but only occur very rarely.
Organ (Table 1) and tissue (corneal and vascular conduit)
transplantation are also well-documented causes of trans-
mission of rabies virus in humans, which account for a total
of 16 well-documented cases (19–22).

Experimental studies in animal models of rabies have
provided much information about the events that occur in
rabies pathogenesis (Figure 2). The incubation period is
longer than many other infections and typically lasts ap-
proximately 20 to 90 days after the time of the exposure

(e.g., bite), although it may vary from just a few days to
over a year or more. Based on animal studies, rabies virus is
thought to remain close to the site of viral entry during
most of this incubation period (24). After an exposure
involving muscle, rabies virus is known to bind to nico-
tinic acetylcholine receptors (25) that are located in the
postsynaptic membrane of the neuromuscular junction.
After the virus crosses the synaptic cleft, it spreads cen-
tripetally towards the spinal cord in motor nerve fibers
of peripheral nerves by retrograde fast axonal transport
(26). Bats cause more superficial exposures than larger
animals and their bites typically involve cutaneous and
subcutaneous tissues, but experimental studies have not

FIGURE 2 Schematic diagram showing the sequential steps in the pathogenesis of rabies after an animal bite/peripheral inoculation of
rabies virus. (Reproduced with permission from Jackson AC, Fu ZF: Pathogenesis, in Rabies: scientific basis of the disease and its man-
agement, Third Edition, edited by AC Jackson, 2013, Elsevier Academic Press, Oxford, UK, pp 299–349. Copyright Elsevier.)
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yet been performed to elucidate the detailed pathways of
viral spread in animal hosts.

After infecting spinal cord neurons, rabies virus spreads
widely within axons of the CNS by fast axonal transport along
neuroanatomical connections. After CNS infection is estab-
lished, there is centrifugal spread of rabies virus to multiple
organs along sensory and/or autonomic nerves. In rabies vec-
tors, viral spread to the salivary glands is important and saliva
is secreted containing high titer infectious rabies virus, which
is important for transmission to new hosts via bite exposures.
Viral spread also occurs to multiple extraneural organs, in-
cluding the heart (resulting in myocarditis in some cases),
adrenal medulla, gastrointestinal tract, and skin (skin biopsy is
used for antemortem rabies diagnosis in humans) (27).

Vesiculovirus Infections
Relatively little is known about the pathogenesis of vesicu-
lovirus infections. Intralingual inoculation of VSV into
cattle or other animals results in vesicle formation at the site
of inoculation (28), whereas intramuscular inoculation
typically results in inapparent infection and immunity (29).

PATHOLOGY OF RABIES
Despite the severe clinical disease in rabies, the neuropath-
ological changes are relatively mild. Rabies virus prominently
and predominantly infects neurons, although infection of
glial cells has been recognized (30). There are mild inflam-
matory changes, but there are relatively few degenerative
neuronal changes. Characteristic microscopic features of ra-
bies encephalomyelitis include mild mononuclear inflam-
matory changes involving the leptomeninges, perivascular
regions, and the CNS parenchyma. Microglial nodules de-
scribed by Babes (31) are observed in the parenchyma and
consist of activated microglia and monocytes, which are
called Babes’ nodules. Neuronophagia may be observed with
accumulations of activated microglia/macrophages in the
process of phagocytosing degenerating or dying neurons (32),
but degeneration of numerous neurons is not a typical path-
ological feature of rabies. Negri bodies are characteristic eo-
sinophilic inclusions that are observed in some infected
neurons (Figure 3), which were described by and named after
Adelchi Negri (8, 33). Electron microscopy has demonstrated
that Negri bodies are composed of large aggregates of granu-
lofilamentous matrix material and variable numbers of viral
particles (32). Both clinical and pathological findings in fatal
human cases due to nonrabies lyssavirus infections are the
same as in rabies due to rabies virus (genotype 1) infection.

EPIDEMIOLOGY
Lyssavirus Infections
About 99% of global human rabies cases are a consequence
of transmission from dogs due to the presence of endemic
dog rabies. There are approximately 59,000 human deaths
per year related to endemic canine rabies (34) and the
greatest burden of human disease occurs in Asia and Africa.
The means of controlling endemic dog rabies are very well
established (35). However, for a variety of complex eco-
nomic, cultural, and political reasons, endemic dog rabies
persists in many countries and is an ongoing threat to hu-
mans living or visiting these regions, who are at risk of
transmission via dog bites. In other countries (e.g., North
America) rabies is endemic in wildlife and this poses the
main risk for transmission of rabies virus. Rabies virus vari-
ants can be identified with molecular techniques, including

monoclonal antibody characterization and reverse tran-
scription polymerase chain reaction (RT-PCR) amplifica-
tion with sequencing, which typically reveals the probable
source of the infection when it is not readily apparent.

Because of their threat to human health, bats are the most
important wildlife rabies vectors. In the United States, en-
demic bat rabies is present in every state except Hawaii (Figure
4A). Because of the small size of bats, their bites may not be
readily recognized and, consequently, there is no opportunity
for the initiation of highly effective preventive measures.

Patients infected by bat rabies virus variants via unrecog-
nized bites may not even be aware that they have had contact
with bats. A bat rabies virus variant associated with both
silver-haired bats and tricolored bats is most frequently asso-
ciated with human rabies in the United States and Canada. A
variant associated with Brazilian (Mexican) free-tailed bats is
the second most common bat variant associated with human
rabies cases in the United States. Although big brown and
little brown bats are often found in North American houses
and are commonly found to be infected with rabies virus, the
associated bat rabies virus variants are only infrequently re-
sponsible for human cases of disease.

Terrestrial animals that are vectors of rabies in North
America include raccoons, skunks, and foxes (36) (Figure 5).
Raccoon rabies is endemic along the entire eastern coast of
the United States (Figure 4B). In the 1940s, raccoon rabies
was initially present in Florida and over a period of decades it
gradually spread north and the first incursion into Canada
occurred in Ontario in 1999. There are only two docu-
mented cases of human rabies case due to raccoon rabies
virus variants (21, 37), likely because raccoon exposures are
usually recognized. Skunk rabies is present in the midwestern
United States, the prairie provinces of Canada (Saskatch-

FIGURE 3 Three large Negri bodies in the cytoplasm of a cer-
ebellar Purkinje cell from an 8-year-old boy who died of rabies after
being bitten by a rabid dog in Mexico. (Reproduced with permission
from AC Jackson, E Lopez-Corella, N Engl J Med 335:568, 1996.
Copyright Massachusetts Medical Society.)
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ewan and Manitoba), and California (Figure 4C). Fox rabies
is now uncommon in North America and it has been well
controlled with oral vaccination programs in Ontario (red
fox) and Texas (gray fox), and also in Europe. Companion
animals, especially dogs and cats, are also at risk of devel-

oping rabies transmitted from wildlife vectors and, conse-
quently, they may then pose a danger to humans.

Vesiculovirus Infections
Mechanisms involved in VSV transmission are not well
understood. VSV needs to penetrate the skin or mucous
membranes via an injury or an insect vector (e.g., mosquitoes
and sand flies). VSV is a viral disease of cattle, horses, pigs,
and some wild mammals caused by VSV infection. VSV oc-
curs in theWestern hemisphere, especially in Latin America.
Outbreaks in animals are usually seasonal, typically occur at
the end of the rainy season in tropical regions and in late
summer in temperate zones. Transmission to humans usually
results from direct contact with infected animals, particularly
cattle, and also occasionally from laboratory exposures.

CLINICAL FEATURES
Lyssavirus Infections
Typically, the incubation period from the time of the expo-
sure (e.g., bite) until the time of the onset of clinical disease
lasts between 20 and 90 days, but may be as short as only a few
days or exceed a year or more. There is documentation of
cases with incubation periods longer than a year, including
one as long as 6 years (38). Prodromal symptoms in rabies are
nonspecific and include fever, chills, malaise, fatigue, in-
somnia, anorexia, headache, anxiety, and irritability. They
may last for up to 10 days prior to the onset of neurological
symptoms. The earliest neurological symptoms of rabies in-
clude paresthesias, pain, and pruritus at or close to the site of
exposure. They are likely due to infection and inflammatory
changes involving local sensory ganglia (e.g., dorsal root
ganglia or cranial sensory ganglia). The wound may have
completely healed by the time these symptoms develop, or
the site of exposure may be unknown (e.g., no recognized
animal bite). There are two clinical forms of disease in rabies:
encephalitic rabies (in 80% of cases) and paralytic rabies (in
20% of cases). It is likely that the main burden of the

FIGURE 4 Reported cases of rabies involving bats (A), raccoons
(B), and skunks (C) by county, 2013. Adapted from JL Dyer et al., J
Am Vet Med Assoc 245:1111–1123, 2014. (Centers for Disease
Control and Prevention.)

FIGURE 5 Distribution of the major rabies virus variants among
wild terrestrial reservoirs in the United States and Puerto Rico,
2009 to 2013. * Potential host shift event. AZ = Arizona. CA =
California. NC = North central. SC = South central. TX = Texas.
Reproduced from JL Dyer et al., J Am Vet Med Assoc 245:1111–
1123, 2014. (Centers for Disease Control and Prevention.)
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infection in encephalitic rabies involves the brain, whereas
in paralytic rabies the main burden likely involves the spi-
nal cord, nerve roots, and peripheral nerves. Fever is present
in most cases. In encephalitic rabies there may be episodes
of generalized arousal or hyperexcitability, which are sepa-
rated by lucid periods (39). Patients may have aggressive
behavior, confusion, and hallucinations. Features of auto-
nomic dysfunction, including hypersalivation, piloerection
(gooseflesh), sweating, priapism, and cardiac arrhythmias,
are common. Hydrophobia is a very characteristic clinical
manifestation of encephalitic rabies, and occurs more fre-
quently with infections due to rabies virus variants associated
with dogs than with bats (40). Patients may initially have
pain in the throat or have difficulty swallowing. When they
attempt to swallow they experience contractions of the di-
aphragm and other inspiratory muscles, typically lasting for 5
to 15 seconds. Subsequently, this may become a conditioned
reflex and the sight, sound, or even mention of water (or
other liquids) may trigger the spasms. Aerophobia is the
occurrence of these same spasms precipitated by a draft of air
on the skin. As the disease progresses there is progressive
neurological deterioration with worsening in the level of
consciousness to coma and the development of paralysis.

In paralytic rabies there is early prominent weakness
that usually initially involves the bitten extremity and pro-
gresses to involve the other extremities and facial muscles.
Sphincter involvement, pain, and sensory disturbances also
occur. Hydrophobia is unusual in paralytic rabies, although
weakness of bulbar and respiratory muscles also develops.
Patients with paralytic rabies later develop neurological de-
terioration with progression to coma, and they typically
survive longer than patients with encephalitic rabies.

Medical complications are common in rabies patients
treated aggressively in a critical care unit. Cardiac and re-
spiratory complications are common. Cardiac disorders in-
clude heart failure, hypotension, a variety of arrhythmias, and
cardiac arrest. Both cardiac ganglia and the myocardium may
become infected with rabies virus, and in some cases there is
an associated myocarditis (41–43). Respiratory complica-
tions include hyperventilation, hypoxemia, respiratory de-
pression with apnea, atelectasis, and aspiration pneumonia
(44). Hyperthermia or hypothermia may occur, likely sec-
ondary to hypothalamic infection. Endocrine complicati-
ons include inappropriate secretion of antidiuretic hormone
and diabetes insipidus (44, 45). Multiple organ failure
commonly occurs in patients treated aggressively in critical
care units.

Vesiculovirus Infections
VSV in animals is associated with severe vesiculation and
ulceration of oral tissues, teats, and feet. Most infections are
subclinical. In humans, early conjunctivitis is followed by an
acute influenza-like illness with fever, chills, nausea, vo-
miting, headache, retrobulbar pain, myalgias, substernal
pain, malaise, pharyngitis, and lymphadenitis. Small vesic-
ular lesions may be present on the buccal mucosa or on the
fingers. Encephalitis is very rare. Typically, the illness usually
lasts 3 to 6 days and there is complete recovery. Subclinical
infections are common.

DIFFERENTIAL DIAGNOSIS
Lyssavirus Infections
The diagnosis of rabies may be difficult without a history of
animal exposure, particularly in countries where rabies rarely

occurs, because physicians fail to consider the diagnosis due
to a lack of familiarity with the disease, even in typical cases.
Physicians may not ask about animal exposures and the
patient may not recall an exposure or may not be able to
provide this information at the time of presentation. In early
phases, encephalitic rabies may be misdiagnosed as a psy-
chiatric disorder, whereas paralytic rabies may be mis-
diagnosed as Guillain-Barré syndrome. Rabies hysteria is a
conversion disorder (somatoform disorder) that may occur as
a psychological response to the fear of developing rabies
(46). It is characterized by a shorter incubation period than
rabies, aggressive behavior (not common in humans), in-
ability for the patient to communicate, and a long clinical
course with recovery.

Other viral encephalitides may show behavioral changes
with fluctuations in the level of consciousness. Hydrophobic
spasms are not observed, and the presence of brainstem signs
is unusual in conscious patients in most of the other viral
encephalitides. Herpes simiae (B virus) encephalomyelitis,
which is transmitted by monkey bites, is usually associated
with a shorter incubation period and recovery may occur
(47). Tetanus has a shorter incubation period (typically 3 to
21 days) than rabies and is characterized by sustained muscle
rigidity involving paraspinal, abdominal, masseter (trismus),
laryngeal, and respiratory muscles with superimposed brief
recurrent muscle spasms (48). In tetanus, consciousness is
preserved, there is no cerebrospinal (CSF) pleocytosis, and
the prognosis is much better than in rabies. In Africa, rabies
is commonly misdiagnosed as cerebral malaria (49). Anti-N-
methyl-D-aspartate receptor (anti-NMDA) encephalitis
occurs in young patients (especially females) and is charac-
terized by behavioral changes, autonomic instability, hypo-
ventilation, and seizures, and it has recently been recognized
that this autoimmune disease rivals viral etiologies as a cause
of encephalitis (50). Postvaccinal encephalomyelitis is an
important differential diagnosis in patients immunized with
a vaccine derived from neural tissues (e.g., Semple vaccine),
which is currently used in only a few resource poor countries.
Patients with paralytic rabies may resemble the Guillain-
Barré syndrome and the pathological features may be also be
similar (51). Local symptoms at the site of the bite, piloer-
ection, early or persistent bladder dysfunction, and fever are
all more suggestive of paralytic rabies.

Vesiculovirus Infections
VSV in animals may be clinically indistinguishable from the
more serious foot-and-mouth disease and vesicular exan-
thema. In humans, VSV infection presents as a nonspecific,
mild, and self-limited systemic viral illness. The presence of
vesicular lesions (buccal mucosa or fingers) and exposure to
animals are important clinical clues to the etiology.

INVESTIGATIONS
Lyssavirus Infections
Routine blood tests and CT head scans are typically normal
in rabies. MRI may be normal or show signal abnormalities
in the brain, spinal cord, and/or nerve roots/plexuses, but
these findings are not specific for rabies and the main use-
fulness of MRI is to exclude other diagnostic possibilities
(52). CSF analysis usually shows a mononuclear pleocytosis
with a cell count of less than 100 cells per ml. Serum neu-
tralizing antirabies virus antibodies may develop in unvac-
cinated patients, but may not appear for a week or more
during the clinical course of disease, and some patients never
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develop antibodies prior to death. Neutralizing antirabies
virus antibodies may also develop in the CSF, whereas CSF
antibodies are not present in vaccinated patients who do not
have rabies encephalitis. Specific laboratory tests for con-
firmation of a diagnosis of rabies include a full thickness skin
biopsy taken from the posterior region of the neck at the
hairline. Rabies virus antigen may be detected in nerve fibers
around hair follicles with direct fluorescent antibody stain-
ing. Rabies virus RNA may be detected in fluids or tissues
using RT-PCR amplification. Saliva is the most useful
specimen for the detection of rabies virus RNA using RT-
PCR. RT-PCR can also be used on skin biopsies (53) and
CSF, but is much less sensitive on CSF. A negative labora-
tory test for rabies never excludes rabies unless performed on
brain tissues, and the tests may need to be repeated for di-
agnostic confirmation of a rabies diagnosis. Brain tissues are
only very rarely obtained by biopsy antemortem, but are
routinely evaluated postmortem by direct fluorescent anti-
body staining and by culture techniques.

Vesiculovirus Infections
A serologic diagnosis can be made on the basis of a rise in
titer of either complement-fixing or neutralizing antibodies,
RT-PCR for viral RNA has recently been described on
clinical samples (54).

RABIES PREVENTION
After recognized exposures, rabies can be very effectively
prevented, whereas unrecognized exposures (e.g., bat bite)
allow no opportunity for intervention. Detailed guidelines
that are periodically updated are available from the Centers
for Disease Control and Prevention (55) and from theWorld
Health Organization (56) on the Morbidity and Mortality
Weekly Report (http://www.cdc.gov/mmwr/) and World
Health Organization (http://www.who.int/en/) websites, re-
spectively. Algorithms have been developed concerning the
decision-making process for initiation of postexposure rabies
prophylaxis (57). The first step is to determine whether
there is a real risk of rabies virus transmission. This depends
on obtaining: the details of the exposure, the species of
animal involved, and also on the local epidemiological sit-
uation. Advice from local public health officials can be very
helpful in making a determination of whether postexposure
rabies prophylaxis measures should be initiated. Laboratory
testing on brain tissues from an animal is needed in order to
make a definitive diagnosis of rabies, which is usually per-
formed using an antigen detection method by the fluores-
cent antibody technique. If a dog, cat, or ferret remains
healthy for a 10 day period after an exposure, then a con-
clusion can confidently be made that rabies virus transmis-
sion did not occur during the exposure because the brainstem
infection associated with the salivary excretion of infectious
virus did not progress to overt clinical signs within the period.
Unwanted animals may be killed and the brains tested
without an observation period. Other animal species must
not be observed after an exposure because there is uncertainty
about the period of time for clinical disease to develop and
the period may be much greater than 10 days. If an animal
escapes after an exposure, then the animal should be con-
sidered rabid unless information from public health officials
indicates that this is unlikely. Current recommendations in-
dicate that the physical presence of a bat may warrant post-
exposure prophylaxis when a person such as a small child or
sleeping adult is unable to reliably report contact that could
have resulted in a bite (55). In light of the low risks and high

costs, recommendations for bedroom exposures to a bat while
sleeping and without known physical contact have been
questioned (58) and require further expert consideration.

Postexposure rabies prophylaxis in previously unvacci-
nated persons includes wound cleansing and active immu-
nization with rabies vaccine and passive immunization with
human rabies immune globulin (HRIG). All animal bite
wounds should be thoroughly cleaned with soap and water
and, if available, a virucidal agent (e.g., povidine) should be
used to irrigate the wounds. In the United States, four doses
of rabies vaccine, which was recently reduced from five
doses, are recommended on days 0, 3, 7, and 14 (59). Each
1.0 ml dose of vaccine should be given intramuscularly in
the deltoid muscle. Two rabies vaccines are currently li-
censed in the United States and Canada: purified chicken
embryo cell vaccine (PCECV) (RabAvert) and human dip-
loid cell vaccine (Imovax). Pregnancy is not a contraindi-
cation for immunization. Local and mild systemic adverse
effects are common. Local reactions include pain, erythema,
edema, and pruritus; systemic reactions include fever, myal-
gias, headache, and nausea. Antiinflammatory medications
and antipyretics may be used, but immunization should not
be discontinued. The dose of HRIG is based on weight (20
IU per kg) and HRIG should be infiltrated into and around
the wound and the remaining portion of the dose should be
given intramuscularly in a different location (e.g., gluteal
muscles) than where the vaccine is given. If there are mul-
tiple or extensive wounds and a large volume of HRIG is
needed for infiltration, then HRIG may be diluted as re-
quired for satisfactory infiltration of all the wounds. HRIG
should not be given later than 7 days after the first dose of
rabies vaccine. Adverse effects of HRIG include local pain
and low-grade fever. If HRIG is not available, then purified
equine rabies immune globulin, which is much less expensive
and more readily available in some rabies endemic countries
(e.g., Thailand), may be used in the same manner at a dose of
40 IU/kg.

In persons at risk of rabies exposure, including laboratory
workers, veterinarians, and travelers to places with endemic
dog rabies (e.g., Asia and Africa), preexposure rabies im-
munization should be considered. Three doses of vaccine are
given on days 0, 7, and 21. When prolonged protection is
needed, booster doses of rabies vaccine can be given peri-
odically as required, based on a serum neutralizing antirabies
antibody titer. The perceived risk of exposure may determine
the frequency of antibody testing (e.g., every six month to
every two years). After a rabies exposure in preimmunized
individuals, in addition to wound cleansing, two doses of
rabies vaccine should be given on days 0 and 3; HRIG
should not be given.

MANAGEMENT OF HUMAN RABIES
Unfortunately, human rabies is virtually always fatal despite
aggressive therapeutic attempts at therapy. Most survivors
have received rabies vaccine prior to the onset of the clinical
disease. The therapeutic options for consideration of an
aggressive approach for a patient with rabies were evaluated
by an expert group (60). Young and previously healthy pa-
tients with an early clinical diagnosis of rabies were felt to be
the best potential candidates for aggressive therapy (60).
Therapies that were suggested for consideration included
rabies vaccine, human rabies immune globulin, monoclonal
antibodies (for the future), ribavirin, interferon-a, and
ketamine. It was felt that combination therapy might im-
prove efficacy in situations in which specific therapies used
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individually had failed in the past, similar to the situation for
a variety of infectious (HIV and hepatitis C virus infections)
and other noninfectious diseases (e.g., cancer).

A 15-year-old female survived rabies in 2004. She had
been bitten on her finger by a bat and did not receive post-
exposure prophylaxis therapy (61). About a month after
the bite, she came to medical attention with typical clini-
cal features of rabies encephalitis. On arrival to hospital in
Milwaukee, Wisconsin neutralizing antirabies virus anti-
bodies were present in both the serum and CSF (initially at
titers of 1:102 and 1:47, respectively). Nuchal skin biopsies
were negative for rabies virus antigen. Rabies virus RNAwas
not detected in saliva or in the skin biopsies using RT-PCR.
She was intubated, and treated with a drug-induced coma,
which included the noncompetitive N-methyl-D-aspartate

(NMDA) antagonist ketamine at 48 mg/kg/day as a con-
tinuous infusion, and intravenous midazolam for 7 days. She
was maintained in a burst-suppression pattern on her elec-
troencephalogram and given supplemental phenobarbital as
needed. She was also treated with antiviral therapy, in-
cluding intravenous ribavirin and amantadine 200 mg per
day administered enterally. She improved and was subse-
quently discharged from hospital with neurologic deficits
and later had further neurologic improvement (62).

This patient is the first documented rabies survivor who
had not received any rabies vaccine prior to the onset of
clinical rabies. However, it remains uncertain if therapy with
one or more specific agents played any significant role in her
favorable outcome (63). Since that time, there have been at
least 31 cases in which the main components of this ap-

TABLE 2 Cases of human rabies with treatment failures that used the main components of the “Milwaukee protocol.”
(Updated from Jackson AC: Therapy in human rabies, in Research Advances in Rabies, Alan C. Jackson (ed), Advances
in Virus Research 79:365 – 375, 2011. Copyright Elsevier.)

Case
no.

Year
of death

Age and
sex

of patient Virus source Country Reference

1 2005 47 male kidney and pancreas
transplant (dog)

Germany (22)

2 2005 46 female lung transplant (dog) Germany (22)
3 2005 72 male kidney transplant (dog) Germany (22)
4 2005 unknown dog India (86)
5 2005 7 male vampire bat Brazil a

6 2005 20–30 female vampire bat Brazil a

7 2006 33 male dog Thailand (87)
8 2006 16 male bat USA (Texas) (88)
9 2006 10 female bat USA (Indiana) (89)

10 2006 11 male dog (Philippines) USA (California) (89, 90)
11 2007 73 male bat Canada (Alberta) (72)
12 2007 55 male dog (Morocco) Germany (91)
13 2007 34 female bat (Kenya) The Netherlands (77)
14 2008 5 male dog Equatorial Guinea (92)
15 2008 55 male bat USA (Missouri) (93, 94)
16 2008 9 female cat (vampire bat variant) Colombia (95, 96)
17 2008 15 male vampire bat Colombia (97)
18 2009 37 female dog (South Africa) Northern Ireland (98)
19 2009 42 male dog (India) USA (Virginia) (99)
20 2010 11 female cat Romania (100)
21 2011 41 female dog (Guinea-Bissau) Portugal (101)
22 2011 25 male dog (Afghanistan) USA (Massachusetts) (102)
23 2012 63 male brown bat USA (Massachusetts) (103)
24 2012 9 male marmoset Brazil (104)
25 2012 41 male dog (Dominican Republic) Canada (Ontario) (105)
26 2012 29 male dog (Mozambique) South Africa (106, 107)
27 2012 58 female dog (India) United Kingdom (108)
28 2013 28 male dog variant with no known

exposure (Guatemala)
USA (Texas) (109)

29 2013 30 maleb dog China (Taiwan) (110)
30 2014 24 male dog India (111)
31 2014 male liver transplant (dog) Saudi Arabia (23)

aPersonal communication from Dr. Rita Medeiros, University of Para, Belem, Brazil.
bPersonal communication from Dr. Ya-Sung Yang, Tri-Service General Hospital, Taipei, Taiwan. Patient was initially in a vegetative state but died within 6 months

while in hospice care.
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proach (the “Milwaukee protocol”) were used with fatal
outcomes (Table 2) (64). The induction of coma per se has
no established benefit for the management of infectious
diseases of the nervous system, and there is no evidence to
date supporting this approach in rabies or other viral en-
cephalitides. For this reason, therapeutic coma should not
become a routine therapy for the management of rabies.
Recent experimental evidence does not support a mecha-
nism of excitotoxicity in a mouse model of rabies and also in
rabies virus infection of cultured neurons, and there was also
a lack of efficacy of ketamine therapy in cultured neurons
and in the mouse model (65). Even in situations in which
there is very strong experimental evidence of excitotoxicity
in animal models, such as in stroke, numerous clinical trials
in humans have failed to demonstrate efficacy of neuropro-
tective agents (66). This indicates that an effective neuro-
protective effect of a therapy given to a single patient
without a credible scientific rationale is highly doubtful. It is
likely that this patient would have also recovered with only
the supportive therapy.

Neutralizing antirabies virus antibodies are an important
marker of an adaptive immune response that is essential for
clearance of rabies virus and recovery (67). The presence of
serum neutralizing antirabies virus antibodies early in a pa-
tient’s clinical course probably occurs in less than 20% of

patients with rabies and is likely an important factor con-
tributing to a favorable outcome. There have been 11 sur-
vivors of rabies who received rabies vaccine prior to the
onset of the disease, and only one without vaccine (Table 3).
This observation suggests that an early immune response
may be important for a positive outcome. Recovery of cases
with atypical clinical features of rabies without the devel-
opment of antirabies virus neutralizing antibodies (68, 69)
were unlikely actual cases of rabies and these patients should
not be considered survivors.

Bat rabies virus variants are probably less neurovirulent
than canine virus variants or other variants that are re-
sponsible for most human cases of rabies (70), and there is
less chance that human rabies due to canine rabies virus
variants will have a favorable outcome than cases caused by
bat rabies virus variants. The first well-documented survivor
of rabies, who was also infected with a bat rabies virus var-
iant, received rabies vaccine prior to the onset of disease and
made an excellent neurological recovery (71). It is unknown
if the causative bat rabies virus variant in the Milwaukee
case was attenuated and had different biological properties
than other isolated variants because no virus was isolated in
this case. Diagnostic laboratory tests are usually negative for
rabies virus antigen and RNA in fluids and tissues, and brain
tissues are not normally tested in most survivors of rabies.

TABLE 3 Cases of human rabies with recovery.a (Adapted from Jackson AC: Therapy of human rabies, in Rabies: scientific
basis of the disease and its management, Third Edition, edited by AC Jackson, 2013, Elsevier Academic Press, Oxford, UK,
pp 573–587. Copyright Elsevier).

Location Year
Age

of patient Transmission
Immunization
prior to onset Outcome Reference

United States 1970 6 bat bite duck embryo vaccine complete
recovery

Hattwick et al. (71)

Argentina 1972 45 dog bites suckling mouse brain vaccine moderate
sequelae

Porras et al. (112)

United States 1977 32 laboratory
(vaccine strain)

preexposure vaccination severe sequelae Tillotson et al. (17, 113)

Mexico 1992 9 dog bites postexposure vaccination
(combination)

severe sequelaeb Alvarez et al. (114)

India 2000 6 dog bites postexposure vaccination
(combination)

severe sequelaec Madhusudana et al. (115)

United States 2004 15 bat bite no postexposure therapy mild sequelae Hu et al. (62) and
Willoughby et al. (61)

Brazil 2008 15 vampire bat bite postexposure vaccination severe sequelae Ministerio da Saude
in Brazil (116)

Turkey 2008 17 dog bites postexposure vaccination
(one dose)

complete
recovery

Karahocagil et al. (117)

India 2010 8 dog bite postexposure vaccination
and rabies

immunoglobulin Netravathi et al. (118)

India 2011 17 dog bite postexposure vaccination severe sequelae de Souza and
Madhusudana (119)

Chile 2013 25 dog bite(s) postexposure vaccination
(one dose)

moderate
sequelae

Galvez et al. (120)

India 2014 16 dog bite(s) postexposure vaccination severe sequelae Thakur (121)
India 2014 6 dog bites postexposure vaccination

and equine rabies
immune globulin

severe sequelae Karande et al. (122)

aRecovery of cases with atypical features of rabies without the development of rabies virus neutralizing antibodies have not been not included because they are likely
not cases of rabies (68, 123). A case reported by Rawat and Rao (124) was not sufficiently well-documented for inclusion.

bPatient died less than four years after developing rabies with marked neurological sequelae (L. Alvarez, personal communication).
cPatient died approximately two years after developing rabies with marked neurological sequelae (S. Mahusudana, personal communication).
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This may reflect effective viral clearance in which centrif-
ugal spread of the infection to peripheral organ sites is re-
duced or very rapid clearance occurs through immune-
mediated mechanisms.

Pathological data from a number of human rabies cases
treated with the Milwaukee protocol have demonstrated
that the therapy is not effective in clearing rabies virus in-
fection from the brain and from preventing neuronal injury.
A case from Edmonton (Canada) was treated with the
Milwaukee protocol and after termination of the therapeutic
coma, the patient remained in a brain death-like state for
approximately four weeks (72). At autopsy, there was com-
plete loss of neurons in the cerebral cortex and positive
staining for rabies virus antigen was observed in both
brainstem and cerebellar neurons, indicating a failure of
clearance of the viral infection from the brain and also
failure of protection against neuronal injury and loss (72). In
Germany, lung and kidney/pancreas recipients from a rabies
virus-infected donor developed rabies and were treated with
major components of the Milwaukee protocol, including
intravenous midazolam, ketamine, and phenobarbital (in
one) (22). One patient died within 2 days, whereas the other
survived 64 days after the onset of clinical rabies. At autopsy,
the two patients had 1.2 – 2.3 · 109 RNA copies/mg of
CNS tissue, indicating ineffective viral clearance. The lon-
ger surviving patient showed viral clearance from systemic
organs and peripheral nerves. Hence, the Milwaukee pro-
tocol therapy has proved ineffective in promoting viral
clearance from the CNS in rabies. It now has become fairly
clear that the Milwaukee protocol has no role at all in the
management of human rabies. Unfortunately, promotion
and repetition of this flawed therapy has likely already im-
peded progress in the development of new and effective
therapies for rabies. A better understanding of basic mech-
anisms underlying rabies pathogenesis in humans and ani-
mals is needed, which may prove to be very helpful in the
development of novel therapeutic approaches for the man-
agement of this dreaded disease.

NONRABIES VIRUS LYSSAVIRUS
INFECTIONS
Nonrabies virus lyssaviruses may cause fatal neurological
illness that is clinically and pathologically indistinguishable
from rabies. Mokola virus has been isolated from shrews,
although the reservoir is unknown. In 1971, a 6-year-old girl
died with Mokola virus infection (73); another case with
mild illness was more likely due to cross-contamination of
specimens in the laboratory (74). The index case of
Duvenhage virus infection was transmitted by a bat and
occurred in South Africa (75), and two additional cases were
recently reported (76, 77). There have been two cases
reported due to European bat lyssavirus 1 (78, 79) and an-
other two cases due to European bat lyssavirus 2 (80, 81). In
1996 and 1998, cases due to Australian bat lyssavirus were
likely transmitted by an insect-eating bat (82) and a fruit-
eating bat (flying fox) (83), respectively, and there was an-
other fatal case in 2013 (84). In 2007, a 20-year-old female
died in the Primorye Territory, which is in the Russian Far
East, due to Irkut virus, which had been previously isolated
from a greater tubenosed bat (85).

Vesiculovirus Infections
Therapy of VSV infection is symptomatic.
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INTRODUCTION
The filoviruses are nonsegmented, negative-sense RNA vi-
ruses in the family Filoviridae, order Mononegavirales. The
genus Marburgvirus consists of a single species of related vi-
ruses, for which bats in Central Africa have recently been
found to be a reservoir. The other genus, Ebolavirus, contains
four species (Zaire, Sudan, Bundibugyo, and Ivory Coast)
indigenous to Africa, and a fifth, Reston virus, found in the
Philippines. It is likely that the African Ebola species are also
maintained in bats, but attempts to recover infectious virus
from captured animals have been unsuccessful. Except for
the Reston agent, all filoviruses cause severe disease in hu-
mans, with fatality rates in outbreaks often exceeding 50%.

The first filovirus was recognized in 1967 when the in-
advertent importation of infected monkeys from Uganda to
a vaccine laboratory in Marburg, Germany led to an out-
break of fulminant illness in workers who came into contact
with the animals or their tissues. The occurrence of fever and
bleeding in many of the patients led to the classification of
the new “Marburg virus” as an agent of viral hemorrhagic
fever, a term first used by Russian scientists in the 1930s to
designate certain zoonoses seen in the former Soviet Union.
The unique filamentous morphology of the novel agent
(Fig. 1) led to the designation of a new virus family.
Extensive studies of animals trapped in Uganda failed to
identify a natural reservoir.

In 1976, two almost simultaneous epidemics in Sudan
and Zaire (the present Democratic Republic of the Congo)
revealed the existence of the Ebola viruses. Over succeeding
decades, some 25 outbreaks of Marburg or Ebola hemorrhagic
fever, ranging in size from single infections to more than 400
cases, occurred sporadically across a region of Central Africa
extending from the Sudan and Uganda to Gabon and An-
gola (Table 1, Fig. 2). Outbreaks were brought to an end
through the combined efforts of local health care workers
and international medical teams. Clinical and epidemiologic
studies have found that the four African filovirus species
cause similar syndromes, although mortality varies by species,
and that person-to-person spread occurs only through direct
contact with blood and other body fluids. In the absence of
any vaccines or specific therapy, the medical response was
based on identifying and isolating infected persons and their
close contacts and providing basic supportive care while
waiting for the outbreak to “burn out.”

In late 2013, the Zaire species of Ebola virus unexpect-
edly appeared in West Africa and was carried by chains of
person-to-person transmission from a village in rural Guinea
to the largest cities of Guinea, Liberia, and Sierra Leone. By
mid-2014 the virus had killed more human beings than in all
previous outbreaks combined. Efforts to halt the epidemic
were hampered by the difficulty of recognizing Ebola patients
against a background of malaria and other common febrile
diseases and by the limited medical, public health, com-
munications, and logistical resources in three of the world’s
poorest countries. After a massive international response,
including the construction and staffing of many dedicated
treatment centers (Fig. 3), the epidemic began to decline.
In mid-2015, new cases were still occurring, in several in-
stances because of late sexual transmission from male sur-
vivors. WHO declared that Ebola transmission had ceased
in all three affected countries by late December 2015, al-
though enhanced vigilance for late-onset cases continued
for 90 days (1).

The experience of the West African epidemic has
brought about two significant changes in this chapter since
the previous edition. The first is a major expansion of the
sections devoted to the clinical syndrome and patient care.
Before 2014, detailed descriptions of individual patients
were limited to the 1967 Marburg outbreak, a few cases
treated in South African hospitals, and some accidental
laboratory infections, and reports of outbreaks contained
only general summary data. The occurrence of more than
25,000 cases in the current epidemic, including more than
20 patients treated in the United States and Europe, has
produced more detailed knowledge of the disease and ap-
proaches to its management that could scarcely have been
imagined a year ago.

The second modification in this chapter since the last
edition is a change in terminology: as clinicians in West
Africa noted that significant bleeding is actually not a
common finding in Ebola virus infection, the name of the
syndrome has been changed from “Ebola hemorrhagic fever”
to “Ebola virus disease.” This does not mean that the clinical
syndrome differs from earlier outbreaks. Instead, the reali-
zation that coagulopathy is only part of the syndrome and
that major hemorrhage is common only in the late stage of
fatal cases has permitted clearer observation of other aspects
of the disease, especially the profuse vomiting and diarrhea
that frequently occur early in the course of illness that may
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precipitate hypovolemic shock unless treated by prompt
fluid replacement.

The West African epidemic also brought about the ac-
celerated preclinical development and clinical testing of a
number of drugs and vaccines, including the administration
under emergency use protocols of a number of experimental

therapies, principally to accidentally infected Americans
and Europeans evacuated to their home countries. Un-
fortunately, such advanced therapies did not arrive in time to
prevent the deaths of nearly 1,000 African doctors and
nurses who became infected while caring for patients. It
can only be hoped that the experience of this devastating

FIGURE 1 A. Negative-contrast electron micrograph (EM) of Ebola virions (magnification, · 17,000). B. Transmission EM of viral
nucleocapsids in a cytoplasmic inclusion body. C. Scanning EM of virions budding from the surface of an infected cell. (Courtesy of Tom
Geisbert, USAMRIID.)

TABLE 1 Principal outbreaks and individual cases of filovirus disease and known cases and epidemics of filoviral
hemorrhagic fever

Virus Year Location Source of infection
Mode of person-
to-person spread

No. of
cases CFR (%)

Marburg 1967 Europe Imported monkeys Laboratory, hospital 31 23
1975 South Africa Unknown Hospital, direct contact 3 33
1998 DRC Unknown Repeated bat exposures 154 83
2004 Angola Unknown Hospital, direct contact 374 88
2007 Uganda Bat exposures None 4 50
2012 Uganda Unknown Hospital, direct contact 23 65

Ebola Zaire 1976 Zaire Unknown Hospital 318 88
1994 Gabon Unknown Hospital/healer 49 65
1995 DRC Unknown Hospital, direct contact 317 77
1996 Gabon Dead chimp Nonhospital contact 37 57
1996 Gabon Unknown Nonhospital contact 60 75
1996 South Africa Infected in Gabon Hospital contact 2 50
2001 Gabon Dead chimp Direct contact 65 82
2001 Republic of the Congo Unknown Direct contact 57 75
2002 Republic of the Congo Unknown Direct contact 143 89
2003 Republic of the Congo Unknown Direct contact 35 83
2007 DRC Unknown Direct contact 264 71
2008 DRC ? bat exposure Direct contact 32 44

2013–15 Guinea, Sierra
Leone, Liberia

? bat exposure Direct contact > 28000 40–60

Ebola Sudan 1976 Sudan Unknown Hospital 284 53
1979 Sudan Unknown Hospital 34 65
2000 Uganda Unknown Hospital 425 53
2004 Sudan Unknown Unknown 17 41

Ebola Côte d’Ivoire 1994 Côte d’Ivoire Necropsy
of dead chimp

None 1 0

Ebola Bundibugyo 2007 Uganda Unknown Direct contact 149 25

CFR, case fatality rate; DRC, Democratic Republic of the Congo.
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epidemic will lead to the rebuilding and strengthening of the
health care system inWest Africa so that such a sacrifice will
never be repeated.

VIROLOGY
Phylogenetic Classification
The family Filoviridae contains three genera, Marburgvirus,
Ebolavirus, and Cuevavirus, which are almost identical in
genomic organization but differ extensively in nucleotide
sequence. A recent phylogenetic analysis has placed the
most recent common ancestor of the filoviruses some 10,000
years in the past (Fig. 4). The genus Cuevavirus is repre-
sented by a single species, Lloviovirus, which to date has been
detected only as RNA sequences in the tissues of bats in
Spain (2).

Although the Marburg viruses show some sequence di-
vergence between the Ravn and Lake Victoria strains, they
are still sufficiently closely related that only one species is
recognized, and a recombinant vaccine based on the Musoke
strain cross-protected macaques against the Angola and
Ravn strains (3). In contrast, the genus Ebolavirus contains
five species: Sudan, Bundibugyo, Reston, Côte d’Ivoire, and
Zaire, now designated simply Ebolavirus. The earliest evo-
lutionary divergence produced the ancestor of the Reston
and Sudan species, while later pathways led to the more
closely related Zaire, Bundibugyo, and Tai Forest viruses.
The Makona strain of Ebolavirus responsible for the West
African epidemic has an overall 97% sequence identity with

FIGURE 2 Outbreaks of Marburg and Ebola virus disease in Africa, 1976–2014. All Marburg outbreaks have been caused by a single virus
species. Most Ebola epidemics have been caused by the Zaire species (EBOV), with the Sudan virus (SUDV) responsible for a smaller number
in East Africa. The Bundibugyo (BDBV) virus has been identified only in Uganda and the Ivory Coast virus in a single human infection in
the Tai Forest in that country (TAFV). (Courtesy of Eric Leroy, CIRMF, Gabon. Reprinted with permission from Reference 180.)

FIGURE 3 The iconic figure of the West African Ebola epi-
demic: a health care worker in full personal protective equipment
(PPE). The outbreak began in a rural village in Guinea in late 2013,
then spread to the largest cities of Guinea, Sierra Leone, and Li-
beria. By January, 2016, more than 28,000 suspected, probable, and
confirmed cases had been reported—more than 10 times the total
of all previous Ebola epidemics combined—and 11,000 deaths
(181) (Photo provided by Médecins Sans Frontières, used with
permission.)
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strains isolated earlier in the Democratic Republic of the
Congo (DRC) and Gabon (4). The cellular replication
mechanisms of Ebola and Marburg viruses differ only in the
makeup of the replication complex and production of the
surface glycoprotein (GP), as described below.

Composition of Virus
Filoviral virions are long, filamentous structures that mea-
sure 80 nm in diameter but can range in length from 800 to
more than 10,000 nm. Individual particles appear straight,
branched, or U shaped when viewed by electron microscopy
(Fig. 1). The outer surface of the virion is made up of a lipid
bilayer derived from the host cell, in which trimeric spikes of
the virion GP are embedded (Fig. 5A) (5). The central core
is composed of a helical nucleocapsid, consisting of the ge-
nome and its encapsidating proteins, nucleoprotein (NP),
VP35, and VP30. The nucleocapsid is linked to the inner
surface of the envelope by the major matrix protein, VP40,
and a minor protein, VP24. The RNA-dependent RNA
polymerase, or L protein, is also carried within the virion.

Genome
The filoviruses have the longest genomes of the Mono-
negavirales, averaging just over 19 kb. The 3¢ and 5¢ ends

contain conserved, complementary sequences, which are
involved in the initiation of transcription and genome rep-
lication. The order of the seven genes resembles that of the
rhabdoviruses and paramyxoviruses (Fig. 5B). Most genes
possess long noncoding regions at their 3¢ and 5¢ ends. A
conserved UAAUU transcriptional signal is present at the 5¢
end of start sites and the 3¢ end of stop sites.

Major Structural and Regulatory Proteins

Surface Glycoprotein
The surface of filoviral virions bears a single type of GP

that is responsible for interactions with host cells and is the
primary target for neutralizing antibodies (Fig. 5A). The
Marburg virus GP is expressed from a single open reading
frame. In contrast, all Ebola virus species encode their sur-
face GPs in two contiguous reading frames, which are offset
by a single nucleotide (5). The major product, encoded by
the upstream reading frame, is a C-terminally truncated
version of GP that lacks a hydrophobic membrane anchor
and is secreted from infected cells (sGP). Full-length protein
is expressed only when the RNA polymerase “stutters” while
transcribing a series of seven U’s at a so-called “editing site”
and inserts an additional adenosine. This site is absent from

FIGURE 4 Bayesian coalescent analysis of genomic sequences of the Filoviridae, based on representative viruses chosen from each
Ebolavirus species and a diverse set of Marburgvirus isolates. Values at each node represent years since most recent common ancestor, prior to
2007. The tree indicates the early divergence of the genera Marburgvirus, Cueavavirus, and Ebolavirus. Although the Marburg Ravn and
Musoke viruses have followed a separate evolutionary course for approximately 1,000 years, they are still more closely related to each other
than any two species in the genus Ebolavirus. The Sudan and Reston viruses are the most distantly related to other Ebola viruses. (Reprinted
from Reference 182 with permission.)
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the Marburg virus GP gene. Although it has been argued
that sGP somehow contributes to the virulence of the Ebola
viruses, its absence from the equally virulent Marburg virus
argues against any significant role in pathogenesis.

Both sGP and the full-length molecule undergo extensive
N- and O-linked glycosylation in the Golgi apparatus and
are then cleaved by a furin-like enzyme into two segments
that remain linked by a disulfide bond. The final membrane-
bound product (GP1,2) is composed of the 140-kDa GP1,
which is responsible for receptor binding and the 26-kDa
membrane-anchored GP2, which contains a hydrophobic
stretch of amino acids that fuses with the host cell membrane
(6). GP1,2 molecules aggregate into homotrimers on the
virion surface. Some GP is cleaved by a cellular metal-
loprotease, tumor necrosis factor-a converting enzyme, and
released into the circulation; this “shed GP” has been
shown to bind to dendritic cells and macrophages, inducing
the secretion of a range of pro- and antiinflammatory cyto-
kines and the expression of cell-surface costimulatory mol-
ecules (7).

Matrix Proteins
The matrix protein, VP40, is the most abundant protein

in the virion and is the driving force behind the assembly
and release of new viral particles from infected cells (6, 8).
Like homologous proteins of other viruses, VP40 has
evolved to resemble a host cell protein by acquiring a “late
domain” sequence that is recognized by elements of the
vesicular protein-sorting machinery, particularly Tsg101 and
the ubiquitin ligase Nedd4, permitting interactions with
microtubules that carry VP40 to the cell membrane. There it
associates with cholesterol-rich lipid rafts, which serve as
organizing centers for virion formation (9).

Nucleocapsid
The filoviral nucleocapsid is a tubular structure 50 nm in

diameter, with a central axial channel (Fig. 5A). Its prin-
cipal component is the NP, a roughly 100-kDa phospho-
protein whose hydrophobic N-terminal segment binds to
genomic RNA. When VP24 and VP35 are coexpressed,
structures form that closely resemble nucleocapsids in virus-
infected cells. In the presence of VP40, nucleocapsids move
to the inner surface of the cell membrane, demonstrating the
critical role of that protein in assembling structures required
for virion budding.

Nonstructural/Regulatory Proteins
Two filovirus nonstructural proteins make important

contributions to virulence through the evasion of innate
immune responses. VP35 inhibits cellular recognition of viral
dsRNA, thus preventing the initiation of a type I interferon
(IFN) response, while VP24 interferes with the transport of
phosphorylated STAT1 into the nucleus, so that infected
cells do not respond to exogenous type I IFN (10, 11).

Biology

Replication Strategy
The mannose-rich oligosaccharides on the Ebola and Mar-
burg virus surface GPs bind to widely distributed C-type
lectins, including DC-SIGN and L-SIGN, but specific entry
receptors have not been identified. Following internalization
in a macropinosome, GP is “primed” for membrane fusion
through cleavage by cathepsins B and L, which remove more
than half of the molecule, including the mucin-like domain.
Endosomal acidification then leads to triggering of mem-
brane fusion, in a process that requires the Niemann-Pick

FIGURE 5 A. Structure of a filovirus virion, showing the RNA genome with its associated nucleocapsid proteins, enveloped in a lipid
bilayer bearing glycoprotein spikes. NP and VP30 bind to virion RNA to make up the nucleocapsid, and VP35 and the RNA polymerase (L
protein) join them in forming a replication complex. Matrix proteins VP24 and VP40 link the nucleocapsid to GP on the inner surface of the
envelope. B. Schematic representation of the genomes of Marburg and Ebola viruses. The seven genes are drawn roughly to scale. (Courtesy
of Eric Leroy, CIRMF, Gabon. Reprinted from Reference 180 with permission.)
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(NP) C1 protein; mice lacking NPC1 are solidly resistant to
an otherwise lethal Ebola virus challenge (12, 13). Virions
enter coated pits and are enveloped by endocytic vesicles;
acidification then leads to a conformational change in GP2,
exposing hydrophobic amino acids that carry out mem-
brane fusion, resulting in release of virion contents into the
cytoplasm.

Transcription of viral genes is performed in the case of
Marburg virus by a replication complex consisting of NP,
VP35, and the L protein (polymerase), while that of Ebola
virus also includes VP30 (14). Transcription begins at the 3¢
end of the genome, producing a leader RNA and seven
polyadenylated mRNAs. Production of virion proteins
continues until the accumulation of a gene product, proba-
bly NP or VP30, triggers the synthesis of complementary
copies of the viral genome that serve as templates for repli-
cation. As new genomes form, they become encapsidated by
NP and other proteins to produce nucleocapsids, which form
parallel aggregates in eosinophilic cytoplasmic inclusion
bodies (Fig. 1B). Meanwhile, new GP1,2 molecules emerging
from the Golgi apparatus migrate to lipid rafts, where asso-
ciation with VP40 and nucleocapsids causes assembly and
extrusion of new virions (Fig. 1C) (15).

Host Range and Natural Reservoir
Although the first known filovirus outbreak resulted from
the introduction of monkeys from Africa into Europe, and
the use of virus-infected chimpanzees or gorillas as food by
residents of Central Africa has triggered several small epi-
demics, it is clear that those animals (and in fact no primate
species) can be a natural reservoir: Marburg and all five
species of Ebola virus have caused severe disease in all pri-
mate species tested in the laboratory. However, a recent
study found antibodies to Ebola virus in the feces of some
10% of wild apes in the Republic of the Congo, suggesting
some animals might survive infection (16). Analysis of wild
animal carcasses in Gabon and the Republic of the Congo
found PCR evidence of Ebola virus infection in several go-
rillas and chimpanzees, and in a single duiker (17). It now
appears most likely that the filoviruses are maintained in one
or more species of small animals that are widely distributed in
Central and West Africa, and that wild primates, like hu-
mans, become infected through contact with those animals.

Because many single cases and outbreaks over the years
have been associated with exposure to bats, they have long
been the leading candidates for the natural reservoir. A study
following the 1995 Kikwit Ebola outbreak provided support
for this hypothesis: inoculation of the causative agent pro-
duced persistent viremia but no visible illness in several
species of fruit and insectivorous bats (18). More recently,
Marburg virus was isolated directly from Rousettus aegypticus
bats captured in caves in Uganda where human exposures
had occurred (19). Studies of these bats in their natural cave
environment have revealed periodic shedding of virus by
juveniles during the birthing season (20). Captive bats in-
oculated with a low-passage bat-derived virus became vire-
mic and shed infectious virus in oral secretions (21).

Parallel efforts to identify Ebola virus in bats trapped in a
number of sites in Central Africa have detected circulating
antibodies and viral RNA in body fluids and tissues but
infectious virus has not been recovered (22, 23). People
living in rural West Africa are frequently in contact with
bats or their excretions, suggesting that the current epidemic
arose through exposure of the index case to the body fluids
of an infected bat (24). Studies in Gabon and the Republic
of the Congo have found that dogs that consume the meat of

Ebola-infected animals become seropositive without be-
coming ill, suggesting they might be a source of human in-
fection (25). There is no evidence of transmission of Ebola
or Marburg virus by mosquitoes or other biting arthropods.

Animal Models
Wild-type filoviruses do not cause disease in rabbits, rats,
mice, hamsters, guinea pigs, or other common laboratory
animals. However, sequential passage of Marburg virus in
guinea pigs quickly resulted in the acquisition of lethal vir-
ulence for the animals. Ebola Zaire and Ebola Sudan viruses
have been adapted to guinea pigs in similar fashion (26, 27).
Similarly, a virus that is lethal for adult mice was obtained by
serially passaging Ebola virus from the 1976 Zaire outbreak
in progressively older suckling mice (28). This variant is
more effective at suppressing murine type I interferon re-
sponses than wild-type virus; conversely, it appears to be
attenuated for nonhuman primates (29). The mouse-
adapted virus also causes severe illness in Syrian hamsters,
with more features of coagulopathy than are observed in
mice (30). Studies of filovirus replication, including anti-
viral drug testing, have also employed wild-type viruses and
knockout mice deficient in type I interferon function, either
through loss of the cell-surface IFN-a/b receptor or the
cellular STAT1 protein (31, 32).

All filoviruses cause severe disease in captive nonhuman
primates that resembles the illness in humans (33). Recent
preclinical studies of the efficacy of vaccines, antivirals, and
monoclonal antibodies have made use of rhesus and cyno-
molgus macaques (34–36). Infection of these animals with
theMarburg virus or any of the species of Ebola virus produce
a similar syndrome, with the onset of lassitude and inactivity
2 to 3 days after infection, followed by the progressive onset
of shock. Minor evidence of coagulation defects, such as
conjunctival bleeding, are common, but frank bleeding is
rare. Changes in coagulation parameters, serum chemistry
values, white blood cell and platelet numbers, and circulating
cytokine levels resemble those observed in human patients.

Growth in Cell Culture
All studies of live Ebola or Marburg virus replication in cell
culture must be performed in Biosafety Level 4 containment.
Filoviruses replicate to high titers in many types of cultured
cells. Plaque assays for virus titration based on uptake of the
vital dye, neutral red, are performed using the Vero E6 cell
line. Ebola Zaire and some isolates of Marburg virus cause
the death of these cells through necrosis, while the Sudan,
Reston, and Ivory Coast strains of Ebola virus are less cy-
topathic. Syncytium formation is not observed.

Inactivation by Physical and Chemical Agents
Filoviruses are relatively stable in aqueous suspensions and
may remain infectious for at least several days in body fluids
or when dried on surfaces, or for several weeks at a tem-
perature of 4°C (37, 38). In a study focusing on the persis-
tence of infectious virus in body fluids postmortem,
infectious virus was detected in swabs of the oral mucosa of
macaques fatally infected with the Zaire or West African
Makona strain of Ebola virus for up to a week after death
(39). Infectious virus was recovered from blood obtained one
week postmortem, and viral RNA was detected for up to
nine weeks.

Virus-containing material can be inactivated by treat-
ment with standard bleach solutions, formaldehyde, or
phenolic or quaternary ammonium disinfectants. In out-
break settings, bleach diluted in water is most commonly
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used for disinfection. For example, in Ebola treatment units
(ETUs) operated by Médecins Sans Frontières (MSF), 0.5%
active chlorine is used to disinfect personal protective
equipment and the environment, and 0.05% active chlorine
is used to disinfect body surfaces. A list of EPA registered
disinfectants that meet CDC criteria for use against Ebola
viruses on hard nonporous surfaces is available (40).

EPIDEMIOLOGY
Single cases or small clusters of filovirus disease have pre-
sumably occurred among residents of Central Africa for
millennia, but large outbreaks apparently were not seen
before the second half of the 20th century. Paradoxically,
their appearance was in part a consequence of the con-
struction of clinics and hospitals, which in the absence of
proper infection control measures have facilitated person-to-
person spread of virus. The vastly larger size of the current
West African epidemic does not reflect a change in Zaire
ebolavirus or its mode of transmission; instead, it has resulted
from the introduction of the disease into urban settings in
three extremely poor countries that lack the resources
needed to control its spread.

Distribution and Geography
Outbreaks of Marburg and Ebola virus disease have occurred
over a region of Africa extending roughly 10° to either side
of the equator (Table 1, Fig. 2). They have not been re-
stricted to any one type of vegetation pattern or topography.
The sporadic and unpredictable occurrence of the disease is
consistent with the circulation of the virus among bats with
a wide geographic range.

Incidence and Prevalence of Infection
Table 1 lists principal outbreaks of Marburg and Ebola virus
disease, beginning with the 1967 Marburg epidemic. Cur-
rent evidence indicates that Marburg virus and the Zaire and
Sudan subtypes of Ebola usually cause severe disease in hu-
mans, but mild or even asymptomatic infections may occur.
Some serologic surveys beginning in the 1970s reported
prevalences of antifilovirus antibodies exceeding 20%
among residents of Central Africa, but the absence of any
corresponding disease in the same areas suggested a lack of
assay specificity (41). However, more recent serosurveys
using more specific enzyme-linked immunosorbent assay
methods (ELISA) detected IgG antibodies in some 10% of
residents of villages in proximity to the 1995 Zaire ebolavirus
outbreak in the Democratic Republic of the Congo and IgM
antibodies to Ebola and Marburg viruses in the sera of 8% to
9% of patients in Sierra Leone being screened for Lassa fever
(42). A 1996 study in Gabon found proinflammatory cyto-
kines and specific antibody responses in a small number of
family caregivers during an Ebola outbreak in 1996, in the
absence of recognized illness (43). Taken together, these
studies provide evidence for the occurrence of mild or as-
ymptomatic infections in filovirus-endemic regions of Africa.

Epidemic Patterns
Outbreaks of filovirus disease in humans have followed four
different patterns. In the first, infection results from close
contact with bats. As noted above, this source of infection
has only been proven for Marburg virus, which has infected
miners and tourists exposed to large populations of bats in
caves in Uganda and the Democratic Republic of the Congo
(44).

In the second pattern, which characterized both the
original Marburg outbreak in Europe (45) and a number of

Ebola epidemics in the border region between Gabon and
the Democratic Republic of the Congo, humans have ac-
quired disease through direct contact with filovirus-infected
nonhuman primates. Several outbreaks have resulted from
the butchering and consumption of chimpanzees or gorillas
found sick or dead in the forest, leading to a point-source
epidemic (46, 47). The source of infection of great apes has
not been proven, but it may result from exposure to infected
fruit bats when the animals share food sources (22, 48).

In the third, hospital-based pattern, the disease is rec-
ognized when a sick individual is admitted to a hospital
lacking basic infection control practices so that the disease
spreads to doctors, nurses and other patients. As described
below, this was first observed in the Ebola Zaire outbreak in
1976, when the reuse of contaminated syringes simulta-
neously infected all patients in a mission hospital, and in the
1995 Kikwit epidemic, when a surgical team operated on an
unrecognized Ebola patient (49, 50).

In the fourth pattern, exemplified by the current West
African epidemic, a filovirus is introduced by an index case
infected from an unknown source, then spreads person-to-
person within a community when family members and
others care for a sick person, prepare a deceased individual
for burial, or engage in risk behaviors during the burial
process. Because such funeral practices may involve hands-
on contact by many persons, they can lead to explosive
epidemic spread.

Marburg Virus Disease
The first recognized filovirus outbreak occurred in 1967,

when cercopithecus macaques were imported from Uganda
to Marburg and Frankfurt, Germany and to Belgrade, Yu-
goslavia as a source of primary kidney cells for polio vaccine
production. Although the animals appeared well on arrival,
25 people who tended them or processed their tissues de-
veloped a severe hemorrhagic disease (45). Six doctors and
nurses became infected; 7 of the 31 total cases were fatal.
Follow-up studies in Uganda failed to reveal the source of
the virus. During the next 31 years, only six Marburg virus
infections were detected. The first was in a hitchhiker who
arrived in South Africa from Rhodesia in 1975; infection
also spread to his traveling companion and to a nurse where
the two were treated (51). Cases also occurred in 1980 and
1987 in persons who had visited a cave in western Kenya
inhabited by large numbers of bats.

The first known Marburg epidemic in Africa was de-
tected in 1998 among men working in bat-infested mines in
the Durba/Watsa area of eastern Democratic Republic of the
Congo (44). Sequence analysis found that several strains of
virus had been introduced on separate occasions into the
affected community, suggesting repeated exposure to the
virus-containing excreta of a mixed population of bats. In
2007, a cluster of cases occurred in Uganda in miners ex-
posed to bats. In separate incidents in the following years, an
American and a Dutch tourist who entered a bat-infested
cave developed Marburg virus disease; one died of the dis-
ease, while the other recovered and was diagnosed retro-
spectively (52).

The largest epidemic of Marburg virus disease to date
occurred in 2005 in Angola, when the agent was some-
how introduced into the pediatric ward of Uige provincial
hospital, causing a wave of lethal illness among the young
patients, possibly through the use of contaminated transfu-
sion equipment. The epidemic then spread to nurses, doc-
tors, and family caregivers and into the surrounding
community (53).
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Ebola Virus Disease

Zaire ebolavirus
The first recognized outbreak occurred in June, 1976 at a

missionary hospital in Yambuku, close to the Ebola River in
northern Zaire (the present Democratic Republic of the
Congo) (49). It began when an infected person was admit-
ted to the hospital, and rapid nosocomial spread took place
through the reuse of unsterilized glass syringes. The epidemic
was further amplified when doctors, nurses, and family
members also became infected, but it eventually “burned
out” without outside intervention. Another hospital-based
outbreak in 1995 in Kikwit, Democratic Republic of the
Congo began when an individual with abdominal pain and
bloody diarrhea underwent surgery, spreading infection to
the operating team (50). The causative agent proved to be
almost identical in sequence to that which caused the 1976
epidemic. The epidemic spread as hospital staff and family
members came into direct contact with patients; it ended
when local and international health workers established an
isolation center and instituted rigorous infection control
measures.

Over the following decade, additional epidemics oc-
curred in the border region of Gabon and the Democratic
Republic of the Congo, when gorillas or chimpanzees sick or
dead from Ebola virus infection were consumed as “bush
meat” (47). Studies by primatologists have found evidence
of drastic reductions in the local populations of these ani-
mals, suggesting extensive virus spread (54). Some addi-
tional outbreaks in the Democratic Republic of the Congo
during the period 2000–2010 appeared to be linked to bat
exposures (55); samples from captured bats yielded Ebola
RNA sequences but no infectious virus. The case fatality
rates of outbreaks caused by Zaire ebolavirus during the period
1976–2013 frequently exceeded 70%.

The largest Ebola epidemic in history began in December
2013 when an infant in the village of Gueckedou, Guinea
became ill, presumably following exposure to an infected
bat. The virus spread to his family members, then was carried
by chains of person-to-person transmission to multiple sites
within Guinea. In March 2014, the outbreak was recognized
by the government and by an MSF unit working in the
country (4). After initial control efforts by local and foreign
responders, the outbreak appeared to have been halted, but
it was then discovered that infected individuals had traveled
to Liberia and Sierra Leone, carrying the disease with them.
By the summer, Ebola virus was spreading rapidly through
the largest cities of the three countries abetted by the lack of
medical and public health resources in one of the world’s
poorest regions. By fall, a massive international response
helped create a large number of centers for the diagnosis and
treatment of Ebola patients, staffed jointly by African and
international medical workers (Figs. 6A, 6B).

A retrospective analysis found that the institution of
treatment units has played a critical role in slowing the
spread of the epidemic, preventing many thousands of cases
(56). In addition to isolating patients and thereby reducing
virus transmission, treatment units attempt to provide as
much supportive care as possible. Although data on patient
outcomes are limited, it appears that the overall case fatality
rate for the epidemic is in the range of 30% to 40%, lower
than what might have been expected based on previous
experience in Central Africa (Table 1).

Several studies have examined the basic reproductive
rate (R0)—the number of persons to whom an infected in-
dividual is likely to transmit the disease—for Ebola Zaire

virus. A review of epidemiological parameters noted that
estimates of R0 for past outbreaks had ranged from 1.4 to 4.7,
while estimates for the West African epidemic had generally
ranged from 1.2 to 2.5 (57). Traditional funerals have been a
source of large numbers of infections, and the institution of
safer practices is an important intervention to reduce
transmission (58). The introduction of ETUs has both im-
proved survival and reduced the spread of virus; in Liberia,
R0 decreased from 1.7 early in the epidemic to 0.1 after
isolation and treatment became available (59).

Sudan ebolavirus
In the 1976 epidemic in Sudan, the first cases were seen

among workers in a cloth factory in Nzara, which harbored
large numbers of bats. Once the first patients were hospi-
talized, the virus spread to medical staff and family members
(60). The largest Ebola Sudan epidemic occurred in Uganda
in 2000, with more than 400 cases. An initial chain of
transmission went unrecognized until student nurses in Gulu
hospital began to develop a severe hemorrhagic illness. Be-
cause of the approximately 50% case fatality rate and the
availability of several serum samples on many patients, ret-
rospective analysis has identified a number of biomarkers
predictive of survival or death (61–64).

FIGURE 6 The West African Ebola epidemic: patient care in a
low-resource setting. A. Medical workers preparing to enter an
Ebola treatment unit. A team approach ensures that PPE is donned
and removed correctly. B. ELWA-3, the largest Ebola treatment
center ever constructed, built by Médecins Sans Frontières adjacent
to the ELWA mission hospital in Monrovia, Liberia. The center is
designed to isolate persons possibly incubating Ebola virus disease,
treat those who have become ill, and prevent the further spread of
infection. (Médecins Sans Frontières, used with permission.)
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Côte d’Ivoire ebolavirus
In 1994, an ethologist studying chimpanzees in the Tai

Forest of Côte d’Ivoire performed a necropsy on a recently
dead animal, and 6 days later she became severely ill (65).
The diagnosis of Ebola virus disease was made only after she
had been evacuated to Switzerland; she survived, and no
secondary transmission occurred. Despite its geographic or-
igin, this virus is unrelated to the Zaire strain that caused the
West African epidemic.

Bundibugyo ebolavirus
The fourth species of ebolavirus was identified in August

2007, when an outbreak of severe febrile disease occurred in
western Uganda (66). The agent differed significantly from
other Ebola species, but was distantly related to the Ivory
Coast virus. The fatality rate of 25% among 149 confirmed
cases was lower than that previously seen for the Zaire and
Sudan viruses. Another outbreak occurred in eastern Dem-
ocratic Republic of the Congo in late 2012, apparently
originating from contact with bush meat; the case fatality
rate was just over 50% (67).

Reston ebolavirus
The fifth Ebola species was recognized in 1989, when

cynomolgus macaques imported from the Philippines to a
quarantine facility in Reston, VA, developed a severe
hemorrhagic illness, and electron microscopy examination
of specimens unexpectedly revealed a filovirus (68). Several
more outbreaks occurred over the following six years at other

laboratories supplied by the source in the Philippines, but
they stopped once the latter ceased operations. No illness
was seen in workers who had been exposed to sick animals,
but several were later found to have antibodies to the agent,
suggesting that they had asymptomatic infection. The Res-
ton agent is a distinct species of Ebola virus, which may have
been exported from Africa at some time in the past. In 2009,
the virus was unexpectedly detected in Philippine pigs (69);
a local survey found antibodies in a small percentage of
farmers with no history of severe illness. In contrast to its
lack of virulence for humans, the Reston virus is highly
pathogenic for laboratory primates.

Age-Specific Attack Rates
Prior to 2014, nearly all patients in outbreaks of filovirus
disease in Africa were adults, probably because children are
relatively unlikely to participate in the two activities by
which individuals are most likely to become infected: hands-
on patient care and preparation of a cadaver for burial. In
contrast, infections in young children have been more
common in the West African Ebola epidemic, possibly re-
flecting the very large number of infected persons and the
occurrence of virus transmission within families. Recent
analyses suggest that children differ from adults in their
susceptibility to fatal Ebola virus disease. Patients under the
age of 21 years have had lower case fatality than individuals
over the age of 45 years (70, 71). However, children under 5
years of age are more likely to die than older children, with
case-fatality rates approaching 90% (72).

Routes of Transmission and Risk Groups
Bats are known to have been the source of infection in a
number of single cases and outbreaks of Marburg virus dis-
ease; the same or related species have presumably played a
similar role in initiating some Ebola epidemics, but this re-
mains unproven. Many people in West Africa have frequent
contact with bats, providing opportunities for virus transfer
(24). Exposure of wild apes to bat excretions presumably lies
behind outbreaks that have resulted from their consumption
as bush meat.

Once a human case has occurred through direct or in-
direct exposure to an infected animal, secondary infections
follow when family members or medical workers caring for
patients become contaminated with virus-containing body
fluids. Nurses and doctors have played the tragic role of
“sentinels” in several large hospital-based outbreaks, when
patients with unrecognized filovirus disease were treated in
the absence of infection control measures. The lack of such
precautions can be explained in part by the fact that the
most common severe febrile syndromes in Central Africa,
such as malaria and yellow fever, are not transmitted by
direct contact.

Transmission Routes
Filoviruses replicate principally in macrophages and dendritic
cells, which are present in large numbers in the dermis and
submucosal tissues; all body fluids will therefore contain virus.
In addition, the body surface of a sick individual is often
contaminated with virus-containing blood, vomitus, or feces,
and replication in sweat glands and other dermal structures
may deliver more virus to the skin. Infection may therefore
readily be acquired by touching a patient, whether living or
deceased, followed by transfer of virus from the hands to the
mouth or eyes. During theWest African epidemic, numerous
episodes have been reported in which the ritual preparation
of a cadaver for funeral services and subsequent touching of

FIGURE 7 The West African Ebola epidemic: patient care in a
high-resource setting. Coauthor DC manipulating a peripherally
inserted central catheter line of a critically ill Ebola patient requiring
mechanical ventilation in the Special Clinical Studies Unit of the
Clinical Center, National Institutes of Health, Bethesda, MD.
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the skin by mourners resulted in extensive transmission.
These “super-spreading” events may have played a major role
in the explosive expansion of the outbreak.

There is no evidence that filovirus disease spreads from
person to person by any route other than direct contact with
infectious body fluids. Although virus is present in the saliva
and pulmonary secretions of patients, airborne transmission
has not been proven in humans. Experimental infection via
small particle aerosols ( £ 5 mm) has been demonstrated in
the laboratory in rodents and nonhuman primates (73, 74).
Secondary transmission of Zaire ebolavirus has been dem-
onstrated between pigs and from pigs to nonhuman primates
although these experiments did not distinguish between
small versus larger (> 5 mm) particle transmission (75, 76).
Because blood and other body fluids can be aerosolized
during medical procedures, all workers must use respiratory
protection to avoid even a low risk of infection. The pres-
ence of virus in the breast milk of Ebola-infected mothers
places infants at high risk of acquiring the disease (77).

Nosocomial Infection
The occurrence of large hospital-based epidemics of filovirus
disease in Central Africa, beginning in 1976, has illustrated
the potentially catastrophic consequences of bringing large
numbers of sick people into close proximity in the absence of
basic infection control regimens. Nosocomial infections were
also common in the early phase of the West African epi-
demic, when doctors and nurses were either unaware that
they were caring for Ebola patients, attempted to care for
colleagues or family members outside of ETUs, or lacked the
personal protective equipment and training in appropriate
use to protect themselves against virus transfer. Fortunately,
the incidence of nosocomial infection has decreased, as
health care personnel in West Africa have been provided
with personal protective equipment and training in their use.
Accidental infection of three critical-care nurses has occurred
during the treatment of Ebola patients evacuated to the
United States and Spain; all survived their disease (78, 79).

Interestingly, the experience of nosocomial infections
with filoviruses prior to the West African epidemic showed
that the admission of a patient with unrecognized filovirus
disease to a hospital with good hygienic practices typically
resulted in few secondary infections. Thus, even though the
doctors and nurses who cared for patients in the 1967
Marburg outbreak knew nothing about the novel disease or
its mode of spread, only six of them became infected, and no
tertiary transmission occurred (45). Similarly, the admission
of a Marburg virus-infected traveler to a South African
hospital in 1975 led to only a single case in an attending
nurse (51). Two decades later, a Gabonese physician with
unrecognized Ebola virus disease was treated without special
precautions in a South African hospital, and only one
member of the medical staff became infected (80). These
histories suggest that basic measures, such as the use of gloves
and hand washing, are the most important factors in pre-
venting filovirus infection.

Readers should refer to publications on the websites of
the US Centers for Disease Control and Prevention (http://
www.cdc.gov/vhf/ebola/about.html) and the World Health
Organization (http://www.who.int/csr/disease/ebola/en/) for
current recommendations during travel, hospital care, and
convalescence.

Duration of Infectiousness
In patients who survive filovirus disease, viremia tends to
resolve by the end of the second week of illness, but some

excretion may continue in the urine, and infectious virus
may persist for weeks to months in “immunologically privi-
leged” sites such as the seminiferous tubules of the testes, the
anterior chamber of the eyes, and the central nervous system
(see below). Following the 1967Marburg outbreak, a patient
who had recovered sufficiently to leave the hospital infected
his wife, apparently through sexual intercourse (45).

The potential for transmission of Ebola virus by conva-
lescent patients, months after their release from hospital, has
caused concern that new cases may recur in regions free of
the disease. After the 1995 Kikwit outbreak, some vaginal,
rectal, and conjunctival swabs from one female patient were
positive by reverse-transcription polymerase chain reaction
(RT-PCR) at day 33, and virus was recovered from the se-
men of a male patient 82 days after disease onset (81).
Similar observations have been made during the current
West African epidemic. The semen of one male survivor in
Sierra Leone was positive by RT-PCR 284 days after symp-
tom onset (82). One instance of transmission of Ebola in-
fection from a convalescent male to a sexual partner was
proven by sequencing of virus from both individuals (83); in
other cases, sexual transmission has been suspected but not
proven by molecular testing (84). The ability of specific
antiviral therapy to speed the clearance of infectious virus
has not been investigated.

PATHOGENESIS IN HUMANS
The fulminant course and high case fatality rate of Ebola and
Marburg virus diseases result from a combination of factors
(85):
� The ability of filoviruses to suppress type I IFN responses
and spread rapidly to macrophages, dendritic cells, and
other cells throughout the body;

� The local and systemic effects of mediators released from
infected cells, which may include acute gastrointestinal
dysfunction;

� Fluid loss through vomiting and diarrhea, which may lead
to hypovolemic shock;

� Extensive tissue damage caused by necrosis of infected
cells;

� Impairment of adaptive immune responses, permitting
uncontrolled viremia;

� Coagulation defects that accompany systemic inflamma-
tion and contribute to tissue ischemia.

Hemorrhage may occur, but bleeding is rarely the cause of
death.

Patterns of Virus Replication
Filoviruses use macrophages and dendritic cells as their prin-
cipal sites of replication (Fig. 8). Rapid viral replication and
systemic spread are facilitated by two viral proteins that
suppress type I interferon responses: VP35 inhibits IFN pro-
duction by the infected cell, while VP24 blocks the response
to exogenous IFN (11, 86). Infected macrophages migrate to
local lymph nodes, while free virions released into the lymph
and bloodstream disseminate to fixed macrophages in the
liver, spleen, and other tissues, from which infection then
spreads to hepatocytes, fibroblasts, and other cell types.

Because laboratory animal models of filovirus infection
are characterized by uniform lethality, information on the
relationship between levels of virus replication and out-
comes can be obtained only from studies in filovirus out-
breaks. A retrospective study of the outbreak of Sudan
ebolavirus infection in Gulu, Uganda found that patients

990 - THE AGENTS—PART B: RNA VIRUSES



who died had circulating virus titers (“viral load”) averaging
100-fold higher than those who survived (87). The positive
correlation between the level of circulating virus and the
likelihood of a fatal outcome has been confirmed in studies
of cohorts of patients in the West African epidemic (70, 71).
For example, a report from Sierra Leone based on 2,700
blood samples found that levels of viral RNA at the time of
diagnosis were on average 100-fold lower in those who
would survive their disease than in fatal cases (88). In an-
other study, tracking of individual patients showed that
survivors had significantly lower peak viremia levels than
nonsurvivors and reached that level earlier (89). A decline
from the peak level was observed in both groups, but it was
more rapid in survivors. A third report stratified case fatality
rates by the mean level of viremia during the first week of
illness; for those with < 10e4.4 copies/mL, the CFR was
21%, but it was 81% for those with > 10e5.2 copies/mL (90).
Because of the strong effect of circulating virus titer on
disease outcome, future studies of novel therapies should be
stratified by viremia level.

In addition to the widespread infection of macrophages
and other cells and the systemic effects of circulating in-
flammatory mediators, the frequency of renal insufficiency
and neurologic abnormalities in patients with Ebola virus
disease suggests that these organs are also direct targets of

viral infection. Filoviruses apparently do not replicate in
lymphocytes, but massive numbers undergo apoptosis dur-
ing the course of illness (91). In infected macaques, this
consists of the early loss of natural killer (NK) cells, followed
by CD8+ and CD4+ T cells; similar changes occur in mice
(92).

The increased vascular permeability seen in filovirus
disease was at one time attributed to direct infection and
injury of the endothelial lining of blood vessels, but exper-
imental studies in nonhuman primates have found no evi-
dence of viral replication in these cells until late in the
disease course and that the endothelium remains relatively
intact even at terminal stages of disease (93). Retrospective
assessment of cases of Ebola Sudan virus infection found
that elevated serum levels of cytokines and chemokines,
including IL-6, IL-8, IL-10, and MIP-1b, and of mole-
cules associated with coagulopathy and altered endothelial
function, including D-dimers, thrombomodulin, sICAM,
and sVCAM, are associated with a fatal outcome (61, 64,
94, 95). Similarly, because there is little evidence of viral
injury of the mucosal epithelium or submucosal tissues of
the gastrointestinal tract (85), it appears that the vomit-
ing and profuse diarrhea seen in many Ebola patients
are also induced indirectly through viral or host-derived
mediators.

FIGURE 8 Pathogenesis of filovirus disease. Monocytes, macrophages, and dendritic cells are the primary sites of replication. Suppression
of type I interferon responses permits rapid virus dissemination via the bloodstream to the spleen and other lymphoid tissues and to
hepatocytes and parenchymal cells of other organs, resulting in further productive infection and multifocal necrosis. The release of proin-
flammatory mediators, the production of cell-surface tissue factor, and endothelial dysfunction contribute to coagulopathy, organ-specific
vascular leak (e.g. lungs), and eventual multi-organ failure. Lymphocytes remain uninfected but undergo apoptosis, contributing to the failure
of adaptive immune responses. Note: observations in patients during the West African Ebola outbreak suggest that damage to renal
parenchymal cells and injury within the central nervous system plays a significant role in pathogenesis.
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Histopathological Features
Pathological changes in the tissues of filovirus-infected hu-
mans and animals can be divided into those caused directly
by viral replication and those produced indirectly through
host responses to infection (Fig. 8) (96). Among the former,
the most prominent abnormality is the necrosis of virus-
infected macrophages and dendritic cells in lymph nodes,
thymus, spleen, liver, and other lymphoid organs, disrupting
their normal architecture (Fig. 9A). Dissemination to pa-
renchymal cells in the liver and other tissues also causes
extensive injury. In the liver, virus spreads from Kupffer cells
to hepatocytes, producing innumerable small foci of necrosis
(Fig. 9B). Infected cells contain eosinophilic viral inclusion
bodies, consisting of masses of viral nucleocapsids. Viral
infection and necrosis of dermal cells and structures, in-
cluding hair follicles and sweat glands, is apparently re-
sponsible for the extensive desquamation frequently seen in
convalescent patients (97) (Fig. 10).

Histopathologic changes that result indirectly from filo-
virus infection can be separated into two categories. The
first consists of manifestations of disseminated intravascular
coagulation (DIC). Studies in laboratory primates have
shown that the expression of cell-surface tissue factor causes
infected macrophages to become encased in fibrin, most
prominently in the spleen and other lymphoid tissues (98).
Fibrin deposits are also seen in glomeruli and proximal tu-
bules of the kidneys. The development of DIC also leads
to perivascular and interstitial hemorrhage, most promi-
nently in the bladder and in the lining of the gastrointes-
tinal tract.

The second type of indirect injury in filovirus infection is
the death of large numbers of uninfected lymphocytes in
germinal centers of lymph nodes and lymphoid follicles of
the spleen and thymus (91). Massive lymphocytolysis is a
nonspecific accompaniment of septic shock and other types
of severe infection, apparently induced by proapoptotic
mediators and the disruption of normal physiological
mechanisms that regulate lymphocyte populations (99). In
combination with the destruction of dendritic cells and
other antigen-presenting cells, lymphocyte apoptosis may
prevent the generation of adaptive immune responses
needed to eliminate viral infection.

Immune Responses

Nonspecific Responses: Cytokines and Other
Proinflammatory Mediators
Cultured human macrophages infected with Zaire ebola-

virus release the proinflammatory cytokines and chemokines
tumor necrosis factor alpha (TNF-a), interleukin 6 (IL-6),
macrophage inflammatory protein 1a (MIP-1a), MIP-1ß,
alpha interferon (IFN-a), and RANTES into the growth
medium (100). The same mediators, plus IFN-ß, IFN-g, and
IL-18, and the potent vasodilator nitric oxide (NO) are
present in the plasma of Ebola virus-infected nonhuman
primates, and high levels of proinflammatory cytokines have
also been detected in serum samples from acutely ill patients
in African outbreaks (61, 101). NO levels were especially
high in fatal cases in the 2000 Ebola Sudan outbreak (61).

The expression of cell-surface tissue factor by infected
macrophages also plays a critical role in producing DIC
by triggering the extrinsic coagulation pathway (98). Be-
cause tissue factor production begins with the first infected

FIGURE 9 Replication of mouse-adapted Ebola virus in a le-
thally infected mouse. A. In situ hybridization of viral RNA in a
splenic follicle; all marginal-zone macrophages contain replicating
virus, while lymphocytes remain uninfected. B. Multifocal necro-
sis in the liver. Some hepatocytes contain acidophilic inclusion
bodies (arrow), corresponding to the nucleocapsid aggregates
shown in Figure 2B. (Courtesy of Tammy Gibb and Kelly Davis,
USAMRIID.)

FIGURE 10 Extensive desquamation of the forearm and hand of
a survivor of Ebola Sudan virus infection in Gulu, Uganda, 3 weeks
after disease onset. (Courtesy of Dan Bausch, Tulane University.)
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macrophage, coagulopathy can be detected early in the dis-
ease course. In macaques, D-dimers are the first disease
marker detected in the plasma, and they are extremely ele-
vated in the plasma of patients dying from Ebola virus disease
(94, 98).

Specific Immune Responses
Most fatally infected Ebola patients have persistent high-

level viremia, usually without a detectable antibody re-
sponse. In contrast, patients who survive the disease develop
virus-specific IgM and IgG responses, generally during the
second week of illness (41, 87). These antibodies are evi-
dently long-lasting, because a retrospective study of survivors
of the 2000 Ebola Sudan epidemic observed neutralizing
antibodies in some individuals up to 10 years after infection
(102). Cell-mediated immunity also plays an important role
in survival: sequential blood samples from four accidentally
infected medical workers who were successfully treated at
Emory University Hospital showed intense activation of
both Ebola virus specific and nonspecific B and Tcells, with
large numbers of circulating plasmablasts and high per-
centages of activated CD4+ and CD8+ T cells, accompa-
nied by production of virus-specific antibodies (103). These
observations are consistent with our current understanding
of pathogenesis, in which Ebola survivors are those who
manage to mobilize an early adaptive immune response,
while fatal cases fail to do so, at least in part from the de-
struction of infected dendritic cells and the loss of lympho-
cytes through apoptosis.

Correlates of Disease Resolution
Efforts to identify features of filovirus disease and host

responses that are predictive of survival have greatly ex-
panded with the epidemic in West Africa. The principal
finding has been that the ability of the patient’s immune
system to control viral replication is the fundamental de-
terminant of survival: those who develop a virus-specific
antibody response, typically in the second week of illness,
will control and eliminate the agent, while patients lacking
such a response will have continuous, high-level viremia
until death (41, 61). Young patients who have a relatively
low viral load at the time of presentation to a medical facility
are most likely to survive; the development of severe diar-
rhea and markedly elevated serum creatinine values, indic-
ative of renal failure, are principal predictors of a fatal
outcome (70).

The roughly 50% survival rate in outbreak of Ebola Su-
dan virus infection in Gulu, Uganda made it possible to
examine whether human genetic variation might influence
the outcome of infection (61). Sequence-based HLA-B
typing of isolated leukocytes showed that alleles B*67 and
B*15 were linked to a fatal outcome, while B*07 and B*14
were more common in survivors. Such research has not yet
been reported from the epidemic in West Africa, but the
large number of patient samples and data on the course and
outcome of illness should make such investigation possible.

CLINICAL MANIFESTATIONS
Prior to 2014, detailed descriptions of filovirus disease could
only be found in clinical reports from the 1967 Marburg
outbreak, a few patients hospitalized in South Africa and a
handful of accidental laboratory infections. In contrast, the
West African epidemic has been accompanied by a large
number of articles describing the clinical features of patients.
Our comparison of early and recent reports has led us to the
following conclusions:

� Marburg and the various species of Ebola virus cause
similar clinical syndromes, differing principally in the case
fatality rate.

� The disease that has occurred since late 2013 in West
Africa resembles that observed in prior outbreaks in
Central Africa.

As noted previously, Marburg and Ebola virus infections
were classified by those who first studied them as types of
“viral hemorrhagic fever,” employing terminology intro-
duced in the 1930s. Once filovirus disease had received that
label, researchers studying laboratory animals and physicians
caring for patients tended to focus on the development of
coagulation defects and bleeding, even while recording that
fatal hemorrhage was relatively rare. Other aspects of the
filovirus syndrome, including the vomiting and profuse di-
arrhea seen in many patients in West Africa, were noted in
clinical reports, but given relatively little attention.

Typical features of Ebola virus disease and associated
abnormalities in laboratory tests are listed in Table 2. In
contrast to earlier descriptions of “Ebola hemorrhagic fever,”
in which shock was attributed to diffuse vascular leak, cli-
nicians now recognize that severe fluid loss from vomiting
and diarrhea early in the course of illness may lead rapidly to
shock, while the hemorrhage that was once assumed to be a
major cause of death is relatively rare.

Incubation Period
The incubation period of Ebola virus disease averages 6 to 12
days (range 2 to 21 days), followed by the onset of fever,
generalized malaise, fatigue, and body aches. Although
“asymptomatic” infections in persons in close contact with
Ebola patients were described in a report from Gabon in
2000 (43), such cases have not been reported since. Findings
described by organ system are noted below.

Gastrointestinal
Large-volume watery diarrhea is a common feature of

Ebola virus disease, often accompanied by episodes of severe
nausea and vomiting, which may result in significant intra-
vascular volume depletion (70, 104, 105). Diarrhea begins
within 5 days of fever onset, and 5 or more liters of stool per
day may be produced. Watery consistency of diarrhea and a
large stool volume suggest a small-bowel, and possibly a
whole-bowel, secretory process (106). Mild inflammation
has been observed in the lamina propria of fatal cases, sug-
gesting an inflammatory component, although confirmatory
clinical studies evaluating for fecal leukocytes or lactoferrin
have not been reported (85).

Oral ulcers, dysphagia, and odynophagia may contribute
to decreased oral intake. Severe upper and/or lower gastro-
intestinal bleeding occurs in about 5% of patients, typically
just before death. Reports of elevated serum amylase levels in
the setting of abdominal pain suggest that pancreatitis may
also complicate the disease (107).

Neurologic
Patients with Ebola virus disease frequently develop pro-

found neuromuscular weakness and pain, manifested by loss
of energy and strength, beginning before or shortly after fever
onset (108). Weakness develops acutely, is typically sym-
metrical, and is often progressive, involving both upper and
lower extremities. Postural instability contributes to difficulty
walking, and in severe cases respiratory muscle dysfunction
results in ineffective ventilation. Myositis contributes to
muscle pain and weakness with creatinine phosphokinase
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elevations observed between 300 and 3,500 international
units/L (71). More significant elevations, consistent with
rhabdomyolysis, typically in the 10,000 to 25,000 IU/L range
(109), have not been reported, suggesting that profound
weakness cannot be attributed to myositis alone.

Delirium occurs during the peak of illness and may
manifest as disorientation with difficulty arousing, confu-
sion, or combativeness. Encephalopathy may be attributable
to viral infection of the CNS, secondary host responses, or
metabolic derangements, including high or low serum sodi-
um levels, hypoglycemia, or uremia. Panencephalitis has
been documented in Ebola-infected nonhuman primates
(110) and in two fatal human cases of Marburg virus disease
(85). Meningoencephalitis is manifested by headache, neck
rigidity, delirium, and diminished consciousness typically
during acute illness or early after initial recovery (105, 111,
112).

Seizures occur in approximately 5% of cases, typically as
preterminal events (70). Intractable vomiting and occa-
sionally hiccups are also observed. Despite the development
of profound acute neurologic abnormalities, patients with
EVD who receive adequate supportive care may achieve
near-complete recovery (113).

Ocular
Individuals may manifest signs and symptoms of uveitis

(e.g., blurred vision, photophobia, blindness) during the
acute illness (114). However, the etiology of these findings
remains unclear, because detailed ophthalmologic exami-
nation including fundoscopy, have not been reported.

Cardiac
Ebola virus can infect the endocardium, and clinical

pericarditis and myocardial dysfunction have been reported
(115, 116). However, the contribution of viral infection to

structural or functional cardiac abnormalities has not been
well characterized. Heart-rate responses in patients are fre-
quently lower than would be expected in the setting of high
fever and dehydration (107), which may result in an un-
derestimation of intravascular volume depletion and di-
minished cardiac compensatory ability in the setting of
shock. Peripheral edema may be observed in the setting of
aggressive fluid resuscitation and low serum albumin levels,
following renal failure, or in the setting of secondary bac-
terial sepsis resulting in vasodilatory shock.

Sudden death of uncertain etiology has occurred in West
African Ebola patients who appeared to be recovering (105).
Some of these deaths may be the result of low serum mag-
nesium or potassium levels, which in combination with
haloperidol, quinolone antibiotics, ondansetron, lumefan-
trine for malaria prophylaxis, and other drugs that prolong
the QT interval, may predispose to the arrhythmia known as
“torsade de pointes.”

Respiratory
Probably because filoviruses do not induce upper respi-

ratory tract symptoms and thorough assessment of the lungs
is often not possible in low-resource settings, respiratory
complications have largely gone unrecognized. However,
the viruses are known to infect alveolar macrophages and
pulmonary endothelial and interstitial cells (85). Lower
respiratory tract complications, including multifactorial re-
spiratory failure, have been observed in patients treated in
high-resource settings (79, 116, 117).

Pulmonary injury results in noncardiogenic interstitial
pulmonary edema and pleural effusions, which may be made
worse by aggressive fluid resuscitation (79). Neuromuscular
weakness predisposes to atelectasis, aspiration, and second-
ary bacterial pneumonia, as well as ineffective or dead-
space ventilation, manifested by rapid, shallow breathing.

TABLE 2 Clinical and laboratory manifestations of Ebola virus disease

Stage of
illness

Time
post-onset Clinical Laboratory

Early febrile Days 1–3 Fever, malaise, fatigue, body aches Decreased WBC, lymphocyte and platelet counts
Elevated AST, ALT, hemoglobin, and hematocrit

Gastro-
intestinal

Days 3–10 Primary: Epigastic and abdominal
pain, nausea, vomiting, diarrhea

Associated: Persistent fever, asthenia,
conjunctival injection, chest pain,
dysphagia, odynophagia, arthralgia,
myalgia, hiccups, delirium, rash

Leukocytosis (increased neutrophils and band cells)

Persistently elevated AST/ALT, thrombocytopenia
Increased BUN, creatinine,hypo
or hyper kalemia, hypomagnesemia

Hyponatremia, albuminemia
Elevated PT/PTT/INR and fibrin split products

Shock, organ
failure,
and other
complications

Days 7–12 Renal and/or respiratory failure
(oliguria, anuria, tachypnea)

Encephalopathy and/ or
meningoencephalitis, (diminished
consciousness, agitation, stiff neck, seizures)

Secondary bacterial infection
GI hemorrhage

Findings may overlap with prior stages of illness.
In addition to previous findings:
Elevated lactate
Decreased bicarbonate, Hb, HCT
Hypoxemia

Recovery Days 7–12 Resolution of abnormal signs and symptoms,
increased oral intake, energy

Resolution of laboratory abnormalities

Convalescence Up to
six months

Arthralgia, myalgia, fatigue, abdominal
pain, uveitis, hearing loss,
neuro-cognitive abnormalities

Abbreviations: WBC: white blood cell; AST: aspartate aminotransferase; ALT: alanine aminotransferase; BUN: blood urea nitrogen; PT: prothrombin time; PTT:
partial thromboplastin time; INR: international normalizing ratio; Hb: hemoglobin; HCT: hematocrit.
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Multifactorial hypoxia and ineffective ventilation contrib-
ute to the development of respiratory failure (Fig. 7).

Hepatic
Moderate to severe hepatitis typically begins early in the

disease course, worsens progressively, and then improves
with declining viral burden. Serum aspartate aminotrans-
ferase (AST) levels becomes elevated more than alanine
aminotransferase (ALT) levels, typically in a 3:1 or greater
ratio, suggesting some AST elevation may derive from
sources other than liver (e.g., muscle) (70, 107). Multifocal
necrosis with minimal inflammation is observed pathologi-
cally, with infection of hepatocytes, sinusoidal endothelial
cells, and resident Kupffer cells (85). However, fulminant
hepatitis with profound elevation in transaminases has not
been reported. Elevated serum bilirubin may occur in the
absence of jaundice, probably resulting from intrahepatic
cholestasis following hepatocellular injury.

Hypoglycemia, hypoalbuminemia, and clotting abnor-
malities are observed in severe disease. This suggests hepatic
synthetic dysfunction, but severe hypoglycemia is more
likely the result of acute depletion of liver and muscle gly-
cogen and increased metabolic demand in the setting of
critical illness. Rather than being the result of diminished
hepatic production, albumin may be lost in stool and urine,
and clotting defects are more likely attributable to con-
sumption of coagulation factors.

Genitourinary
Renal insufficiency is common in Ebola virus disease,

leading to renal failure in severe and fatal cases. The etiology
of acute kidney injury is likely multifactorial. Autopsies have
shown that the virus infects renal tubular and glomerular
endothelial cells, with evidence of acute tubular necrosis (85),
which might be induced through direct cytotoxic injury, hy-
poperfusion due to shock, and/or microvascular abnormalities.
Another contributing factor might be myoglobin-induced
renal tubular injury due to muscle breakdown.

Hematologic
Leukopenia develops early, probably related to the indi-

rect killing and depletion of lymphocytes in the spleen,
lymph nodes, and other lymphoid tissues. White blood cell
counts then recover, resulting in a neutrophil-predominant
leukocytosis. Platelet counts decline early in the disease, with
nadirs in the range of 30,000/mm3. Bone marrow evaluation
in fatal cases has shown normal megakaryocyte numbers,
suggesting that thrombocytopenia results from consumption
rather than diminished production (85). Reactive thrombo-
cytosis may be observed during recovery (78).

Increases in prothrombin time, partial thromboplastin
time, international normalizing ratio, and fibrin split prod-
ucts, with low fibrinogen levels, also suggest the presence of
consumptive coagulopathy in severe cases. Elevated hemo-
globin and hematocrit may be observed early in the course of
illness, suggesting hemoconcentration. Anemia typically
follows, perhaps attributable to hemodilution in the setting
of fluid resuscitation, gastrointestinal blood loss or increased
peripheral destruction due to hemolysis.

Endocrine
Based on studies in laboratory animals, it has been pos-

tulated that adrenal infection and necrosis may play an
important role in pathogenesis (118). Patients show non-
specific signs and symptoms observed during adrenal insuf-
ficiency (e.g., lethargy, fever, vomiting, hypoglycemia).

However, physiology of shock in EVD appears most consis-
tent with hypovolemia and not vasodilatory (distributive)
shock that is classically observed in adrenal crisis. Distrib-
utive shock has been described in patients with secondary
Gram-negative bacterial sepsis (111), and adrenal insuffi-
ciency should be considered in refractory shock (117).

Skin
Patients with Ebola or Marburg virus disease often de-

velop an erythematous, nonpruritic maculopapular rash on
the trunk and extremities during the first week of illness; it
is typically more apparent in light-skinned individuals.
The rash typically becomes confluent and may desquamate
(Fig. 10) (107). In the setting of thrombocytopenia, a self-
limited petechial rash may also be observed in areas where
pressure is applied to the soft tissues. Patients are predisposed
to skin breakdown and pressure necrosis because of immo-
bilization, poor nutrition, and low serum albumin levels.

Concurrent Infections
Patients with filovirus disease may develop bacterial co-

infections, leading to bacterial sepsis (111). Infrequent access
to microbiologic testing has limited knowledge of the actual
frequency of concurrent infections in outbreak settings and
their contribution to overall mortality (119). The degree to
which malaria, tuberculosis, HIV, and other chronic infec-
tions common in West Africa have added to morbidity and
mortality during the current epidemic is also not known.

Pregnancy
EVD during pregnancy is associated with high risk of fetal

and maternal death, typically associated with severe hem-
orrhage (120). Atypical presentation may occur in preg-
nancy because fatal EVD has been reported in the absence of
either reported or detected fever (121). No data are available
to suggest a benefit of caesarean versus vaginal delivery, al-
though survival of the mother following vaginal delivery has
been reported (122). Viral RNA has been detected in pla-
centa and fetal blood up to 7 days after clearance from ma-
ternal blood (122).

Strict infection control is required in the care of pregnant
women with potential EVD exposures and for those in labor
even after EVD recovery. Live virus has been detected in
breast milk of infected mothers up to 16 days after EVD onset
(38). Consequently, breastfeeding of susceptible infants
should be avoided until risk of transmission can be ruled out.

Late Complications and Sequelae
Long-term sequelae include blurred vision, retroorbital

pain, hearing loss, neurocognitive deficits, sleep difficulties,
fatigue, and arthralgias (123). Multiple studies of survivor
cohorts for these and other medical problems are in progress.

Well-documented late complications of EVD, attribut-
able to the persistence of virus in immune protected sites,
include uveitis and meningoencephalitis. Ophthalmic
complications in survivors of Ebola virus disease were first
described after the 1995 Kikwit outbreak (114). One month
or more into convalescence, patients developed eye pain and
loss of visual acuity, and physical examination revealed
uveitis. Similar cases have occurred in the current West
African epidemic, and testing has found live virus in samples
of aqueous humor months after clearance from the blood-
stream (124). One case of late-onset meningoencephalitis
beginning 10 months after initial clinical recovery has re-
cently been described in which virus RNA was detected in
CSF and blood; full recovery was seen after experimental
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antiviral therapy (see below) (125). As discussed above, the
persistence of virus in the semen of an Ebola survivor for up
to six months resulted in sexual transmission (83).

LABORATORY DIAGNOSIS
Diagnostic tests for filovirus infection are based on the de-
tection of viral RNA or antigens in patient samples, or occa-
sionally of a virus-specific antibody response (126). Because
all symptomatic patients are viremic, serum is the best
specimen for testing. The need to collect and process many
thousands of blood samples during the current Ebola epi-
demic in West Africa has resulted in the creation of guide-
lines for diagnostic testing by the U.S. Centers for Disease
Control and Prevention (http://www.cdc.gov/vhf/ebola/
diagnosis/index.html).

Virus Isolation
Filovirus isolation through growth in cell culture has long
been considered the “gold standard” for diagnosis, but it is
performed more often for research than diagnostic purposes.
Any deliberate propagation of virus must be performed in a
BSL-4 containment laboratory under adequate biosurety
conditions. Vero cells (usually the E6 clone) are most widely
used to culture virus from clinical samples.

Antigen Detection
Before the development of nucleic acid-based methods, fi-
lovirus detection in field settings was often based on detec-
tion of viral antigens by antigen-capture ELISA because it
could be performed without a source of electricity (41). In
response to the need for rapid point-of-care diagnosis in the
West African epidemic, a novel antigen-based assay has
been developed that employs a finger-stick blood sample and
gives a result in 15 minutes (127). In contrast to RT-PCR,
which requires electrical power and skilled technicians, the
ReEBOV� Antigen Rapid Test (Corgenix Medical Corp.)
can be performed in the field by local health workers. A
blinded comparison of the assay with a standard RT-PCR
method found that the point-of-care test correctly identified
92% of patients and 85% of uninfected controls. In-
formation on additional antigen-based diagnostic assays is
available on the WHO website (128). A diagnosis of Ebola
or Marburg hemorrhagic fever can also be made postmortem
through immunohistopathological study of a formalin-fixed
skin biopsy sample (97).

Nucleic Acid Detection
The most sensitive diagnostic assay, which has been per-
formed many thousands of times during the current Ebola
outbreak, employs RT-PCR, usually in the modified form of
real-time (quantitative) RT-PCR, which can provide a di-
agnosis and measurement of viral load in an inactivated
patient specimen within two hours. Real-time RT-PCR is
being employed both to confirm Ebola virus disease before
admitting a patient to a treatment center and to discharge
survivors from a center, after two negative tests have been
obtained over at least 48 hours. The use of sequence-based
assays has been facilitated by the close genetic relationship of
the West African virus to earlier Zaire isolates and the origin
of all chains of transmission from a single source.

RT-PCR was first used to diagnose Ebola virus disease in
2000 in Gabon (129), and real-time RT-PCR was intro-
duced two years later (130). The new methods were more
sensitive than antigen-based tests for rapid diagnosis. In the
Gulu epidemic, RT-PCR identified infected patients 24
to 48 hours earlier than an ELISAmethod (61). As discussed

elsewhere, the quantitation of circulating virus has prog-
nostic significance because fatally infected patients have
persistently higher circulating viral titers, which remain
elevated through death. It will likely also prove important
in therapeutic monitoring with respect to antiviral inter-
ventions.

Serologic Assays
The detection of filovirus-specific antibodies in serum has
been used both to diagnose patients during outbreaks and to
assess the prevalence of exposure to filoviruses among vari-
ous population groups. In patients with Ebola or Marburg
virus disease, the development of a virus-specific antibody
response is an important prognostic marker because those
who fail to produce an antibody response by the second week
of illness are unlikely to survive (41). IgM disappears from
the serum during convalescence, but specific IgG persists for
at least several years.

Serosurveys carried out in Central Africa during the
1980s made use of immunofluorescence assays, which had a
high background level of positivity, suggesting a high prev-
alence of filovirus infection in regions where the disease had
never been observed. The method has since been abandoned
in favor of IgG ELISA for population screening, but even
this more specific test has given a positive signal in samples
from persons outside of Africa. For the results of a serosurvey
to be meaningful, the specificity of the assay must be proven
by including numerous control samples from people outside
the region of interest.

PREVENTION

General
In Africa, primary filovirus infections of humans occur only
as a result of direct or indirect contact with chronically in-
fected bats or with sick or dead nonhuman primates. Pre-
vention efforts in endemic areas focus on preventing such
contact. Access to some abandoned mines and caves in
Uganda and the Democratic Republic of the Congo in-
habited by infected bats has been blocked and residents
warned of the danger of bat exposure. In regions of Central
Africa where Ebola virus disease is endemic, educational
efforts have been initiated to warn local residents of the
danger posed by gorillas, chimpanzees, and other animals
found sick or dead in the forest.

Active Immunization
Studies in nonhuman primates have shown that exposure to
the antigens of the two filoviral genera does not induce
cross-protective immune responses: vaccines that protect
macaques against Marburg virus are inactive against the
Ebola viruses and vice-versa. Significant antigenic differ-
ences also exist among the various Ebola virus species. Be-
cause the Zaire and Sudan viruses have caused nearly all
outbreaks, experimental vaccine formulations have con-
tained antigens of one or both species.

Successful immunization of nonhuman primates against
Ebola virus was first demonstrated in 2000, when macaques
that had received three doses of a DNA vaccine encoding
the Zaire ebolavirus surface GP, followed by one dose of a
recombinant replication-deficient human adenovirus-5 en-
coding the same antigen, were protected against an other-
wise lethal virus challenge (131). It was subsequently found
that the Ad-5 vaccine given alone was sufficient to induce
rapid protection (132). A few years later, recombinant
vesicular stomatitis virus (VSV) vaccines encoding the
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Marburg or Ebola virus GP were also shown to induce rapid
protection in macaques (133–135). A number of other
vaccine platforms have also been shown to protect nonhu-
man primates against Marburg or Ebola virus, but all of them
have required more than one vaccine dose to elicit solid
immunity. The current status of Ebola vaccine platforms can
be determined from the latest update of the WHO report of
research and development of drugs, vaccines, and diagnos-
tics (136). However, because a fast-acting vaccine was
clearly needed in response to the expanding Ebola epidemic
in West Africa, the adenovirus- and VSV-vectored vaccines
were given priority for development. The following discus-
sion therefore focuses on these two approaches.

Few humans have been naturally exposed to VSV but
adenovirus infections are common, and researchers have
therefore been concerned that preexisting immunity to the
vector might reduce the immunogenicity of a recombinant
adenovirus vaccine. This proved to be the case in the first
Phase I trial of an Ad5 Ebola vaccine, which detected sig-
nificantly lower antibody responses to the Ebola Zaire GP in
vaccinees whose serum contained antibodies to Ad5 (137).
Because antibodies to Ad5 are common in all human pop-
ulations and almost universal in Africa (138), developers
evaluated two other human serotypes, Ad26 and Ad35, to
which human populations show much lower antibody
prevalence, as vectors for Ebola GP expression. However, an
initial evaluation of an Ad26-vectored Ebola Zaire vaccine
in macaques observed only partial protection in animals that
had received a single vaccination, although full protection
was achieved by boosting with the same antigen encoded by
Ad35 (139).

In the meantime, other workers had found that adeno-
viruses isolated from chimpanzees were highly immunogenic
(140); a chimpanzee adenovirus, ChAd3, as a vector for a
Zaire ebolavirus vaccine provided rapid, uniform protection
in macaques after a single immunization (141). Resistance to
challenge waned after several months, but solid immunity
was reestablished by boosting with a quadrivalent modified
vaccinia Ankara (MVA) vector encoding the GP of the
Zaire, Sudan, and Tai Forest Ebola species and of Marburg
virus. No safety concerns were identified in dose-ranging
Phase 1 studies in the United States and in West Africa
(142); a dose of 1011 viral particles elicited antibody re-
sponses expected to be protective in a field setting. Boosting
with the tetravalent MVA vaccine was also well tolerated.
Although such a prime-boost strategy could not be used to
elicit rapid protection during an outbreak, it could provide
durable, broad-spectrum immunity in laboratory researchers
and medical workers who might respond to future epidemics.

As noted above, recombinant vesicular stomatitis virus
(rVSV) vaccines encoding the Marburg or Ebola virus GP
induce rapid protection in rodent and primates models
(133–135). They are also able to prevent mortality or pro-
long the time to death of macaques when administered one
week before virus challenge or soon after (< 1 hour for Ebola
[143] but up to 48 hours for Marburg [144]), properties that
are highly desirable in the setting of an epidemic. However,
in contrast to vaccines based on replication-defective
adenoviruses, rVSV vaccines employ a live, replication-
competent virus that circulates in the bloodstream during
the first few days postvaccination, potentially inducing ill-
ness and fever resembling the onset of filovirus infection.
Phase I trials of a recombinant VSV Ebola vaccine observed
transient viremia in most subjects and fever in about one
third; at one study site, 22% of subjects developed transient
arthritis in the second week, and some also developed lo-

calized skin vesicles; the vaccine virus was identified in ve-
sicular fluid of two vaccinees and synovial fluid of one (145,
146). Disabling but self-limited systemic illness, fever, and
viremia were also observed in a physician given a 5-fold
higher dose of the rVSV vaccine as post-exposure prophy-
laxis (147).

Following a careful risk-benefit assessment, the rVSV
Ebola vaccine was advanced to a controlled evaluation of
efficacy in Guinea. Investigators employed a novel cluster-
randomized “ring vaccination” strategy, in which the diag-
nosis of a new case of Ebola virus disease was followed by the
immediate identification of the patient’s contacts and their
contacts; adults within each such “cluster” were then ran-
domized either to immediate rVSV vaccination or vacci-
nation after 21 days (148). No cases of Ebola virus disease
with onset 10 or more days after randomization were seen in
the immediately vaccinated contacts compared to 16 cases
in those who received delayed vaccination (direct vaccine
efficacy 100%; 95% CI, 74.7%-100%), and there was some
evidence for an indirect benefit for nonimmunized persons
within clusters. This success led to early termination of the
trial, and the vaccine is now being administered to all pa-
tient contacts.

The adenovirus and rVSV vaccine platforms differ in the
mechanism of induced immunity. A study in nonhuman
primates found that resistance to Ebola virus elicited by a
recombinant adenovirus vaccine was based primarily on
CD8+ T cells, and an antibody response was not required
(149). Macaques immunized with the rVSV Ebola vaccine
do not develop significant levels of neutralizing antibodies;
instead, protection correlates with the titer of antigen-
binding antibodies, as measured by ELISA (150). Its efficacy
also does not require a cell-mediated immune response, as
macaques depleted of CD8+ T cells were still protected
(151).

Immunogenicity, including durability of responses, and
safety data are being generated from other studies of ChAd3-,
rVSV-, Ad26-, and MVA-vectored Ebola virus vaccines.
MVA boosting of the ChAd3 vaccine provides a marked
increase in antibody titers and is expected to significantly
lengthen protective immunity (152). An NIH-sponsored
large-scale, placebo-controlled trial of the ChAd3- and
VSV-vectored vaccines (“PREVAIL”) began in Liberia in
early 2015 (153). An unblinded, randomized trial of the
VSV Ebola vaccine (“STRIVE”) was also initiated in Sierra
Leone (154).

Postexposure Prophylaxis
Antiviral drugs or antibodies that have shown therapeutic
efficacy against filoviruses in laboratory animals might be
used to prevent illness in persons who have suffered high-risk
virus exposures. A UK report described four medical workers
in the West African epidemic who had needle-stick injuries
and were treated with the novel antiviral favipiravir, with or
without a monoclonal antibody preparation; none became
ill (155). Immediate postexposure treatment with favipiravir
has been advocated in field settings but not subjected to
rigorous testing (156).

Immunization with a fast-acting vaccine is also a potential
means of postexposure prophylaxis. As noted above, an rVSV
vaccine encoding theMarburg surface glycoprotein protected
macaques when inoculated 30 minutes after an injection of
Marburg virus and provided partial protection as late as 48
hours after an otherwise uniformly lethal virus exposure, while
rVSV vaccines against Ebola viruses prevented death of 50%
of animals when administered 20 to 30 minutes after Zaire or
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Sudan virus challenge (135, 143, 145, 146, 157). The rVSV-
Zaire ebolavirus vaccine has been given to several accidentally
exposed medical workers in the West African epidemic, In
one case, a physician was vaccinated 43 hours after an ac-
cidental needlestick and developed fever and malaise 12
hours later; testing of blood samples revealed circulating
vaccine virus but no Ebola virus infection (147). In ma-
caques, postexposure vaccination does not provide cross-
protection between Marburg and Ebola viruses, indicating
that it is not based on the induction of innate immunity but
on the rapid development of antigen-specific responses.

Management of Outbreaks
Because filoviruses spread from person to person only
through direct physical contact with virus-containing body
fluids, any outbreak can in principle be halted by traditional
public health measures. These include finding, isolating, and
treating all persons with a history of possible virus exposure;
finding and monitoring everyone who has been in close
contact with those persons; and continuing rigorous sur-
veillance until no new cases have occurred during a time
equal to twice the incubation period of the disease. In
practice, as the epidemic in West Africa has demonstrated,
ending a filovirus outbreak may be much more difficult.
Simply establishing a diagnostic capability and constructing
isolation and treatment units will be insufficient if members
of the local population fail to understand the nature of the
disease, distrust local and foreign medical workers, and see
entry into a treatment center as a death sentence. Massive
public education efforts may be needed to convince the
public that cooperation with health authorities provides the
best opportunity for survival.

Before an outbreak can be controlled, it must be recog-
nized, so the initial challenge is for medical workers to sus-
pect or diagnose the first cases of filovirus disease against the
background of febrile illnesses common in Africa. Un-
fortunately, doctors and nurses have often acted as “senti-
nels” when caring for patients with unrecognized Ebola or
Marburg virus infection, assuming that a patient has malaria
or another condition that is not transferred through physical
contact. Once a filovirus is known to be present and a re-
sponse is under way, the establishment of a diagnostic lab-
oratory and the testing of blood samples from sick
individuals with an appropriate contact history can identify
those who should be isolated.

Perhaps the most difficult aspect of controlling a filovirus
outbreak is the establishment of trust between medical re-
sponders and those they are trying to help. The arrival in a
village of aid workers clad from head to foot in protective
gear and their attempts to convince patients and their
contacts to enter a frightening isolation ward can cause sick
persons to hide or flee and the general populace to resist the
team’s efforts. Fear may be further heightened by rumors that
the strangers are actually spreading the disease or are using it
to conduct experiments on Africans. Such a reaction may be
unavoidable as long as a diagnosis of filovirus infection is
equivalent to a death sentence. To counteract it, medical
workers must convince the local population that treatment
in an isolation unit provides the best chance of survival;
their success in doing so may be largely responsible for
control of the West African epidemic.

TREATMENT

Supportive Care
The level of supportive care that can be provided to patients
with Ebola virus disease influences survival and depends on

the setting and the available resources (Table 3). During the
current Ebola epidemic, the vast majority of cases in West
Africa have been managed in variably equipped field treat-
ment centers, while a few have been transported to hospitals
in Europe and the United States with advanced critical care
capacity. In past outbreaks, case-fatality rates approached
90% in the absence of supportive care. In contrast, mortality
in field centers in West Africa has generally ranged from
40% to 60% and have been 20% or less for patients treated
in modern hospitals. The differences in overall mortality
observed in these settings suggest that survival correlates
with the availability of adequate medical staff, supplies, and
equipment.

A basic factor in the quality of care is the frequency and
duration of interactions between health care workers and
their patients. In low-resource settings such as West Africa,
the high ratio of Ebola patients to providers, combined with
extreme heat exposure due to the tropical environment and
restrictive personal protective equipment, severely limit
bedside care. The resulting inability to control symptoms,
limit, or replace fluid and electrolyte losses and address
complications in a timely fashion predisposes to fatal out-
comes. In contrast, the continuous bedside monitoring
available in a high-resource setting permits improved rec-
ognition and management of clinical manifestations and
complications. Peripherally inserted central catheters or
standard central venous catheters allow for frequent labo-
ratory testing and reliable administration of intravenous
therapies (Fig. 7).

Management in the early phase of illness includes relief of
fever, pain, and other symptoms. Paracetamol and acet-
aminophen have been used safely but may require dose ad-
justment in the setting of hepatic dysfunction. Nonsteroidal
antiinflammatory drugs are not recommended, given the
frequency of renal insufficiency. Salicylates are relatively
contraindicated. Narcotics such as morphine may be used for
severe pain, but diminished or altered mental status, con-
tributing to delirium and inability for self-care, may limit
dosage.

As noted above, agitated delirium is common in Ebola
patients, predisposing them and their providers to harm.
Antipsychotic medications such as haloperidol are effective
but are associated with QT prolongation and should be used
with caution. Benzodiazepines also reduce agitation but
typically produce sedation that limits the patient’s ability for
self-care, predisposing to dehydration, aspiration pneumo-
nia, and other complications. In high-resource settings, close
monitoring of neurologic function allows early recognition
of complications, including encephalopathy and seizures.
Intubation with continuous sedation and analgesia can be
safely accomplished, if needed.

In the absence of supportive care the recurrent vomiting
and large-volume watery diarrhea that typically develop
within 5 days of fever onset may lead to hypovolemic shock
and death (70, 104, 105). Even with close attention to fluid
management, sequential organ dysfunction or failure may
occur, necessitating advanced supportive care, including
mechanical ventilation and renal replacement therapy, if
available. Fluid losses may be limited with the use of anti-
emetic and antidiarrheal medications. Vomiting was effec-
tively reduced in Ebola patients given metoclopramide
(106), which carries a low risk of QT-interval prolongation,
but dosage adjustment in renal insufficiency is recom-
mended. Ondansetron has also been used, but there is a risk
of QT prolongation. Promethazine is not recommended,
given neurologic and cardiovascular risks.
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Loperamide has antisecretory and antimotility effects and
has been effective in the treatment of diarrhea in Ebola
patients (105, 106). However, antidiarrheal agents should
not be used in the setting of ileus, obstruction, or inflam-
matory diarrhea, as manifested by blood or mucous in the
stool. Serial measurement of abdominal girth may be per-
formed in both low- and high-resource settings as a means of
detecting intestinal obstruction or ileus. In high-resource
settings, point-of-care abdominal assessment may also em-
ploy measurement of bladder pressure and the use of ab-
dominal ultrasound and radiography. Oral, enteral, or

parenteral nutrition may be required, depending on disease
severity, associated complications (e.g., pancreatitis), and
the care setting. Hypoglycemia must also be recognized and
treated.

Intravascular volume depletion due to insensible losses
from fever, limited oral intake, or vascular leak in the lungs
or other organs may precede the onset of gastrointestinal
symptoms, predisposing to renal insufficiency before the
onset of shock. Dehydration should be recognized and
managed early with oral or intravenous fluids. Oral rehy-
dration solutions may be adequate in early or moderate

TABLE 3 Recommendations for management of filovirus disease in low- and high-resource settings

Clinical
feature

Management recommendations
Low resource High resource

General Provide nursing care as the situation permits Continuous bedside nursing with close clinical
monitoring and management

Place peripheral IV line for initial
blood draw and IV therapy

Place PICC or central venous catheter
for frequent blood draws and IV therapy

Treat fever and moderate pain with
paracetamol or acetaminophen

Treat fever and moderate pain with
paracetamol or acetaminophen

Neurological Administer benzodiazepines (e.g., valium)
for agitation or seizures

Continuously sedate intubated patients
(e.g., midazolam, dexmedetomidine)

Administer narcotics (e.g., morphine)
for severe pain

Administer narcotic drip (e.g., fentanyl)
for pain in intubated patients

Avoid over-sedation with
benzodiazepines and narcotics

Maintain control of airway in heavily
sedated patients

Cardiovascular Assess for dehydration (e.g., mucous
membranes, skin turgor)

Assess intravascular volume status and
cardiac function by bedside ultrasound

Prevent or treat hypovolemic shock with
oral or IV fluid administration

Administer IV fluids and vasopressors
for refractory shock

Limit medications that prolong QT
interval (e.g., Haldol, quinolones)

Continuous monitoring with advanced
life support for reversible conditions

Respiratory Monitor for respiratory distress
(e.g., rapid shallow breathing)

Monitor for respiratory complications
by pulse oximetry and chest x-ray

Avoid worsening pulmonary vascular
leak with excessive fluid replacement

Administer oxygen and/or invasive
ventilation for respiratory failure

Gastrointestinal Administer antiemetic and antidiarrheal therapy Treat vomiting and diarrhea and quantify
gastrointestinal losses

Monitor for ileus by exam and/or abdominal
girth measurement

Monitor for ileus by measuring abdominal
girth; ultrasound or x-ray evaluation

Provide oral nutrition to avoid hypoglycemia Provide enteral or parenteral nutrition
with close laboratory monitoring

Genitourinary Assess for renal insufficiency by urine
frequency, volume, and color

Quantify total intake and urine output hourly

Monitor and replace magnesium
and potassium orally or intravenously

Monitor renal function and electrolytes
frequently and replace as needed

Avoid nephrotoxic agents Avoid nephrotoxic agents; administer RRT
for renal failure

Hematologic Monitor for hematemesis or bloody
stools as situation permits

Perform clinical and laboratory monitoring
for bleeding and coagulopathy

Administer phytonadione
for bleeding, blood if available

Administer phytonadione and blood
products (e.g., platelets, FFP) for bleeding

Encourage ambulation to prevent
deep venous thrombosis

Administer prophylactic anticoagulation
with resolution of coagulopathy

Concurrent
infections

Test for or empirically treat malaria Test for and treat malaria if present
Consider preemptive or therapeutic antibiotics Integrate laboratory and radiologic data

to assess potential bacterial infection

Abbreviations: PICC: peripherally inserted central catheter; CVP: central venous pressure; IV: intravenous; RRT: renal replacement therapy; FFP: fresh frozen plasma.
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disease, assuming that vomiting can be controlled. Patients
unable to drink fluids or those with evidence of shock re-
quire intravenous fluid replacement with isotonic solutions
such as 0.9% normal saline. In high-resource settings, car-
diac and intravascular volume status may be assessed by
bedside ultrasound, and fluid-refractory shock can be man-
aged with vasopressors. Close cardiac monitoring and peri-
odic assessment of the QT interval is recommended, when
possible. Advanced life support, including cardiopulmonary
resuscitation for reversible conditions, should be considered
in controlled settings with adequately trained staff.

An important aspect of fluid management is avoiding
overly aggressive hydration, which may worsen pulmonary
vascular leak and hypoxia. In clinical settings lacking access
to oxygen or other types of supportive respiratory therapy,
close monitoring for respiratory distress and careful fluid
management are recommended. In high-resource settings,
continuous monitoring of oxygen saturation and intermit-
tent chest radiography facilitate the detection of pulmonary
complications. Invasive mechanical ventilation may be re-
quired for multifactorial respiratory failure.

Renal function is also a critical aspect of Ebola virus
disease, and careful monitoring of fluid intake and output are
needed. Nephrotoxic agents, including nonsteroidal anti-
inflammatory drugs and aminoglycoside antibiotics, should
be avoided. In the early phase of illness or in moderately ill
patients, electrolytes may be empirically replaced with oral
solutions, but severe or ongoing loss requires frequent
monitoring and replacement. Adequate magnesium re-
placement is required to achieve successful potassium sup-
plementation. Renal-replacement therapy has been used in
high-resource settings (158).

When conditions permit, clinically significant hemor-
rhage should be treated with phytonadione (vitamin K) and
the administration of platelets, packed red cells, and fresh-
frozen plasma, when available. Monitoring of coagulation
parameters is recommended, and patients with severe dis-
seminated intravascular coagulation with fibrinogen levels
< 100 mg/dL should be given cryoprecipitate. Upon resolu-
tion of coagulopathy, pharmacologic prophylaxis of deep
venous thrombosis with subcutaneous heparin or enoxaparin
should be considered in nonambulatory patients.

Concurrent infections should be sought and treated.
Given the high prevalence of malaria in settings where
Ebola outbreaks occur, empiric treatment is recommended if
malaria cannot reliably be ruled out. The choice of therapy
should consider potential toxicities, including QT prolon-
gation, the need for dosage adjustment with hepatic and re-
nal dysfunction, and the ability to detect and treat toxicities
in low-resource settings. Drugs used to treat chloroquine-
resistant malaria that are associated with QT prolongation
include quinine, quinidine, mefloquine, and artemether-
lumefantrine. Secondary bacterial infections, including
pneumonia and sepsis, often ascribed to gut translocation,
are concerns in Ebola virus disease, but the optimal timing
and choice of antibiotic therapy have not been established.
In the absence of specific microbiologic testing capacity,
preemptive antibiotic administration with coverage for en-
teric Gram-negative pathogens is reasonable.

Antiviral Therapy
The West African epidemic has markedly accelerated the
development of antiviral therapy for Ebola and Marburg
virus disease. By early 2014, a number of different drugs had
been shown to prevent illness and death of filovirus-infected
mice, guinea pigs, and nonhuman primates, but none had

been administered to humans (159). As the outbreak ex-
panded, several products were moved forward to Phase I
trials and were also administered to accidentally infected
medical workers from the United States or Europe under
compassionate-use protocols. There were five types of these
drugs: polyvalent antiserum, combinations of monoclonal
antibodies (mabs), nucleoside/nucleotide analogues, inter-
ferons, and antisense molecules. Summaries of the current
status of research and development efforts for Ebola thera-
pies, vaccines, and diagnostic kits are available at the World
Health Organization (136, 160).

Initial testing of polyvalent anti-Ebola serum produced in
horses failed to achieve protection in macaques, and no
evidence of a therapeutic benefit was found in macaques
with convalescent whole blood (161–163). In contrast, a
concentrated polyclonal IgG prepared from the pooled se-
rum of macaques that had undergone vaccination and
challenge with Marburg or Ebola virus was highly protective
when administered to naïve macaques up to 3 days postex-
posure (164). Convalescent plasma has been administered to
some patients in West Africa with uncertain effects (113)
and one open-label study in patients in Guinea found no
significant mortality benefit, compared to historical controls
(165).

Initial testing of mab therapy of Ebola virus infection in
laboratory animals did not appear promising; a single anti-
body targeting an epitope on the viral GP was protective in
guinea pigs but not in macaques (166), but more recent
evaluation of combinations of mabs targeting different epi-
topes on the virion surface GP has been very successful
(167). A product containing three mabs, known as ZMap-
p�, was the first therapy to prevent the death of macaques
when initiated after the development of illness (168). Dur-
ing theWest African epidemic, Zmapp has been given under
compassionate use to approximately 15 to 20 patients,
mostly American or European health care workers, most of
whom survived their infection (169). Whether these fa-
vorable outcomes were the result of mab therapy or simply
reflect good supportive care in modern hospitals cannot be
determined, especially as most patients received more than
one experimental treatment. An open-label, randomized
controlled trial comparing Zmapp therapy to supportive care
is in progress (170).

Three nucleoside/nucleotide analogue antiviral drugs
have also progressed from the laboratory to human use
during the course of the West African epidemic. Favipiravir,
a nucleoside analogue licensed in Japan for the treatment of
novel influenza strains, was highly protective in Ebola virus-
infected mice but only at dosage levels much higher than
required for influenza therapy (32). Favipiravir has been
administered therapeutically to several health care workers
evacuated to the United States or Europe and in an open-
label Phase 2 trial to a large cohort of African patients in
Médecins Sans Frontières treatment centers in Guinea
(136). Although the trial only compared treatment out-
comes to previous patients who received no antiviral ther-
apy, the findings suggested that favipiravir is beneficial if
begun early in the course of illness in those with low viral
loads (171). In contrast, no mortality benefit or antiviral
effect was apparent in those with higher viral loads. A sec-
ond nucleoside analog, BCX4430, which is highly potent in
filovirus-infected macaques (35), has entered Phase I trials
but has not yet been given to patients.

The third experimental product, GS-5734, a nucleotide
analogue with a prodrug structure similar to that of the anti-
hepatitis C compound sofosbuvir, is highly protective in
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Ebola virus-infected macaques that had already developed
signs of illness (172). It was used to treat a nurse who had
recovered from Ebola virus disease but suffered a delayed
recrudescence of infection in the central nervous system and
also an infant in West Africa; both survived (125).

The broad antiviral activity of type I IFN suggests that it
should inhibit filovirus infections, and limited therapeutic
benefit has been observed in animal studies. Nonhuman
primates treated daily with IFN-a2b, beginning on the day of
virus challenge, showed a prolongation in mean time to
death, and a regimen employing IFN-b had a similar out-
come (162, 173). A clinical trial of IFN-b was initiated in
Guinea; outcomes have not been reported (160).

Antisense oligonucleotides that bind to specific se-
quences in Marburg or Ebola virus messenger RNA have
proven beneficial in laboratory animals but to date have
only been given to a few Ebola patients. The small inter-
fering RNA molecule TKM-Ebola, which targets mRNA
encoding the viral polymerase and VP35, was reengineered
from its original Zaire ebolavirus sequence to match the West
African Makona strain and, when delivered in a lipid
nanoparticle formulation, proved protective in rhesus ma-
caques when treatment was begun on day 3 postinfection
(34). TKM-Ebola was administered together with conva-
lescent plasma to two accidentally infected American phy-
sicians (113), but a trial in Sierra Leone was terminated by
its Data Safety and Monitoring Board because of lack of
efficacy. Phosphorodiamidate oligonucleotides targeting
specific filovirus mRNA sequences are also highly active in
infected laboratory animals (174) and have undergone dose-
escalating safety and pharmacology studies in humans (175),
but their use for PEP or therapy in Ebola patients has not
been reported.

Host-Directed Therapies
Efforts to develop effective treatments for filovirus disease
have also focused on modification of damaging host re-
sponses to infection (160). One approach has been to pre-
vent the initiation of DIC by blocking the binding of tissue
factor to factor VIIa, using recombinant nematode antico-
agulant protein C2 (rNAPC2) (176). When nine macaques
were given daily injections of rNAPC2, beginning on the
day of or the day after Zaire ebolavirus challenge, most
showed a marked reduction in coagulopathy. Treatment also
resulted in a striking decrease in peak serum levels of IL-6
and MCP-1 and a 100-fold drop in peak viremia in the three
animals that survived infection. Treatment of Ebola virus-
infected macaques with recombinant activated protein C
also resulted in a survival benefit (177). Neither approach
has been advanced to human trials. An attempt to treat
Ebola patients in Sierra Leone with the host response
modifier atorvastatin produced claims of therapeutic benefit
that have not been documented (178).

CONCLUSION
The filoviruses were long considered a local problem in
Central Africa, with little global significance (179). The
massive Ebola epidemic in West Africa has broken that
pattern, but although its scale is much larger than any pre-
vious outbreak, the disease itself and its mode of transmission
appear to be unchanged from earlier outbreaks. Extensive
spread was made possible by difficulties in recognizing the
disease against a background of malaria and other febrile
illnesses, and the severely limited medical, logistic and
communications resources in one of the world’s poorest re-
gions. Importantly, when the virus spread to countries with

more effective public health systems, such as Nigeria, chains
of transmission were quickly detected and halted. Given the
vastly increased awareness of Ebola virus disease, it is likely
that future outbreaks will be recognized and contained
quickly.

An important lesson from the current epidemic is that
even in resource-limited settings, Ebola patients can receive
meaningful treatment that reduces case fatalities. We have
also learned that people infected with a deadly transmissible
virus can be treated safely in modern hospitals in the United
States and Europe, with a high likelihood of survival. The
experience of managing large numbers of cases has reinforced
the importance of early diagnosis so that fluid replacement
can begin before the onset of shock. In severe cases, however,
prevention of shock alone without adequate resources to
diagnose and manage multiorgan failure may still result in
death. Although a number of specific antiviral medications
have been given to patients during theWest Africa outbreak,
their efficacy has not been established, and there is still a
critical need for proven effective targeted therapies. Ex-
tensive experience has also been obtained with the recom-
binant adenovirus and VSV Ebola vaccines. The latter was
shown effective in a ring vaccination trial, providing great
promise as an emerging tool to protect medical personnel and
control the spread of disease in future outbreaks.

Perhaps the most important lesson from theWest African
epidemic is that doctors and nurses can be counted on to stay
at their posts, caring for Ebola patients at the risk of their
own lives. In Guinea, Liberia, and Sierra Leone more than
800 health care workers became infected, and at least 500
died. The support of the industrialized countries to create
and maintain an effective public health system in West
Africa, capable of responding both to a filovirus outbreak
and to the range of more common endemic diseases, will be
their best memorial.
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“If influenza is a riddle wrapped in mystery inside an enigma, then the viral genes are the riddle, the variable
surface antigens for which they code are the mystery, and the course and cause of epidemics the ultimate enigma.”

E. Kilbourne, 1980.

Influenza viruses are unique among the respiratory viruses
with regard to their frequent antigenic changes, seasonality,
and impact on the general population. They can cause ex-
plosive outbreaks of febrile respiratory illness across all age
groups and often substantial mortality, particularly in aged
and chronically ill persons. Epidemics resembling influenza
have been recorded since antiquity. The plague of Athens in
430 to 427 BC, described by Thucydides, has been postu-
lated to have been due to epidemic influenza complicated by
toxigenic staphylococcal disease (1). The greatest effects of
influenza are seen when novel strains, to which most persons
are susceptible, cause worldwide outbreaks, or pandemics.
The most profound of these in modern times was the 1918
pandemic that may have claimed as many as 100 million
lives worldwide (2). Sequencing of RNA fragments from
tissue samples taken from 1918 pandemic victims enabled
reconstruction of the extinct 1918 virus and study of its
virulence in animal models (3, 4).

Influenza virus was first isolated from chickens with fowl
plague in 1901. Swine influenza virus, possibly transmitted
to swine from humans during the 1918 pandemic, was iso-
lated initially in 1931, and the first human influenza A virus
was recovered in 1933 (Fig. 1, Fig. 2). Recognition of anti-
genic variation, growth in embryonated eggs, and the ability
of virus to agglutinate erythrocytes followed shortly. These
discoveries provided reliable means of virus isolation and
serologic testing. Influenza B and C viruses were first isolated
in 1940 and 1947, respectively. Recent studies identified a
new genus, provisionally designated influenza D, with res-
ervoirs in pigs and cattle (5, 6).

During the 1940s, crude inactivated vaccines were in-
troduced, and these were followed by more purified, less
reactogenic ones. In 1948, WHO established an influenza
surveillance program that continues to monitor global ac-
tivity and to facilitate strain selection for vaccines. Among
the first antiviral agents, amantadine and rimantadine were
shown to have prophylactic and therapeutic activity for in-
fluenza A in the mid-1960s; the neuraminidase (NA) in-
hibitors followed in the late 1990s. Despite the availability of

improved vaccines and antivirals, seasonal influenza remains
an important public health problem. The annual burden of
interpandemic influenza in the United States has averaged
approximately 20 million respiratory illnesses, over 200,000
hospitalizations, and between about 3,000 to 49,000 deaths
in recent years (7). The first pandemic of the 21st century,
due to a swine-origin virus emerging initially in North
America, rapidly spread globally but was fortunately less se-
vere than predicted. However, emerging zoonotic influenza
viruses, like avian A(H5N1) in 1997 and again 2003, swine
variant A(H3N2) in 2012, and avian A(H7N9) in 2013,
continue to cause outbreaks and pose potential pandemic
threats (Table 1).

VIROLOGY
Classification
Influenza A, B, and C viruses belong to the family Ortho-
myxoviridae,which is characterized by a segmented, negative-
strand RNA genome (8). The influenza A and B virus types
each carry eight different RNA segments, whereas the in-
fluenza C virus genome has seven. Infections by strains of all
three influenza types (genera) can be associated with clas-
sical influenza symptoms in humans. The fourth genus of the
Orthomyxoviridae consists of the Thogoto viruses. Two of its
six members, Dhori and Thogoto viruses, are tick-borne
agents that have caused human infections, including one in
the United States by a novel Thogoto virus tentatively
called Bourbon virus (9). The fifth orthomyxovirus genus is
made up of the isaviruses (infectious salmon anemia virus),
and recently a sixth genus was added, Quaranfil virus. A
novel influenza C-like virus has been proposed as a new D
genus because it shares approximately 50% identity with
influenza C, and, unlike members of the same genus, it fails
to yield infectious progeny during reassortment studies with
influenza C (5).

The influenza A, B, and C virus types were defined
originally by the observation that antisera made against the
core proteins of a specific strain cross-reacted only with those
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belonging to the same type and not with those of another
type. Sequencing studies have confirmed this classification
scheme, showing that genes coding for the matrix protein
(M1) or the nucleoprotein (NP) of strains belonging to one
type are more closely related to each other than to the
corresponding genes of strains from different influenza virus
types; however, nucleotide-sequence comparisons indicate
that all influenza virus types share a common ancestor (8).
Low intertypic (20 to 30%) and high intratypic ( > 85%)
identity exists for the M1 and NP proteins.

Subtypes occur only among the influenza A viruses. The
extent of serologic cross-reactivity for the surface glycopro-
teins, the hemagglutinin (HA) and the NA, was previously
used to differentiate them; more recently, sequencing of the
corresponding genes has been used to differentiate them.
Based on sequence analysis, 18 distinct HA and 11 distinct
NA subtypes are now recognized, but only 3 HA subtypes
(H1, H2, and H3) and 2 NA subtypes (N1 and N2) are
known to have caused extensive outbreaks in humans (Fig. 1,
Fig. 2). Virus strains recovered from humans are named on
the basis of type, location of isolation, serial number from
that location, year of isolation, and, in the case of influenza
A viruses, the subtypes of the HA and NA antigens (e.g.,
A/Switzerland/9715293/2013 [H3N2]).

Composition
Influenza viruses are spherical lipid-containing viruses with a
diameter of approximately 100 nm (Fig. 3A). Filamentous
forms of the virus can also be observed with electron mi-
croscopy, appear to be infectious, and are postulated to be
predominant particles during productive infection in the
lungs. The activities and functions of the viral structural and
nonstructural (NS) proteins are summarized in Table 2. The
virus surface is covered by HA and NA glycoprotein spikes,
the structures of which have been resolved by X-ray diffrac-
tion (10, 11). A small number of molecules of theM2 protein
are also found in the membrane of the virus particle. Below
the lipid membrane is a layer of the M1 protein surrounding
the ribonucleoprotein (RNP) core. This core consists of the

eight RNA segments, which are associated with one to
several copies of the viral polymerase complex (PB1, PB2,
and PA) proteins and are covered by viral NP molecules.

Surface Proteins
The HA is a trimeric rod-shaped spike with a hydrophobic
carboxy terminus anchored in the viral envelope and the
hydrophilic end projecting outward from the virus. The
exposed portion contains the antigenic domains and binding
sites for sialic acid (N-acetylneuraminic acid) residues in
receptors of host cells or erythrocytes (Fig. 3B). The HA
facilitates both attachment of the virus to host cell receptors
and penetration of the virus. Posttranslational proteolytic
cleavage into HA1 and HA2 by a serine protease is essential

FIGURE 1 Circulation of human influenza A and B viruses.
Solid lines indicate that strains have been isolated and character-
ized. Three different influenza A virus HA subtypes (H1, H2, and
H3) and two NA subtypes (N1 and N2) were identified in humans
over the last 100 years. The RNA genome of the extinct pandemic
1918 virus has been sequenced from RNA fragments in formalin-
fixed and frozen tissue samples from 1918 victims following RT-
PCR (3). The virus was then reconstructed in the laboratory by
reverse genetics (solid square) (4).

FIGURE 2 Phylogenetic tree of influenza virus hemagglutinins
(HA) (A) and influenza neuraminidase (NA) (B). Twelve HA
subtypes, including two bat HAs, make up group 1 (blue) and 6 HA
subtypes make up group 2 HAs (orange). There is only one influ-
enza B virus HA type (no subtypes). Four NA subtypes make up
group 1 (green) Influenza A virus NAs, and 5 are in group 2 (red).
Influenza A virus NA. The bat NAs (N10 and N11) and the in-
fluenza B virus NA (no subtypes) are evolutionarily divergent. Scale
represents a 7% change in amino acid differences. Courtesy of
Krammer (486), reprinted with permission.
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for infectivity. Certain avianHAs (H5 andH7) contain extra
basic amino acids in the HA cleavage site, which allow for
activation by cellular proteases widely distributed in tissues
and result in systemic replication in birds and sometimes
mammalian hosts (12). These so-called highly pathogenic
avian influenza (HPAI) viruses have caused multiple out-
breaks in poultry, and, recently, sporadic disease in humans
(Table 3). The HA2 portion is principally responsible for
fusion of the virus envelope and cell membrane, whereas the
HA1 portion contains the binding sites for host-cell recep-
tors, as well as at least four major antigenic domains. The
overall configuration of the HA and its functions are con-
served during virus evolution, but frequent amino acid
substitutions occur in the antigenic sites. Antibodies to the
head domain of HA can prevent attachment of the virus to
cells, and antibodies to the stalk domain of HA can also
inhibit virus replication by blocking fusion.

NA is a mushroom-shaped tetramer that is anchored in
the lipid envelope at its amino terminus (13). It cleaves
terminal sialic acid residues from various glycoconjugates
and plays an essential role in release of virus from infected
cells and the spread within the respiratory tract. By removing
sialic acid residues from the virion envelope and cell surface
and from mucins present in respiratory tract secretions, the
NA activity (receptor-destroying enzyme [RDE]) prevents
aggregation of viral particles and may enable penetration of
virus through respiratory secretions (8). Anti-NA antibodies
and NA enzyme inhibitors prevent release of virus from
infected cells. A balance of HA and NA activities is es-
sential for efficient virus replication.

The M2 protein, a homotetramer present only in influ-
enza A viruses, appears on the surface of infected cells and is
also incorporated into virions as a third integral membrane
protein. The ion channel activity of M2 plays a role in un-
coating of virus in endosomes and possibly in regulation of
virus assembly. Amantadine and rimantadine inhibit the ion
channel activity of M2. Antibody to M2 is associated with
reduced viral replication and heterosubtypic protection in
animals. The ectodomain of M2 (M2e) is highly conserved
and has been targeted by both investigational monoclonal
antibodies (14) and vaccines.

The single glycoprotein of influenza C virus encompasses
receptor-binding, membrane-fusing, and receptor-destroying
activities. It is directed against 9-O-acetyl-N-acetylneuraminic
acid, a receptor different from N-acetylneuraminic acid,
which is recognized by influenza A and B viruses (8).

Genome
Influenza A and B viruses each possess eight different RNA
segments that can code for at least 11 different proteins
(Fig. 4A). Influenza C and D (proposed) viruses lack an NA
gene and thus have only seven RNA segments that code for
at least nine different polypeptides. Dhori and Thogoto vi-
ruses possess six and seven RNA segments, respectively. In
nature, a reassortment of gene segments after co-infection of

FIGURE 3 (A) Schematic diagram of an influenza A virus. HA,
NA, and M2 are transmembrane proteins anchored in the lipid
membrane of the virus. Inside the lipid membrane is a layer of the
M1 protein. The RNP core consists of the different RNA segments,
which are covered by NP molecules. In addition, they carry an
RNA-dependent RNA polymerase complex (P proteins). The 3¢
and 5¢ ends of the RNA segments are stabilized by the polymerase
complex into panhandle structures. NEP is also part of the viral core
structure. (B) Schematic depiction of influenza virus HA. Anti-
genic changes cluster into five highly variable regions surrounding
the receptor-binding pocket (purple oval). Courtesy of James Ste-
vens and Ian Wilson (487), reprinted with permission.

TABLE 1 Influenza-related websites of interest
United States Centers for Disease Control and Prevention

(USCDC): Influenza
http://www.cdc.gov/flu/
USCDC Weekly Influenza Activity
http://www.cdc.gov/ncidod/diseases/flu/weekly/htm
World Health Organization (WHO): Influenza
http://www.who.int/topics/influenza/en/
WHO human-animal interface web page
http://www.who.int/influenza/human_animal_interface/en/
European Centers for Disease Control: Influenza
http://ecdc.europa.eu/en/healthtopics/influenza/Pages/home.aspx
World Organisation of Animal Health (OIE) web page: Web

portal on Avian Influenza
http://www.oie.int/animal-health-in-the-world/web-portal-on-

avian-influenza/
Food and Agriculture Organization of the UN (FAO) webpage:

Avian Influenza
http://www.fao.org/avianflu/en/index.html
United States Department of Agriculture Animal and Plant

Health Inspection Service
https://www.aphis.usda.gov/wps/portal/aphis/home
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cells by human and animal influenza A viruses may be re-
sponsible for the emergence of new pandemic strains (see
following paragraphs and Fig. 5). However, reassortment of
genes among viruses belonging to different influenza virus
types has not been observed. Apparently, the proteins of

different virus types have evolved sufficiently to preclude
replication of intertypic reassortants. Homologous recom-
bination between corresponding RNA segments of different
influenza viruses has not been observed, in contrast to the
high frequency of recombination observed among the ge-
nomes of retroviruses or of positive-sense RNA viruses, like
polioviruses. Influenza A virus isolates obtained during a
single outbreak are variable in genetic sequence. This ge-
netic heterogeneity provides a basis for evolutionary adap-
tation and the ability of the virus to cope with selective
immunologic and drug pressures.

Influenza A viruses code for approximately 13,600 nu-
cleotides (nt), influenza B viruses for 14,600 nt, and influ-
enza C viruses for approximately 12,900 nt (15). A genomic
map of an influenza A virus is shown in Fig. 4. Each RNA
codes for a different protein, with the two smallest RNA
segments each transcribing an additional spliced mRNA.

Biology

Replication Strategy
Influenza A and B viruses adsorb to receptors on the cell
surface, which contain sialic acid (8) (Fig. 6). It is not
known which specific carbohydrate-containing membrane
proteins (or, less likely, glycolipids) are the major targets for
the initial binding. Human influenza viruses preferentially
attach to sialic acid with an a(2,6) linkage to galactose-
containing oligosaccharides, whereas avian and equine
viruses prefer a(2,3) linkages. Influenza C virus binds to 9-
O-acetyl-N-acetylneuraminic acid-bearing receptors. After
internalization into endosomes, the cleaved HA undergoes
an acid pH-triggered conformational change into a fuso-
genic form. This event facilitates the fusion of the viral and
endosomal membranes. The ion channel in the viral
membrane, comprised of M2 polypeptides, is also activated
by the acid pH in the endosomes. This process results in an
influx of protons into the virion, which probably loosens the

TABLE 2 Influenza A virus RNA segments and proteins

RNA
segment Protein

Protein size
(amino acids) Functional activity(ies)

1 PB2 759 Cap recognition
2 PB1

PB1-F2
757
87

RNA polymerase, elongation
Proapoptotic activity,
IFN antagonist

3 PA
PA-X

716
3260

RNA polymerase subunit,
proteolysis, endonuclease
activity

Modulation of host response
4 HA 3560 Attachment to receptors,

fusion of membranes
5 NP 498 Structural component

of RNP, nuclear import
of RNA

6 NA 3450 NA/sialidase activity,
release of virus

7 M1 252 Structural protein, nuclear
export of RNA,
viral budding

M2 96 Ion channel
8 NS1 3230 Interferon antagonist,

multifunctional protein
NEP
(NS2)

121 RNP nuclear export,
regulation of RNA
synthesis

FIGURE 4 Reverse genetics of influenza viruses. (A) Genetic map of influenza A/PR/8/34 (H1N1) virus. Purified RNAs were separated on
a polyacrylamide gel; assignment of genes coding for one or two viral proteins is indicated. (B) Plasmid-only rescue of infectious influenza
virus. Twelve plasmids are introduced into mammalian cells: four plasmids lead to expression of the viral proteins required for viral RNA
replication (PA, PB1, PB2, and NP), and eight plasmids express precise copies of the eight viral RNA segments (PA, PB1, PB2, HA, NP, NA,
M, and NS). The resulting viral RNAs are replicated and transcribed by the reconstituted influenza virus RNA-dependent RNA polymerase.
Recombinant infectious influenza virus is generated 48 to 72 hours after transfection of cells (26, 27). Recently, several improvements of the
plasmid-only rescue for influenza A viruses have been introduced (28, 29). Also, reverse-genetics systems for influenza B and C viruses have
been successfully developed (28, 30–32, 488).
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M1 protein from the RNP core and ultimately facilitates
RNP release into the cytoplasm (uncoating). The RNA
segments of the incoming virus particle (vRNA) remains
associated with viral protein throughout the uncoating
process and enters the nucleus as RNP through the nuclear
pore complex (16).

Following uncoating of the virus and transportation of
the RNP into the nucleus, transcription and replication of
the viral genome take place in the nucleus. The recently
reported X-ray diffraction analysis of the full polymerase
complex, consisting of PB1, PB2, and PA proteins, shows the
precise location of the cap-binding and nuclease activity in
the polymerase complex, as well as those of the domains
allowing for RNA elongation and poly(A) addition (17, 18).
The incoming viral RNP is the template for the viral RNA-
dependent RNA polymerase, which produces two different
species of viral RNA: (i) an mRNA that derives its first 9 to
15 nt from host mRNA, is capped at the 5¢ end, and carries a
poly(A) tail lacking the 3¢ 15 to 16 nt of the template RNA,
and (ii) a full-length complementary copy (cRNA) of the
template RNA. This cRNA itself becomes a template for the
amplification of viral RNAs, leading to additional copies of
vRNA (Fig. 7). The minimal promoter sequences of the
vRNA and the cRNA molecules appear to be the highly
conserved 3¢ sequences. In addition, the 5¢ sequences of the
templates are part of the transcription-replication complex.

mRNA synthesis is regulated, but control of the switch
from transcription (mRNA synthesis) to replication (am-
plification of vRNA) is still not well understood. Although
the different vRNA molecules appear to be equimolar in the
virus and in infected cells, the mRNAs of the HA, M, NP,
and NS genes are much more abundant than those of the
three polymerase (P) genes or of the NA gene. Also, mRNA
synthesis is down-regulated late in the replication cycle,
while vRNA synthesis continues. Finally, protein expression
is affected by several additional mechanisms: (i) for the M
and NS genes, partial splicing of their mRNAs leads to the
expression of two viral proteins from each of these RNA
segments; (ii) coupled stop-start translation of tandem cis-
trons gives rise to two proteins, the M and the BM2 proteins,
from the M segment of influenza B viruses; (iii) ribosomal
initiation from AUG codons located in different reading

FIGURE 5 Reassortment of influenza A viruses leading to a new
pandemic strain. Co-infection of the same cell with a human
A(H2N2) (thin blue lines) virus and an animal (avian) strain with
an H3 HA (thick orange lines) results in reassortment. The
A(H3N2) virus responsible for the pandemic in 1968 is postulated to
derive its PB1 and H3 genes (thick lines) from the animal strain and
its remaining six RNAs, including the N2 gene, from the A(H2N2)
parent (thin lines) (12, 489).

FIGURE 6 General replication scheme of influenza virus. For a description of different replication steps, see the text.
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frames on the PB1 gene of influenza A viruses and on the
NA gene of influenza B viruses leads to the expression of two
additional proteins, PB1-F2 and NB, respectively (in addi-
tion to the PB1 and NA proteins of the corresponding
RNAs) (8, 19); and (iv) ribosomal frame shifting in the case
of PA-X. The latter is a fusion protein with the C-terminal
portion derived from a second open reading frame of the PA
segment (20).

Assembly and packaging of RNAs into infectious viruses
involve several cellular compartments. The viral P proteins
and the NP have specific nuclear localization signals, so they
can travel into the nucleus, where they associate with viral
RNAs to form RNPs. The nuclear export of these RNPs
likewise requires a unique mechanism and depends critically
on the presence of theM1 protein and nuclear export protein
(NEP) (21, 22). M1 binds to viral RNPs in the nucleus and
promotes their export by interacting with NEP, which pos-
sesses a nuclear export signal and the ability to interact with
M1 (22, 23). The virus-induced Raf/MEK/ERK signal cas-
cade is essential for efficient replication, and blockade of this
pathway slows viral RNP export and reduces viral titers (24).

Following the export of the RNPs into the cytoplasm,
they assemble at the cytoplasmic membrane under patches of
the viral glycoproteins HA and NA. M1 plays a critical role
in the assembly and budding of infectious virus. Virus par-
ticles bud from the cytoplasmic membrane, while the NA
clears the virus and the cell membrane of sialic acids to
prevent virus-virus aggregation and virus-cell surface reten-
tion, respectively. Once the virus particle is outside the cell,
the NA may further help to remove sialic acids from mucous
substances in the respiratory tract, thus allowing the virus to
reach other epithelial cells (8).

The packaging of vRNAs into influenza virus particles
most likely involves a specific packaging mechanism: the 3¢
and 5¢ noncoding regions of the vRNA segments contain
cis-acting signals, which are required for packaging the

vRNAs into virus particles. In addition, sequences in the
coding regions of the influenza A virus RNAs contribute to
the efficient packaging of just the eight different segments in
virus particles (8). Thus, packaging is not random, although
the precise mechanism by which the packaging of a full
complement of just eight RNAs occurs remains to be fully
elucidated.

Genetic Engineering of Influenza Viruses
The genome of negative-sense RNAviruses is not infectious,
and thus direct transfection of cDNA-derived influenza virus
RNAs does not result in the formation of infectious virus
particles. However, systems have been developed which al-
low the in vitro reconstitution of biologically active RNP
from synthetic RNAs and purified viral proteins. Trans-
fection of synthetic RNPs into helper virus-infected cells
allowed the rescue of transfectant viruses which contain one
or more genetically engineered segments (25). Helper virus-
free systems for producing recombinant influenza A viruses
have been developed (26, 27) (Fig. 4B). Plasmids are
transfected into cells, and infectious virus can be generated
within 48 to 72 hours. In these plasmid-only systems, the
vRNAs, as well as the viral RNA polymerase, are generated
from the transfected plasmids. Improvements in this tech-
nology now make it easy to do structure-function analysis of
individual viral proteins and have opened the way for the
construction of improved influenza virus vaccines and in-
fluenza virus vectors (28, 29). Reverse-genetics systems have
also been successfully developed for influenza B and C vi-
ruses (30–32).

Host Range
Type A influenza viruses have a broad host range (33, 34).
Wild avian species, particularly ducks and other aquatic
waterfowl, are the primary reservoir and harbor viruses ex-
pressing the 16 (non-bat) HA and 9 (non-bat) NA subtypes.
In avian species, influenza viruses replicate in both the re-
spiratory and gastrointestinal tracts, and there can be shed-
ding of high quantities of virus in the feces. Infectious virus is
readily recovered from cold lakes and other water sources
frequented by birds. In contrast to the progressive changes of
human viruses, avian viruses generally show little antigenic
variation within the same subtype, although the rapid evo-
lution and antigenic variation of HPAI A(H5N1) viruses is
an exception (35). Thus, aquatic birds represent an enor-
mous migratory reservoir of influenza A virus genes that can
be potentially incorporated into influenza viruses transmit-
ted to other species (12).

Recently, the RNAs of two new HA (H17 and H18) and
of two new NA (N10 and N11) subtypes have been iden-
tified in bats, but no infectious viruses with these new sub-
types have been isolated so far (36). Vesicular stomatitis
virus, pseudotyped with the surface glycoproteins from bat
influenza viruses, efficiently infect bat cell lines but not
those derived from primates or swine and do not attach to
sialic acid receptors, findings that suggest low potential for
zoonotic infection (37).

The principal natural hosts of mammalian influenza A
viruses are humans, swine, and horses (H7N7 and H3N8
subtypes). Outbreaks have also been documented in other
species, including marine mammals (whales and seals),
mink, dogs, and ruminants (e.g., reindeer). The HPAI A
(H5N1) virus has caused severe disease in felids although
not swine. Influenza A(H3N8) subtype virus infections in
dogs represents a species jump from horses (38), and recep-
tors recognized by equine influenza viruses are present on

FIGURE 7 RNA transcription/replication by influenza virus
polymerase. Structure of the influenza A virus (bat) polymerase
from Ortin and Martin-Benito (490) according to Pflug et al. (17).
The PB1 (green), PB2 (red), and PA (magenta), and the cap
binding (part of PB2) and endonuclease (part of PA) domains are
indicated. The synthesis of viral mRNA is initiated by cap-
snatching, which involves the binding of the cap of a host RNA
followed by an endonuclease (PA) cleavage. The host mRNA-
derived capped RNA primer is then used to allow the RNA syn-
thesis by the PB1 domain of the viral polymerase complex (491).
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canine respiratory epithelial cells (39). Both equine and dog
influenza viruses are endemic in the United States, but, to
date, in contrast to swine influenza viruses, they have not
been recognized to infect humans.

The fact that influenza A viruses populate nonhuman
species has important epidemiologic consequences. First,
human and nonhuman influenza A reassortant viruses may
lead to new pandemic viruses (see Fig. 5 and below). Sec-
ond, the presence of an animal reservoir enables the virus to
continue to circulate outside the human population, so
eradication of human influenza A by immunization of hu-
mans is unlikely. Influenza B and C viruses are primarily
pathogens of humans, but influenza B virus may infect seals,
dogs, cats, and possibly swine. However, widespread animal-
to-animal or human-to-animal transmission of influenza B
viruses has not been identified to date. Influenza C viruses
have been isolated from swine. Recently identified influenza
D (proposed) viruses can cause respiratory illness in pigs and
cattle (5, 6, 40). Full explanations do not exist currently for
the host-range characteristics of the different influenza vi-
ruses. The virulence and host range of influenza viruses re-
late to the surface glycoproteins, as well as to other viral
proteins (8).

Experimental infection has been accomplished in a va-
riety of species, including hamsters, cotton rats, horses, and
nonhuman primates, but mice, ferrets, guinea pigs, chickens,
and swine are most commonly used. Pigs can be experi-
mentally infected with avian influenza viruses representing
nearly all HA subtypes. Ferrets can be infected with non-
adapted human influenza viruses and serve as a useful model
for studying viral virulence and transmission (4). A useful
transmission model has also been developed using guinea
pigs (41).

Growth in Cell Culture
Traditionally, influenza viruses have been grown in embry-
onated chicken eggs, both for laboratory purposes and for
vaccine production. Primary cell cultures, including African
green and rhesus monkey, hamster, bovine, or chicken kid-
ney cells, and established cell lines like Madin-Darby canine
kidney (MDCK) and mink lung epithelial cells, can be used
to replicate influenza viruses (42). Propagation in non-
primary cell lines lacking the protease needed for HA
cleavage requires the addition of trypsin in serum-free me-
dium. Hemagglutination by chicken, turkey, horse, or hu-
man erythrocytes remains a frequently used tool to identify
and measure the replication of influenza viruses in eggs and
cell culture. Future influenza vaccine manufacturing will rely
increasingly on the growth of virus in cell culture to avoid
the cumbersome use of embryonated eggs, and various cell
systems are being developed or already used for vaccine virus
production (e.g., MDCK, Per.C6, EB66, and Vero).

Inactivation by Physical and Chemical Agents
Influenza virus proteins and RNAs can be readily inactivated
by ionizing radiation, high ( > 9) or low (< 5) pH, and
temperatures above 50ºC. The stability of the virus depends
on the surrounding medium, its protein concentration, and
its ionic strength. Influenza viruses are enveloped viruses and
thus are susceptible to agents that which affect membranes,
including ionic and nonionic detergents, chlorination, and
organic solvents (43). At 4 ºC in phosphate-buffered saline
solution containing physiological protein (albumin) con-
centrations, influenza viruses can be stable for months. On
the other hand, drying of viral suspensions inactivates the

virus in less than 12 hours on porous environmental surfaces
and in 24 to 48 hours on nonporous environmental surfaces
(44, 45). The virus can remain infectious for 24 hours or
more after aerosolization under conditions of low (25%) or
high (80%) relative humidity but is less stable under con-
ditions of intermediate (50%) relative humidity (46). En-
vironmental persistence studies indicate that influenza virus
retains infectiousness longer at low temperatures, in water
compared to in air, and in fresh, compared to salt, water
(47).

EPIDEMIOLOGY
Influenza viruses have a worldwide distribution and cause
outbreaks with variable intensities annually. Rapid onset and
dissemination of infection are characteristic features of epi-
demic influenza. These relate to a short incubation period,
which averages 2 days and ranges from 1 to 5 days, and to
high concentrations of virus in respiratory secretions during
the initial phase of illness (48). Influenza surveillance in-
formation is available through the CDC and WHO websites
(Table 1).

Transmission
Influenza viruses spread from person to person by airborne
droplets expelled during coughing, sneezing, or speaking.
The relative efficiencies of different exposure routes (drop-
let, short-distance small-particle aerosols, hand contamina-
tion with self-inoculation following direct or fomite contact)
are uncertain and likely vary with epidemiologic and envi-
ronmental conditions (49, 50). Zoonotic influenza virus
infections (discussed below; Table 3) are also spread by these
routes through direct and indirect exposures and perhaps
rarely by oral ingestion.

In volunteers experimentally infected with a human vi-
rus, approximately 10- to 100-fold-smaller viral inocula are
needed to initiate infection after small-particle aerosol ex-
posure of the lower respiratory tract than after intranasal
inoculation of the upper respiratory tract. The human in-
fectious dose is estimated to be 1 to 5 50% tissue culture
infectious doses following experimental small-particle (1 to
5 mm) aerosol exposure (49). Intervention studies with
topically delivered antivirals, like zanamivir and interferons
(51), indicate that natural infection by human influenza
viruses is initiated most commonly in the pharynx or tra-
cheobronchial tree. Aerosol transmission has been impli-
cated in both household (52) and closed outbreaks, where
clinical attack rates may exceed 70% after common-source
exposure in confined spaces (53). Influenza virus RNA is
readily detected on fomites (44), and virus retains infec-
tiousness longer on hard, nonporous surfaces, in low hu-
midity, and at cooler temperatures (41, 45, 54), but the
importance of transmission via fomites is uncertain. In acute
care settings, small-particle aerosols containing influenza
virus RNA are detected at decreasing concentrations within
6 feet from the patient’s head during routine patient care
(55), and aerosol-generating procedures have been impli-
cated in nosocomial transmission (56). In households, upper
respiratory tract viral loads and symptom severity in the in-
dex case, contact susceptibility, and social behaviors affect
the risk of transmission (57). Deep sequencing studies indi-
cate that most infections in contacts are acquired within the
household, many index cases harbor mixed lineage infections
that are transmissible, and an estimated 90 to 250 virus
particles appear to be required for productive multilineage
infection in contacts (58).
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Airline travel plays a role in long-range dissemination of
influenza (59), and high rates of virus movement occur in-
ternationally between urban centers (60). One hypothesis,
that epidemic spread involves long-range atmospheric
transmission of aerosolized influenza virus (61), remains
unproven, although viral RNA detection has been reported
in airborne dust samples (62), and wind dispersal may con-
tribute to spread of avian influenza viruses between farms
(63).

Antigenic Change
The changing antigenicity of influenza viruses enables
continued circulation in human populations and makes
their behavior unpredictable (64). Relatively minor chang-
es, called antigenic drift, result from stepwise point muta-
tions in the gene segment coding for the HA or NA.
Antibody-driven sequential amino acid changes occur in
antigenically important regions over time; this process
sometimes requires concurrent changes in both glycopro-
teins for maintenance of viral fitness (65). In the case of
influenza A virus, these result from the selective pressure of
increasing levels of population immunity and lead to the
emergence of epidemiologically important drift variants
every 2 to 3 years. Amino acid substitutions in HA and NA
have been observed at rates of approximately 0.5 to 1% per
year over a two-decade period. Changes occur predomi-
nantly in the HA1 peptide and are distributed over the

surface of the molecule, as well as clustering into five hy-
pervariable regions (Fig. 3B). Viral lineages undergoing the
greatest number of mutations in a restricted number of
rapidly evolving HA1 codons appear to be the progenitors of
future epidemic strains (66). Drift strains of epidemiologi-
cal importance usually have substitutions in two or more of
the antigenic sites of the HA and arise when such mutations
lead to substantial antigenic change (67). Such variants
are able to spread because of larger numbers of susceptible
individuals and have a higher likelihood of causing
symptomatic infections. Antigenic variation has occurred
more rapidly in H3 than H1 subtype influenza A viruses
and is less pronounced in influenza B and C viruses.
Multiple evolutionary lines of influenza B or C viruses
may co-circulate. Viruses representing two influenza B virus
lineages, designated B/Victoria/2/87 and B/Yamagata/16/88,
have circulated in various proportions in recent years.
Seasonal influenza viruses undergo frequent gene reassort-
ments that contribute to their evolution and genetic diver-
sity (68). New antigenic variants of public health concern
are usually identified by monospecific antisera raised in
animals, typically ferrets, and by convalescent-phase sera
from persons immunized with vaccines containing previous
strains.

For influenza A viruses, marked changes in HA, with or
without change in NA, called antigenic shift, are due to the
acquisition of new gene segments. This may occur during

TABLE 3 Examples of human illness due to infection by avian influenza virusesa

Years of reported
detection Locations

Influenza
A subtype

Cumulative no.
of laboratory-
confirmed

human illnesses
(to April, 2016) Primary syndromes/comment

1959, 1977,
1980, 1996

USA, Australia, UK H7N7 (LP) 35 Conjunctivitis

1997 Hong Kong SAR H5N1 (HP) 18 Pneumonia; six deaths
1999-ongoingb Hong Kong SAR, China,

Egypt, Bangladesh
H9N2 (LP) 28 ARI, ILI; circulating in poultry in parts

of Africa, Asia and Middle East
2002, 2007 USA, UK H7N2 (LP) 2 ILI
2003-ongoingb Multiple countries in Asia, Middle

East, eastern Europe, and Africa
(exported case to Canada)

H5N1 (HP) 850 Pneumonia, ARDS, multiorgan failure;
mortality > 50%. Limited,
nonsustained human-human
transmission to dateb

2003 The Netherlands H7N7 (HP) 89 Conjunctivitis, ILI; 1 fatal pneumonia.
Limited human-human transmission likely.

2003 USA, UK H7N2 (LP) 5 ARI in immunocompromised host;
ILI, conjunctivitis

2004, 2010 Egypt, Australia H10N7 (LP) 2 ILI
2003, 2004,
2006, 2012

Canada, Mexico, UK, Italy H7N3 (LP)
H7N3 (HP)

3
4

Conjunctivitis; seropositivity

2013-ongoingb China (exported cases
to Malaysia, Canada)

H7N9 (HP) 770 Pneumonia, ARDS; mortality
> 35% in hospitalized; ARI, ILI;
Limited, nonsustained human-human
transmission to dateb

2013 China H10N8 (LP) 3 Pneumonia/ARDS, 2 fatal cases
2013 Taiwan H6N1 (LP) 1 ILI
2014- ongoingb China H5N6 (HP) 14 Pneumonia/ARDS, mortality > 35%.

Circulating in poultry
in China, Laos, Vietnam

aAbbreviations: LP, low chicken pathogenicity; HP, high chicken pathogenicity; ILI, influenza-like illness; ARI, acute respiratory illness (not specified).
bConsult the WHO and USCDC websites (Table 1) for updated information.
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genetic reassortment in cells dually infected by a human and
an animal virus (Fig. 5) or possibly by direct interspecies
transmission (33). When such viruses are introduced into a
susceptible population, they cause zoonotic infections, and if
efficiently transmitted from person to person, can lead to
pandemics.

Pandemic Influenza
Over the past 300 years, at least seven pandemics of in-
fluenza have probably occurred, including three well-
characterized ones in the 20th century and one starting in
2009 (69). These have appeared at irregular intervals and
been notable for efficient transmission, high illness rates in
all susceptible age groups, particularly in young persons, and
usually for significant increases in mortality rates (Table 4).
Earlier pandemics have spread globally over 6- to 9-month
periods at the pace of human traffic and often irrespec-
tive of season. However, the 2009 pandemic H1N1 virus
[A(H1N1)pdm09] disseminated much more rapidly, in part
because of air travel patterns (70, 493). The estimated me-
dian reproduction (R) values for the 1918 (1.80), 1957
(1.65), and 1968 (1.80) pandemics are somewhat higher
than those for the 2009 pandemic (1.46) or seasonal epi-
demics (1.28) (71). Second and sometimes third waves of
infection separated by several months may occur. As ob-
served with the 2009 pandemic, the impact of subsequent
waves can sometimes exceed that observed during the initial
one (69).

Cumulative illness rates have often exceeded 50% in the
general population during successive waves of a pandemic.
During its first year of circulation, the A(H1N1)pdm09 virus
was estimated to have caused approximately 60.8 million
cases, 274,304 hospitalizations, and 12,469 deaths in the
United States (72), as well as an estimated 151,700 to
574,900 respiratory and cardiovascular deaths worldwide,
over half of which occurred in southeast Asia and Africa
(73). Marked age-related differences in impact often occur
with pandemics. Older adults usually experience lower ill-
ness frequency, likely related to prior experience with other
influenza viruses and perhaps less frequent exposure, but the
case fatality ratios are usually highest in the very young and
elderly. During the 2009 pandemic mortality rates in the
United States increased 8.5-fold in those 0 to 17 years old

and 12.5-fold in those 18 to 64 years old compared to sea-
sonal influenza, but decreased 5.3-fold in those 65 years and
older (72). The 1918 pandemic also caused an increase in
mortality in young adults, perhaps because an H1 virus cir-
culated in the human population before 1889 and resulted in
partial protection against the 1918 virus in the older seg-
ment of the population. In adults aged approximately 20 to
40 years a possible adverse effect of childhood priming with a
heterosubtypic influenza A virus has been postulated (74).
During the 1918 pandemic, > 30-fold differences in popu-
lation mortality occurred across countries and about 4-fold
differences occurred within countries, including the United
States (75). In the era encompassing virus isolation, pan-
demics in 1957 and to a lesser extent in 1968 also caused
increases in mortality compared to interpandemic periods
(Table 4). In each of the recent pandemics, large portions of
the excess influenza-related deaths (estimated > 99% in
1918, 36% in 1957, 48% in 1968, 87% in 2009) occurred in
those aged < 65 years in the United States, followed by
smaller proportions over the subsequent decade (72, 76). In
contrast, disease due to the reappearance of an A(H1N1)
subtype virus in 1977, after a 20-year hiatus since circulation
of essentially the same strain, principally affected those
younger than 25 years and caused negligible excess mortality.

Serologic studies with elderly individuals suggest that
viruses with HA of the H3 subtype caused pandemic disease
in the late 19th century (Table 4) (77). The origin of these
pandemic strains and the mechanisms for apparent recycling
of strains in the human population remain unresolved issues.
Explanations include dormancy in a frozen state, which may
have been the case for the 1977 A(H1N1) strain, interspe-
cies transmission and adaptation of an animal influenza virus
to become infectious and pathogenic for humans, and, more
commonly, genetic reassortment between animal and human
influenza viruses. Analysis of the 1957 pandemic strain found
that this A(H2N2) subtype virus resulted from acquisition of
three new gene segments (HA, NA, and PB1) of avian origin
by the previously circulating human A(H1N1) strain. Sim-
ilarly, the 1968 pandemic A(H3N2) virus acquired two new
genes (HA and PB1) from an avian virus closely related to
viruses isolated from ducks in Asia in 1963 (69) (Fig. 5).

Changes in the receptor specificity of the avian influenza
virus HA appear to be one key factor in generation of viruses

TABLE 4 Influenza A virus pandemics and related influenza events since late 19th century

Year of
appearance

Duration
of circulation (yr)

Virus
subtype

Common
designation

Estimated mortality
in the United States Comment

1889 ?28 H3N?a High. Estimated mortality
of 270,000–360,000
in Europe

Perhaps H3N8 virus

1918 39 H1N1 Spanish, swine 548,000 Possible reassortant between
a preexisting human H1 virus
lineage and an avian virusb

1957 11 H2N2 Asian 86,000 Avian-human reassortant virus
1968 Ongoing H3N2 Hong Kong 34,000 Avian-human reassortant virus
1976 < 1 H1N1 Swine 1 death Outbreak limited to one U.S. military base
1977 31 H1N1 Russian Negligible Reappearance of earlier circulating virus
2009 Ongoing H1N1 Swine,

A(H1N1)pdm09
12,500c Swine-origin reassortant virus

aThe subtype designation of this virus is uncertain but is proposed on the basis of retrospective serologic studies of elderly adults who were living at the times of the
pandemic (77).

bEarlier work postulated that the origin of the 1918 H1N1 virus represented an introduction of all eight genes from an avian ancestor or a reassortant involving
progenitor viruses circulating in humans and swine (2, 4, 74).

cFirst year of circulation.
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that are capable of sustained human transmission, and the
HAs of all pandemic viruses characterized to date bind to
human-like a2,6-sialylated glycans. One or two amino acid
changes can alter receptor binding patterns of the 1918 virus
HA and reduce transmissibility among ferrets without al-
tering replication or lethality, and one 1918 virus HA from a
fatal case shows dual a2,3 and a2,6 binding (78). Avian
A(H5N1) viruses transmit inefficiently or not at all among
ferrets, despite several H5 HAs showing mutations associ-
ated with dual a2,3 and a2,6 binding (79). Although the
predictive value of the ferret model for human transmission
is uncertain, several A(H5N1) viruses engineered to bind
preferentially to a2,6 receptors and selected by serial ferret
passage show airborne transmission in ferrets (80). Changes
in multiple genes are likely necessary to generate a pandemic
virus.

Although avian viruses usually cannot directly infect hu-
mans, swine can be infected by both human and avian viruses
and may serve as an intermediate host needed for reassort-
ment of these viruses, the so-called ``mixing vessel,’’ or as the
species in which avian viruses can adapt to a mammalian
host. Avian-human reassortment and avian-like influenza A
viruses with limited zoonotic spread to humans have been
identified in swine (81). Of note, Eurasian (contributing
NA, M genes) and North American (HA, NP, NS) lineages
of swine A(H1N1) viruses, the latter having undergone
earlier reassortment events to acquire both avian (PA, PB2)
and human (PB1) gene segments, reassorted to form the
A(H1N1)pdm09 virus (82). This virus was reintroduced
from humans into swine in which new reassortants have
emerged (75), including the swine A(H3N2) variant virus
that caused a large zoonotic outbreak in 2012 (see below)
after having acquired the Eurasian M gene from A(H1N1)
pdm09 (83). The origin of the genes of the 1918 pandemic
strain remains unknown, but it is likely that some of the
genes were derived from avian influenza viruses (3, 4, 74).

The ecology and interspecies transmissions of influenza
viruses are complex. At least two of the 20th-century pan-

demic strains likely emerged from China, whereas the
A(H1N1)pdm09 virus first appeared in North America. The
concept of China and Southeast Asia as the site of origin or
epicenter of new pandemic viruses has been supported by the
presence of high concentrations and cohabitation of do-
mestic poultry (especially ducks), swine, and humans. The
avian reservoir provides a mechanism for maintaining and
reassorting virus genes, as well as a source for the introduc-
tion of novel subtypes into humans (Table 3). For example,
avian viruses, which contain an antigenically conserved H2
HA similar to that of the 1957 pandemic strain, continue to
circulate in birds and have been identified in swine (84).

Epidemic Influenza

Seasonality
Influenza activity of varying intensity occurs annually in
temperate areas, most often during the winter or early spring
months (Fig. 8). The distinct seasonality of epidemic influ-
enza appears to be related to reintroduction of virus each
season, behavioral factors influencing exposure (e.g., school
attendance and indoor crowding), factors affecting viral
survival in the environment (e.g., low temperature and
humidity), and possibly host determinants influenced by
seasonal changes (41, 85). Low temperature and low relative
humidity enhance transmission in the guinea pig model,
thus confirming one explanation for the wintertime sea-
sonality of influenza A and B viruses (86–89). A(H3N2)
epidemics in temperate regions are seeded from temporally
overlapping epidemics in East-Southeast Asia or other sites
and not from persistent circulation of virus in temperate
areas during the summer months (60, 64, 90, 498).

The onset of influenza activity ranges from October to
April in the northern hemisphere but usually peaks between
December and March (between May and August in the
southern hemisphere) (Fig. 8). More than one epidemic
annually occurs in some tropical countries, and year-round
activity may be present in the tropics (91). Summertime

FIGURE 8 Peak month of influenza activity, USA, 1982–2014. During 2008–2009, influenza activity peaked twice because of the 2009
H1N1 pandemic. Activity in the United States peaked once in February due to seasonal influenza activity and then again in June, with the
first wave of A(H1N1)pdm09 virus, followed by a second, larger peak of A(H1N1)pdm09 virus activity occurring in October, the peak of the
2009–2010 season. (Figure reproduced with permission from Influenza Division, US CDC.)
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outbreaks may occur on cruise ships and among large groups
of land-based travelers, especially when new antigenic var-
iants are introduced from elsewhere. Consequently, an in-
fluenza diagnosis should be considered outside the influenza
season in those with febrile respiratory illness who have re-
cently traveled in the tropics, in the southern hemisphere, or
with international groups (92).

In a given community or region, outbreaks due to a par-
ticular virus usually peak in about 3 weeks and are of short
duration (6 to 10 weeks). Successive or overlapping waves of
infection by different influenza A subtypes and influenza B
virus may cause prolonged influenza activity, such that the
overall epidemic influenza lasts 3 to 5 months within
countries (91). Influenza B viruses cause widespread epi-
demics every 3 to 4 years, but co-circulation of two or three
influenza viruses (H3, H1, and B lineages) may occur within
a single season. The isolation of an antigenically drifted virus
late in the spring months during a limited outbreak (herald
wave) may foreshadow an epidemic in the next season.

Community Impact
Seasonal influenza occurs globally with variable annual at-
tack rates higher in children (estimated 20 to 30%) than
adults (estimated 5 to 10%) (494, 500, 501). The overall
incidence of seasonal influenza is highest in school-age
children and adolescents and declines with increasing age,
such that attack rates are about four-fold lower in people over
age 60. School-age children play a central role in the dis-
semination of influenza in the community and spread virus to
their younger siblings and parents in the household. Most
secondary cases in households occur within 1 week of
symptom onset in the index case (57). Increased school ab-
senteeism is an early epidemiological marker of epidemic
influenza, and early school closings may blunt outbreaks and
even pandemic waves (93, 94). Epidemic attack rates of 60 to
75% have been described to occur in schoolchildren.
Worldwide in children < 5 years old, there were an estimated
90 million (95% CI: 49–162 million) new cases of seasonal
influenza and 20 million (95% CI: 13–32 million) cases of
influenza-associated acute lower respiratory infections during
2008 (95).

Epidemics are also marked by increases in visits to pri-
mary care physicians and emergency rooms for febrile re-
spiratory illness, workplace absenteeism, and subsequently
hospitalizations for pneumonia and underlying conditions.
Influenza is the single most common cause of medically at-
tended acute respiratory illness. Up to one-half of influenza
A(H3N2) subtype or B illnesses lead to physician contact.
Approximately 5 to 15% of teens or adults and 25% of
children < 5 years old seek medical care for acute respiratory
disease during epidemics (512). Influenza virus has been
associated with 15 to 25% of all respiratory illnesses seen by
physicians and up to 40% of those seen in patients over the
age of 15 years.

The impact of influenza varies considerably with age,
underlying medical comorbidities, and the epidemic strain
(96). In the United States, increases in pneumonia and in-
fluenza hospitalizations range from 16,000 to more than
220,000 per epidemic, less than one-half of which involve
adults 65 years of age or older. Admissions for exacerbations
of chronic respiratory diseases and cardiovascular disease,
particularly congestive heart failure, also increase. The peak
of hospitalizations lags about 1 week after the peak of in-
fluenza activity. Hospitalization rates for all influenza-related
complications are about 1 to 3 per 1,000 persons. During
15 years to the 2007–08 season, the estimated seasonal

influenza-related hospitalizations for respiratory and circu-
latory disease averaged 63.5/105 person-years but varied
about 3-fold across seasons and were highest among persons
aged ‡ 65 years (309/105) and those aged < 1 year (151/105)
in the United States (97). Among children, hospitalization
rates are highest in those < 6 months of age and decline
through 6 years of age. A(H3N2) subtype epidemics are
associated with two- to threefold increases in pneumonia
rates and two- to fivefold increases in hospitalization rates for
adults with high-risk medical conditions. Diabetic persons
experience increased hospitalizations and mortality due to
ketoacidosis and pneumonia during influenza epidemics.
However, most adults, but less than one-half of children,
requiring hospitalization for respiratory disease have a pre-
viously recognized underlying medical condition (98).
Contemporary strains of A(H3N2) subtype viruses typically
cause the highest hospitalization and mortality rates (Fig. 9).

Mortality
The overall case fatality of seasonal influenza is low, generally
0.01% or less, but epidemics are often associated with mor-
tality rates well in excess of those observed during compa-
rable time periods in the absence of influenza outbreaks. In
the United States annual influenza-associated mortality is
estimated to have ranged from 3,349 to 48,614 deaths (1.4 to
16.7/105 persons) between 1976–2007 (99) and from 4,915
to 27,174 during the 3 seasons from 2010–2013 (100).
Mortality rates are highest in infants, the elderly, and those
with underlying cardiopulmonary disease. Globally, during
2008, an estimated 28,000 to 111,500 deaths occurred in
children < 5 years of age, almost all of which occurred in
developing countries (95). For seasonal influenza, about 90%
of deaths in developed countries occur in those ‡ 65 years of
age, and the mortality rates in those over 65 years old are
more than 50-fold higher than in younger persons (72) and
are especially high in those aged 85 years and older.

Most seasonal influenza mortality is attributable to lower
respiratory complications or cardiovascular disease (503).
Pneumonia and influenza deaths account for only about one-
quarter of all excess deaths, but they serve as important
markers of influenza activity (Fig. 9). Up to two-thirds of the
excess deaths are related to cardiovascular disease. Excess
mortality due to pneumonia and influenza-related deaths in
the United States occurs particularly in association with A
(H3N2) subtype epidemics. Increases in mortality rates
generally lag several weeks behind the peak of influenza
activity and persist for approximately 6 weeks afterwards.

Influenza C
Influenza C virus infection is worldwide in distribution and
generally nonseasonal but may cause prolonged community
outbreaks (101, 102). Symptomatic infections usually occur
between 1 and 4 years of age, but influenza C virus usually
represents < 1% of viruses from children with respiratory
illness (101, 102). Most children ‡ 6 years and adults are
seropositive. Influenza C virus has been associated with
outbreaks in closed populations, including those in chil-
dren’s homes and the military.

Nosocomial Infections
Influenza A and, less often, B viruses are important causes of
nosocomial outbreaks involving hospital wards, intensive
care units, nursing homes, and other semi-closed populations
(53, 103). Because of the short incubation period of influenza
and its efficient transmission, rapid dissemination of virus
can lead to explosive outbreaks in such populations.
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Outbreaks are typically brief, lasting from 1 to 3 weeks.
Clinical attack rates among groups of institutionalized adults
range from 10 to 60%, with substantial ward-to-ward varia-
tion. Lower respiratory tract complications develop in one-
third or more of affected adults, and mortality rates range
widely (0 to 30%). Healthcare workers (HCWs) are often
involved during the course of both community and hospital
outbreaks of influenza. The incidence of influenza infection
among unvaccinated HCWs has been estimated at 16 to
22% per season (104). During outbreaks secondary HCW
infections are common (20 to 50% attack rates) and can lead
to absenteeism and disruption of services. Infected workers
can initiate or perpetuate outbreaks by transmitting infection
to susceptible patients, and healthcare-provider immuniza-
tion has been associated with reduced influenza-associated
illness and mortality in chronic-care facilities (105).

Nursing home residents are disproportionately impacted
by influenza because of higher frequencies of underlying
disease, decreased vaccine responsiveness, and greater like-
lihood of influenza exposure, due to residence in semi-closed
facilities, compared to elderly persons in the community.
Nursing home outbreaks are more likely in larger homes and
in those with lower immunization rates (106), although
outbreaks have occurred despite immunization rates ex-
ceeding 90% and sometimes out of season during the sum-
mer months. Nosocomial influenza should be considered in
hospitalized or nursing home patients with unexplained fe-
brile illness or respiratory deterioration, especially during
periods of influenza activity in the community or if multiple
cases occur.

Zoonotic Infections
Animal influenza viruses cause occasional zoonotic infec-
tions, but such events are usually associated with inefficient
human-to-human spread, although they create the condi-
tions for the potential emergence of an animal-human re-

assortant virus. Ongoing surveillance in animal populations
and their human contacts is essential to look for new vari-
ants that may pose threats and warrant the development of
candidate vaccines (107).

Swine Influenza Viruses
Swine-origin influenza A viruses that cause zoonotic in-
fections are now termed variant (v) influenza viruses and
include H1N1v, H1N2v, and H3N2v subtypes that have
caused illness in humans uncommonly cause zoonotic in-
fection. Human influenza viruses also transmit to swine and
may contribute to generating new variants (108). Trans-
mission of A(H1N1) subtype virus from swine has been
frequently implicated, including the Fort Dix outbreak in
1976 and sporadic fatal pneumonic disease, particularly in
pregnant or immunocompromised persons (81). Influenza
virus is readily detectable in the air and environment of live
animal markets and production facilities containing infected
swine, and swine workers and their close contacts have in-
creased risk of infection by such viruses (109, 110). During
the summer of 2012 H3N2v outbreaks across 10 U.S. states
caused 306 proven cases including 16 hospitalizations and 1
death; more than 90% of those infected were children and
reported agricultural fair attendance and/or contact with
swine, although some limited human-to-human transmis-
sion likely occurred (111). Of note, transmission of influenza
viruses to humans can occur from healthy-appearing swine.

A low prevalence of antibodies to influenza D virus has
been found in humans (112), but it is unclear whether such
viruses may cause disease in humans. Detection of a novel
A(H2N3) subtype virus in swine has not been associated
with recognized human infection (84).

Avian Influenza Viruses
Serologic evidence of infection by multiple subtypes of
avian viruses is present in Chinese agricultural workers, and

FIGURE 9 Pneumonia and influenza (P&I) deaths presented as a percentage of total deaths in the United States, 2011 to 2016. Total
deaths and those attributed to pneumonia and influenza deaths are reported weekly from 122 cities in the United States to the CDC. Excess
mortality above the epidemic threshold has been seen particularly in association with influenza A (H3N2) subtype activity. A(H3N2) viruses
predominated nationally during the 2012–13 and 2014–15 seasons, and there was a mismatch with the vaccine strain during the latter season.
However, during the 2013–14 season, A(H1N1)pdm09 viruses predominated and increased overall mortality, and higher rates of hospi-
talization among adults aged 50 to 64 years occurred. Figure reproduced with permission from the Influenza Division, US CDC.
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experimental human infection has developed after intrana-
sal exposure to H4, H6, and H10 subtype viruses (113).
Purulent conjunctivitis due to A(H7N7) subtype influenza
virus has followed exposure to infected seals or laboratory
materials (Table 3). In 2003, a large outbreak of highly
pathogenic avian influenza (HPAI) A(H7N7) virus in
poultry in Holland and Belgium was associated with many
human illnesses, principally conjunctivitis but also influen-
za-like illness and one fatal pneumonia in a veterinarian, as
well as evidence of human-to-human transmission (114).
Sporadic human infections by other H7 subtype viruses,
sometimes without apparent symptoms and detected sero-
logically, have been reported in multiple countries. Avian A
(H9N2) subtype viruses continue to circulate widely in
poultry populations in parts of Asia, Africa, and the Middle
East. While these viruses have caused few recognized human
infections (Table 3), they have been the source of key in-
ternal genes implicated in the emergence of other avian
viruses causing zoonotic infections including both A(H5N1)
and A(H7N9) viruses (115, 116). Of great concern have
been sporadic cases of avian influenza infections, particularly
major outbreaks of avian A(H5N1) and A(H7N9) viruses
(Table 3). Increased poultry infection-associated risk to
humans occurs during the winter months when seasonal
influenza viruses are circulating, thus creating the potential
for dual infections (117).

H5N1 Virus
In 1997, direct interspecies transmission of a highly patho-
genic avian influenza (HPAI) A(H5N1)-subtype virus led to
18 illnesses and six deaths in Hong Kong (Table 3) (118).
This experience established that avian influenza viruses
could cause human infections without adaptation in an in-
termediate host and despite differences in receptor speci-
ficity. The virus possessed a polybasic amino acid HA
cleavage site characteristic of HPAI viruses and was uniquely
lethal in animals without adaptation (119). The virulent A
(H5N1) subtype appeared to arise as a reassortant of avian
influenza viruses, likely including a goose A(H5N1) subtype
virus and possibly a quail A(H9N2) subtype virus, which
provided multiple internal genes. Subsequent reassortment
events and genetic changes led to further variants causing
fatalities in one family visiting Fujian Province in 2003, and
then major poultry outbreaks and associated human cases in
Thailand, Vietnam, and Cambodia starting in 2003 to 2004,
followed by spread across Asia to Europe, the Middle East,
and Africa (35). Poultry raising and trade practices, live-
poultry markets, duck abundance, and rice-cropping inten-
sity are contributory to the persistence of the virus, which is
currently entrenched in poultry populations of multiple
countries in Asia and Africa (notably China, Egypt, Indo-
nesia, parts of India and Bangladesh, the Greater Mekong
subregion, and, likely, parts of West Africa). Sporadic cases
continue to occur, and a major outbreak affecting 165 per-
sons, almost all with history of poultry contact, caused a 35%
case-fatality rate in Egypt during the winter months of 2014–
2015 (120). The HA gene has continued to evolve, with 10
first-order clades recognized in poultry, four of which (clades
0, 1, 2, and 7) have caused fatal human illness (121), and
multiple higher order ones (122).

The epizootic in birds has resulted in loss through illness
or culling of hundreds of millions of birds, predominantly
chickens and ducks, but has resulted in relatively few human
cases to date, despite numerous exposures (Table 3). Epi-
sodes of nonsustained person-to-person transmission to
household and healthcare contacts have been recognized

uncommonly; subclinical human infections have also been
uncommon to date (121). One explanation for the rare
event of a chicken-to-human transmission is that only large
amounts of virus lead to infection (and disease) in humans,
but the host factors that might contribute to susceptibility
are poorly understood. Of note, the combination of rela-
tively few substitutions in the HA, including change in HA
binding preference from a2,3-linked to a2,6-linked sialic
acid receptors, and in the polymerase complex, confer air-
borne transmissibility of A(H5N1) in ferrets, a model
thought by some investigators to be predictive of human
transmissibility (80, 123, 124). Some of the required changes
already exist commonly in field isolates (125). However, the
fact remains that the virus-host interactions leading to ef-
fective transmission of avian viruses in humans remain un-
determined.

Since early 2014, rapid spread of HPAI H5Nx reassortant
viruses, possessing the genetic clade 2.3.4.4 HA, has oc-
curred among wild and domestic birds leading to poultry
outbreaks in Asia, Europe, and, for the first time, in North
America (107). A HPAI A(H5N8) virus, first detected
in January 2014 in South Korea, spread within the year
to North America leading to emergence of reassortant
A(H5N2) and A(H5N1) viruses that caused loss of ap-
proximately 40 million chickens and turkeys in the United
States in 2015, although there were no recognized human
cases (126). These viruses are less virulent in mouse and
ferret models than an Asian lineage A(H5N1) virus and
are not transmitted by direct contact in ferrets (127). Out-
breaks of A(H5N1) and A(H5N2) viruses in poultry
have also occurred in European countries. Their spread may
have occurred through infections in wild birds and mi-
gratory bird dispersal, activities associated with poultry
production, and possibly, in some countries, by illegal
poultry transports.

H7N9 Virus
Avian A(H7N9) virus infection was first detected in fatal
human cases in March 2013 (115) and has subsequently
caused at least 770 cases in China, with a case fatality ex-
ceeding 30% in hospitalized (128). This novel virus arose
from sequential reassortments in domestic poultry involving
genes from A(H9N2) donor viruses, as well as from H7 and
N9 precursors from wild birds. Although composed of avian
influenza genes, the virus contains some markers of mam-
malian adaptation, including the ability of some isolates to be
transmitted by airborne route in ferrets (129, 130). Lacking a
polybasic amino acid cleavage site in HA, the virus does not
cause overt disease in infected birds, which makes recogni-
tion and control difficult. The virus is now widely endemic in
poultry markets in China. Most human cases have resulted
from exposure to live birds or live bird markets prior to onset
of disease, and large waves of human infections occurring
during the winter months have ceased in temporal associa-
tion with closures of live bird markets (131, 132). Family
clusters and several instances of nosocomial transmission to
unrelated healthcare workers have occurred (133–135). In
contrast to A(H5N1) and A(H1N1)pdm09 infections, older
males with comorbidities have been disproportionately af-
fected by severe A(H7N9) disease (136, 137). Many milder
infections have likely taken place (134), and subclinical
infections, specifically in poultry workers, have been de-
tected (138), although serologic studies indicate that most
persons in the community lack specific antibody and hence
are susceptible.
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PATHOGENESIS
Viral Replication
The initial site of infection is the respiratory tract mucosa
(12) and is mediated by HA binding to sialylated glycans on
epithelial cells. The a2,6-linked sialic acid receptors pre-
ferred by human viruses are present in both the upper and
lower respiratory tract, particularly tracheobronchial epi-
thelium and type 1 pneumocytes, whereas the a2,3-linked
receptors preferred by avian viruses are present in the distal
bronchioles, type 2 pneumocytes, and alveolar macrophages,
as well as conjunctival mucosa (139). These distribution
patterns may explain in part the high frequency of trache-
obronchitis in seasonal influenza, conjunctivitis in avian
A(H7) infections, and viral pneumonia but the relative pau-
city of upper respiratory manifestations in avian A(H5N1)
and A(H7N9) infections.

In experimentally infected volunteers, virus shedding
begins about 1 day before onset of illness, and titers in nasal
washings peak within several days at 104 to 107 50% tissue
culture-infectious doses (TCID50) per ml (140). In uncom-
plicated influenza A virus infections, viral RNA titers in
upper respiratory secretions are often detectable 1 to 2 days
before symptom onset, peak on the first 1 to 2 days of clinical
illness, and decrease gradually to undetectable levels by
day 6 to 7, generally matching the dynamics of clinical ill-
ness; influenza B virus RNA titers may be more sustained
(48). The duration of infectious virus detection in upper
respiratory secretions is generally 3 to 6 days during un-
complicated influenza in adults and older children. Viral
loads determined by molecular assays for viral RNA are
higher and more prolonged, generally by 2 to 3 days (141).
Fever and the severity of illness correlate temporally with the
quantity of virus detectable in respiratory secretions. Hospi-
talized adults may have detectable infectious virus or viral
RNA in upper respiratory samples for a week or longer after
illness onset; comorbidities and systemic corticosteroid use
are associated with slower viral clearance (142, 143). Naso-
pharyngeal infectious virus levels correlate with viral RNA
loads in hospitalized adults but decline more rapidly, and are
often negative, when RNA detectability persists (144).
Longer periods of shedding (1 to 3 weeks) are commonly seen
in infants and children, in critically ill patients, and in those
experiencing severe zoonotic infections (121, 141, 145–
148). In avian A(H5N1) and A(H7N9) disease, viral levels
are higher in lower respiratory than in upper respiratory tract
specimens and higher in the throat than in the nose. Pro-
longed virus shedding (weeks to months) has been described
to occur in patients with immunodeficiency, including ad-
vanced human immunodeficiency virus (HIV) disease (149,
150).

Recovery of infectious influenza virus from blood (vire-
mia) or extrapulmonary tissues has been documented rarely
in seasonal influenza. Virus has been recovered from the
heart, liver, spleen, kidneys, adrenals, muscles, and menin-
ges, and, in children with encephalopathy, viral RNA has
been detected sometimes in cerebrospinal fluid (CSF). De-
tection of viral RNA in blood (RNAemia), found in as
many as 10% of those hospitalized with A(H1N1)pdm09
illness, has been associated with more severe clinical pre-
sentation and higher mortality (136, 151). In HSCT-
transplant patients with influenza, the detection of viral
RNA in the blood is associated with disease progression and
mortality (152). Viral RNA positivity in stool may be asso-
ciated with gastrointestinal symptoms (153, 154). Viremia,
gastrointestinal infection, and extrapulmonary dissemina-

tion, sometimes including the central nervous system
(CNS), occur in some avian A(H5N1)-infected patients,
and detection of viral RNA in blood or feces is associated
with a worse prognosis (121, 147, 155).

Pathological Changes
In apparently uncomplicated influenza, bronchial histopa-
thology shows degeneration of respiratory epithelial cells
with loss of ciliated tufts and desquamation, pseudometa-
plastic changes of the epithelium, and edema, hyperemia,
and mononuclear cell infiltrates in the lamina propria (156,
504). In fatal influenza viral pneumonia, the gross patho-
logical findings include hemorrhagic, airless lungs and severe
tracheobronchitis (157). The pathological features include
necrotizing tracheobronchitis and bronchiolitis with loss of
ciliated epithelium, fibrin exudation, and inflammatory cell
infiltration; diffuse alveolar damage with hyaline membrane
formation and intra-alveolar and intrabronchiolar hemor-
rhage; and interstitial edema, hemorrhage, and mononuclear
cell infiltration (Fig. 10A-C) (156). Later changes include
lymphohistiocytic alveolitis, metaplastic epithelial regener-
ation, and sometimes extensive fibrosis (Fig. 10D). Influenza
virus antigens (Fig. 10C) or RNA have been demonstrated
in virtually all cell types of the respiratory tract, including
type 1 and 2 pneumocytes, and virus has been recovered
from pulmonary tissues as late as 3 weeks after illness onset in
fatal cases and sometimes later in those treated with corti-
costeroids (155). Similar pulmonary changes occur in severe
viral pneumonias caused by diverse influenza viruses, in-
cluding the 1918 pandemic virus, A(H1N1)pdm09, A
(H5N1), and A(H7N9) viruses (157–159). When bacterial
superinfection develops, lung pathology is dominated by an
influx of polymorphonuclear leukocytes (Fig. 10E).

Both direct cytopathic effects (CPE) and virally induced
apoptosis contribute to the pathological changes. Exuberant
local and systemic cytokine and chemokine responses (145,
148, 160) have been postulated to cause inflammation and
cellular infiltration in the lungs and other organs. In the
mouse lung, a subpopulation of lung epithelial cells, club
cells (formerly Clara cells), survive for weeks after infection
producing proinflammatory mediators, which initially con-
tribute to an antiviral response but, after prolonged activa-
tion, enhance immunopathology (161, 162). The severity of
pneumonitis relates to cell-mediated immune responses and
can be enhanced by transfer of certain types of T lympho-
cytes in murine models, but the extent to which such im-
munopathological host responses contribute to human
disease remains uncertain. Lymphocytopenia in lethal hu-
man influenza appears to be associated with a lung T lym-
phocytosis, although not necessarily increased cytokine
elaboration (163). Of note, nonneutralizing, cross-reacting
antibodies, that lead to immune complex formation and
complement deposition in the lung, are postulated to be a
major pathogenetic mechanism leading to severe pulmonary
disease, and, in contrast to seasonal influenza, extensive C4d
deposition in bronchioles has been demonstrated in fatal A
(H1N1)pdm09 and 1957 pandemic influenza cases (163).

Patients with fatal cases of influenza often show patho-
logical changes in other organs. Diffuse congestion and
generalized swelling of the brain and myocardial inflamma-
tion with edema, interstitial hemorrhage, myocyte necrosis,
and lymphocytic infiltration have been found in one-third
or more of autopsies. Pathologic evidence of acute myocar-
dial injury has been found in a majority of fatal influenza B
cases in children (164). The few autopsies of patients with
fatal A(H5N1) and A(H7N9) have also shown lymphocyte
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depletion, hemophagocytosis, hypoxic changes in liver and
kidney, and hepatitis, consistent with observed changes in
clinical laboratory values (157, 159).

Pathogenesis of Symptoms
Direct viral involvement of the upper and lower respiratory
tract accounts for much of the illness associated with influ-
enza, particularly the high frequencies of cough and tracheal
irritation, coryza, and sore throat. Even in apparently un-
complicated influenza, bronchoscopy shows tracheobron-
chial inflammation, and pulmonary function abnormalities
persist for weeks to months after infection (223, 224, 504).
Pulmonary function studies have detected restrictive and
obstructive ventilatory defects, abnormal gas exchange with

increased alveolar-arterial oxygen gradients, decreased car-
bon monoxide diffusing capacity, and airway hyperreactivity.

The cause of the marked constitutional symptoms during
influenza relates, in large measure, to elaboration of proin-
flammatory cytokines and chemokines. During experimental
human influenza, nasal lavage levels of IFN-a, IFN-g,
interleukin-6 (IL-6), tumor necrosis factor-a (TNF-a), IL-8,
IL-1b, IL-10, MCP-10, and MIP-1a and -1ß and blood levels
of IL-6 and TNF-a levels occur; early increases in nasal IFN-
a, IFN-g, and IL-6 correlate with viral titers and illness
measures (140). Interferon levels increase in respiratory se-
cretions and blood during uncomplicated human influenza.
Interferon concentrations peak about 1 day after the peak of
virus shedding and fall in temporal association with

FIGURE 10 Photomicrographs of lung tissue from patients dying with primary viral (A-D) or secondary bacterial (E) pneumonia
following influenza A(H1N1)pdm09 infection. Unless otherwise indicated, histologic sections were stained with hematoxylin and eosin.
(A) Diffuse alveolar damage and alveolar hemorrhage with erythrocytes and exudate filling alveoli; (B) extensive hyaline membrane
formation; (C) widespread influenza A nucleoprotein antigen staining by immunohistochemistry; (D) early regenerative phase with type II
pneumocyte hyperplasia and alveolar exudates; (E) polymorphonuclear leukocytes (PMNs) filling alveolar spaces in Streptococcus pyogenes
suprainfection. Photomicrographs kindly provided by Dr. Sherif Zaki, US Centers for Disease Control and Prevention, Atlanta, Georgia;
republished with permission from reference 158.
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decreases in viral replication. In uncomplicated influenza,
levels of IL-6, IFN-a, IFN-g, TNF-a, and IL-10 in the nose
and blood are increased early; IL-6 levels correlate with ill-
ness measures, and nasal IFN-g levels correlate with de-
creases in viral titers (165).

Hypercytokinemia occurs in patients hospitalized with
serious human influenza, in whom elevated plasma IL-6
levels correlate with prolonged hospitalization (166), and is
especially marked in A(H5N1) patients, in whom the
highest cytokine levels are found in those with fatal illness
(147). High plasma levels of IL-6, IL-8, CCL-2 (monocyte
chemoattractant protein-1), and soluble TNF receptor-1
occur in severe A(H1N1)pdm09 pneumonia and compli-
cated seasonal influenza and correlate with the extent and
progression of pneumonia (148, 160). In A(H7N9) influ-
enza virus infections, high plasma concentrations of IL-6,
IL-8, IL-10, and MIP-1b are also predictive of poor or fatal
outcome (137). Matched bronchoalveolar lavage (BAL)
samples show up to 1,000-fold greater cytokine/chemokine
levels relative to plasma, indicative of local elaboration in
the lung.

The mechanisms of cytokine induction are incompletely
defined, but the extent of viral replication is an important
variable. Upper respiratory tract viral loads in patients hos-
pitalized with either seasonal influenza or A(H5N1) infec-
tion correlate with plasma cytokine and chemokine levels
(147, 166). Viral virulence factors also play a role (see be-
low). For example, human isolates of A(H7N9) virus rep-
licate more efficiently in ex vivo cultures of human bronchus
and lung than A(H5N1), but A(H5N1) virus are more
potent inducers of pro-inflammatory cytokines than A
(H7N9) or A(H1N1)pdm09 viruses (167). Influenza HA
activates cellular transcription factor-NF-kB binding and
transactivation of target genes encoding certain cytokines,
cellular adhesion molecules, and other acute-phase proteins.
Viral NA can also stimulate TNF and IL-1 production by
monocytes and activate latent-transforming growth factor ß.
Virus-associated double-stranded RNA, interacting with
Toll-like receptors 3 and 7 and with the helicase retinoic
acid-inducible gene (RIG-I), appear to play an important
role in initiating acute-phase responses and inducing cyto-
kine elaboration during acute influenza (168).

Viral Pathogenicity
Virulence is a multigenic characteristic that does not relate to
a specific subtype and varies within subtype. Viral genetic
features that increase replication, especially in the distal air-
ways and lungs, inflammatory responses, or pathogenicity
contribute to disease severity. The H1N1 pandemic of 1918
was especially severe, likely related to the greater pneumo-
tropism of the virus, absence of effective herd immunity, and
the consequences of secondary bacterial infections (169).
Unlike seasonal viruses, the 1918 virus causes a lethal
pneumonia with sustained viral replication in experimentally
infected macaques and a dysregulated immune response
characterized by deficient interferon responses early and
prolonged proinflammatory responses (170). The polymerase
genes from the 1918 influenza virus are required for full
pathogenicity in animals (3, 4). Some influenza A viruses
like 1918 pandemic virus and A(H5N1) express full-length
PB1-F2 that contributes to cytotoxicity and inflammatory
responses in the lungs and airways, and one mutation in PB1-
F2 (Asp66Ser) is associated with increased viral replication
(171, 172).

Requirements for airborne transmissibility in ferrets ap-
pear to include HA acid stability, with lower pH needed for

HA cleavage activation, binding capacity to a-2,6 sialic acid
receptors, and efficient polymerase activity at 33°C, the
temperature of mammalian upper airways (173). The extent
of HA glycosylation status affects lung tropism, and viruses
possessing a poorly glycosylated HA, as well as the ability to
bind both a2,3-and a2,6-linked sialic acid-bearing receptors,
are able to penetrate deep into the lungs and increase the
risk of bacterial co-infections (174). Pathogenicity and cell
tropism of influenza viruses also relate in part to the HA
cleavability by particular host cell enzymes (33). Serine
proteases, presumably derived from host epithelial cells,
cleave the HA precursor molecule into HA1 and HA2 to
render human influenza viruses infectious. Protease activity
present in human nasal secretions, common house dust
mites, and proteases produced by some bacteria, including
Staphylococcus aureus, can enhance viral replication. Certain
bacterial enzymes like streptokinase can proteolytically ac-
tivate plasmin to cleave HA. Host range restriction, repli-
cation kinetics, and virulence are also influenced by multiple
other genes. Apoptosis appears to be an important mecha-
nism for inducing cell death by influenza viruses and is
mediated by several viral proteins, including PB1-F2, NA
and NS1 (8).

Influenza viruses have evolved multiple immune evasion
mechanisms. For example, the multifunctional NS1 protein
counteracts the double-stranded-RNA-activated protein
kinase and other antiviral responses induced by interferon,
limits the induction of IFN-ß, interacts with the cellular
protein nucleolin, and also interacts via its C terminus with
PDZ-binding proteins to modulate viral pathogenicity
(175). Viral NA may destroy sialic acid-dependent NK cell-
activating receptors on HA expressed on the surface of in-
fected cells, and block their clearance (176). The ability of
NA inhibitors to block this effect may provide an indirect
antiviral effect through NK elimination of infected cells.
HA glycosylation is one mechanism of humoral immune
evasion, but lectins in respiratory secretions bind to highly
glycosylated HA and thus may limit infection to the upper
respiratory tract (174). The unique virulence of A(H5N1)
viruses appears to be multifactorial, including high HA
cleavability, high replication competence related to its po-
lymerase complex (especially the PB2 protein for certain
strains), and ability to subvert host innate immune responses
(177, 178).

Bacterial Coinfections
Multiple viral, bacterial, and host factors contribute to the
increased risk and severity of bacterial respiratory tract in-
fections following influenza (174, 179, 180). Infection
damages the bronchial epithelium and disrupts mucociliary
clearance, promotes pharyngeal colonization by bacterial
pathogens by increasing adherence to epithelial cells, and
depresses the chemotaxis and bactericidal activity of alveolar
macrophages and polymorphonuclear leukocytes (PMNs)
(Table 5). Viral NA activity can expose cellular receptors
that enhance binding by pneumococci and meningococci
(174). Decreased bacterial clearance results from decreased
PMN chemotaxis, intracellular killing, and other functional
changes that have been linked to altered signal transduction
steps. Purified viral NP inhibits PMN chemotaxis and su-
peroxide production. The production of nitric oxide, which
exerts antiviral effects, is depressed in influenza virus-
infected macrophages.

Enhancement of adaptive immune responses designed to
establish antiviral immune memory suppress innate anti-
bacterial defenses (179). Type 1 IFN impairs macrophage
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and neutrophil responses, in part by inhibiting the IL-17
responses of gd T cells (181). IFN-g causes inhibition of
alveolar macrophage-mediated bacterial phagocytosis. In-
creased IL-10 production during recovery suppresses bacte-
rial clearance mechanisms.

The mechanisms involved may vary by bacterial patho-
gen; e.g., influenza suppression of NADPH oxidase reduces
S. aureus but not S. pneumoniae killing in neutrophils and
macrophages (182). Certain strains of S. aureus and other
bacteria secrete proteases that enhance the infectivity of
influenza viruses through HA cleavage and induce severe
viral-bacterial pneumonia in animals (183, 184).

Host Genetics
A hereditary predisposition to influenza-related death has
been postulated, particularly in association with the 1918
pandemic and with avian A(H5N1) infections, but mech-
anisms have not been elucidated (185). Genetic polymor-
phisms in IFITM3 (interferon-inducible transmembrane 3)
have been found to be associated with both severe A(H1N1)
pdm09 (186) and A(H7N9) infections (137). Other genetic
changes, including heterozygosity for the chemokine re-
ceptor 5 (CCR5) D32 allele (187), polymorphisms inCD55,
which encodes an important complement regulatory protein
(188), the C/C genotype in the surfactant protein B gene
(189), and certain HLA alleles affecting T cell functions
(190), may also be associated with severe A(H1N1)pdm09
disease. Autosomal recessive interferon regulatory factor 7
(IRF7) deficiency from two mutant alleles, leading to re-
duced type I and III interferon (IFN) responses, has been
reported in an otherwise healthy child with life-threatening
A(H1N1)pdm09 disease following primary infection (191).
Low mannose-binding lectin production may increase the
risk for invasive MRSA coinfection (192). Mutations in the
gene encoding carnitine palmitoyltransferase II (CPT2)
have been associated with influenza-related encephalopathy
in Asian children (193).

Immune Responses
Recovery from infection and protection against reinfection
are associated with specific host immune responses (194).
The observation that the 1977 A(H1N1) reemergence
rarely affected persons who had been infected with essen-
tially the same virus more than 20 years earlier indicates that
immunity to reinfection and illness caused by homotypic
virus is durable. Serologic evidence of reinfection by the
same, or closely related, strains is common, especially in
closed populations, but reinfections are usually subclinical in
adults. The first lifetime influenza A virus infection results
in immune memory for the subtype to which the strain
belongs, such that subsequent infections or immunizations
reinforce the antibody response to the first virus. This phe-
nomenon has been termed “original antigenic sin” (195).
Upon subsequent infections, persons may produce cross-
reacting antibodies to the subtype causing initial infection,
as well as strain-specific antibodies to previously encoun-
tered related viruses.

General
Nonspecific host factors may contribute to protection or
early response to influenza infection. Various lectins, in-
cluding mucins in nasal secretions, surfactant proteins, and
serum mannose-binding lectin, directly inhibit influenza
viruses through binding to their surface glycoproteins, as
well as by promoting uptake by phagocytic cells (196).

Neutrophil-derived a-defensins inhibit influenza virus rep-
lication in vitro, possibly by interfering with protein kinase C
activation (197). Neutrophils have antiviral effects in ani-
mal models, and neutropenic hosts are at increased risk of
severe influenza. The pattern of HA glycosylation influences
viral opsonization and complement-mediated lysis of in-
fected cells. Human BAL fluids also inhibit HA activity.

Nasal IFN levels peak early and correlate directly with
viral titers in uncomplicated influenza. Of note, deficient
IFN responses in macaques infected by the 1918 virus (170),
lack of detectable lung IFN in fatal pneumonia cases (198),
and low plasma IFN-a levels in severe A(H1N1)pdm09
infections (199) indicate the importance of endogenous IFN
responses. Type I IFNs cause Mx protein expression that
leads to species-specific cellular resistance to influenza virus
infection (168) and upregulation of multiple other antiviral
pathways (see Chapter 16). Whole-blood gene expression
microarrays indicate that influenza patients have attenua-
tion of NK and Tcell responses and that both interferon and
ubiquitination signaling are strongly decreased in patients
with severe outcomes, suggesting the protective roles of
these pathways in disease pathogenesis (200). Influenza virus
can infect and cause apoptosis and reduced responsiveness of
natural killer (NK) cells (511); marked reductions in natural
killer (NK) cells have been seen in severe A(H1N1)pdm09
cases (201). In murine models depletion of polymorphonu-
clear leukocytes is associated with increased influenza rep-
lication and worsened disease (202). Apoptosis-dependent
phagocytosis by macrophages of virus-infected cells may
contribute to elimination of virus.

Humoral Immunity
Following primary infection in children, serum hemagglu-
tination inhibition (HAI) and anti-NA antibodies develop
within 10 days and persist for years. The principal neutral-
izing antibody responses are strain-specific serum immuno-
globulin M (IgM) and IgG antibodies and nasal IgA
antibodies directed against HA. Virus-specific serum IgM,
IgG, and IgA antibodies are present in adults within the first
week after the onset of illness (203). Serum HAI titers
gradually decrease over the first 6 months but may be
boosted by infection with related viruses; IgA responses re-
main detectable for several months. Otherwise healthy
persons infected with avian A (H5N1) virus produce serum-
neutralizing antibody responses with kinetics similar to those
following primary infection in children with human influ-
enza A viruses.

Protection against infection and illness by the homolo-
gous virus correlates directly with levels of neutralizing IgA
in nasal secretions and of serum IgG-neutralizing or HAI
antibodies (194). Serum HAI antibody titers of 1:32 to 1:40
generally correlate with approximately 50% protection
against illness due to the homotypic strain in immunocom-
petent persons (204), but protective titers vary widely with
virus strain, age, and general immune status, and likely in-
tensity of virus exposure. In one household-based study an
HAI titer of 1:40 was associated with only 31% protection
and a microneutralization (MN) titer of 1:40 with 49%
protection against seasonal influenza A virus infection (57).

Antibodies in either serum or nasal secretions confer
resistance regardless of subclass if present in sufficient titer.
Heterosubtypic humoral immunity, as assessed by HAI titers,
provides no significant protection against infection. Non-
neutralizing antibodies, which increase phagocytosis of
opsonized viruses by Fc receptor-bearing cells, occur fol-
lowing primary infection and may contribute to viral
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clearance by macrophages. In addition, subtype-specific
antibodies, which mediate cell lysis by complement binding
or by antibody-dependent cellular cytotoxicity (ADCC),
develop after infection or immunization. Antibody to M2
protein is nonneutralizing but inhibits virus replication by
ADCC, complement-dependent cytotoxicity, interfering
with virus budding, and perhaps other mechanisms (14).
Antibody to neuraminidase is not known to neutralize virus
infectivity but prevents release of virus from infected cells
(205). If present in sufficient titers, anti-NA antibodies can
reduce influenza virus replication and prevent illness in
experimentally infected animals and humans (206).

Cell-Mediated Immunity
T-cell immunity plays an essential role in influenza immunity,
and infection elicits cell-mediated immune responses that are
detectable before the appearance of humoral ones (207).
Virus-specific lymphocyte blastogenic responses, T-lymphocyte
cellular cytotoxicity, and cutaneous delayed-type hypersen-
sitivity are detectable within 6 days after infection. These
responses, particularly cytotoxic T lymphocytes (CTLs), play
a role in termination of virus replication and recovery
from infection, as well as in modifying the risk of illness or
complications. Depressed mitogen-stimulated blastogenic
responses may occur early in illness and are accompanied by
cutaneous anergy. Lymphopenia with decreases in both
T- and B-cell counts with normal CD4/CD8 ratios occurs
early during acute infection. Decreased mitogenic responses
may persist for 4 weeks after infection. Tcell anergy has been
associated with severe A(H1N1)pdm09 illness during the
acute phase of infection (199).

Human CTLs are generally type specific but cross-
reactive for cells infected by different influenza A virus
subtypes (208). Influenza specific CD8+ Tcell responses are
directed primarily to the internal proteins (NP, M1, and
PB1), although the immunodominant epitopes differ among
individuals. CD8+ T-lymphocytes contribute to hetero-
subtypic immunity in influenza A and, for influenza B, show
cross-lineage reactivity (209, 506). CD4+ T cells can also
kill virally infected cells directly and recruit other immune
cells by producing cytokines; M1 and NP also appear to be
immunodominant targets of CD4+ T cells (210). In one
experimental study of seronegative volunteers, the presence
of influenza A virus-specific memory CD4+, but not CD8+,
T cells correlated with lower virus shedding and less illness
upon seasonal virus reinfection (211). However, during the
2009 pandemic, higher frequencies of preexisting IFN-g+
IL-2–T cells to conserved CD8 epitopes were found in in-
dividuals who developed less severe illness; CD45RA+
CCR7– late-effector T cells appeared to be the cellular im-
mune correlate of protection (212). Human CD8+ and
CD4+ CTLs recognize epitopes of animal influenza viruses
(213), and nonexposed healthy adults possess CTLs reactive
to A(H5N1) and A(H7N9) viruses that may provide some
degree of protection (214, 215). T-cell epitopes are under
selective pressure, and substitutions may allow escape from
immune recognition (505). Granzyme B elaboration in
virus-stimulated peripheral-blood mononuclear cell cultures
of CTL activity appears to be lower in immunized elderly
adults who develop influenza than those who do not (321).
The half-life of influenza CTL memory has been estimated
to be 4 years.

CLINICAL MANIFESTATIONS
Influenza causes illness in the majority of those with virus-
positive infection (216), but one-half or more of serologi-
cally proven infections in adults may be subclinical (217).
Infection results in a range of clinical syndromes, including
common cold, influenza-like illness (ILI), pharyngitis, tra-
cheobronchitis, pneumonia, and, in children, bronchiolitis
or croup. Other respiratory viruses cause ILI (218) and
similar syndromes (see Chapter 2). Influenza A and B viruses
cause similar illness manifestations and outcomes in ambu-
latory (219) and hospitalized patients (220). Awide range of
acute and sometimes later-onset complications are recog-
nized with such influenza (Table 6) (222), and particular
host groups are at higher risk of complications (Table 7)
(221).

TABLE 5 Factors Contributing to Bacterial Coinfections
with Influenzaa,b

Disruption of mechanical clearance mechanisms
Epithelial damage leading to loss of mucociliary clearance
Eustachian tube dysfunction
Loss of surfactant
Increased bacterial adherence and replication
Exposure of bacterial receptors (e.g., platelet activating factor
receptor, laminin, type I and IV collagen, others)

Viral NA exposure of receptors
Prolonged bacterial colonization and increased replication in the
nasopharynx

Favorable milieu for bacterial replication (e.g., serum, fibrinous
exudates, erythrocytes, dead cells in airways and alveoli)

Inefficient host clearance of bacteria
Viral depletion of alveolar macrophages
Impaired neutrophil and macrophage bacterial killing (see below)
Impaired NK cell recruitment and function
Downregulation of chemokines and inhibition of immune cell
recruitment

Anergy of bacterial sensing pattern recognition receptors (e.g., the
Toll-like receptors [TLRs])

Immune dysregulation with increased inflammatory and anti-
inflammatory responses

Type 1 IFN impairment of macrophage and neutrophil responses,
in part by inhibiting IL-17 responses of gd T cells

Type II IFN impairment of alveolar macrophage phagocytosis
Bacterial cytotoxins (e.g., pneumococcal pneumolysin. Panton-
Valentine leucocidin) increase tissue damage and inflammation

Synergy between influenza and bacteria in activating many of the
same cytokines, inflammatory cells, and pattern recognition
receptors

Increased interleukin-10 (IL-10) production.
Increased viral replication and reduced viral clearance
mechanisms

Bacterial enzymes that cause cleavage activation of viral HA (e.g.,
S. aureus)

Bacterial neuraminidases expose receptors, cleave sialic acids from
protective mucins, and possibly overcome inhibitory effects of
viral NA inhibitors (e.g., oseltamivir)

Bacterial interference with antiviral immunity
aIn vitro and animal model studies have shown that many factors contribute to

enhanced influenza viral-bacterial disease in acute otitis media and pneumonia
(174, 179, 180).

bAdapted from Hayden FG and de Jong MD. Table 24.2, page 378 in Chapter
24 in Textbook of Influenza, Second Edition, Wiley Blackwell; John Wiley & Sons,
Ltd., 2013 with permission.
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The incubation period of seasonal and pandemic influ-
enza averages about 2 days with a range of 1 to 5 days.
However, the average incubation period of avian influenza
infection is often several days longer and may extend up to
10 days, or, rarely, longer (115, 121).

Influenza Syndrome
Classic influenza presents abruptly with prominent systemic
symptoms, including fever, malaise, headache, and myalgia,
and with respiratory symptoms of cough and often sore throat
(222). In household-based studies the most common symp-
toms at influenza onset are cough, runny nose, and sore throat
with fever present in about 30% of cases (48). Fever may be
quite high and may be continuous or intermittent, especially
if antipyretics are used. Pharyngeal and conjunctival injec-
tion, minor cervical adenopathy, and clear nasal discharge are
common, but physical findings are generally nonspecific.
Fever and systemic complaints usually abate by 3 to 5 days in
adults, but respiratory complaints increase, with dry cough,
substernal burning, and nasal congestion. Slight neutrophilia
and lymphopenia occur early, followed by neutropenia. In-
fluenza is associated with elevations of acute-phase proteins,
serum amyloid A, and C-reactive protein, especially in hos-
pitalized elderly persons. Acute influenza impairs psycho-
motor performance and lengthens reaction times.

Recovery is often slow; cough and malaise commonly
persist for 2 to 4 weeks. Apparently uncomplicated influenza
is often associated with prolonged abnormalities in gas ex-
change and pulmonary mechanics indicative of small-airway
dysfunction (223, 224). These may contribute to the as-
thenia and decreased exercise tolerance reported by patients
during convalescence. The frequency and severity of clini-
cally apparent influenza are greater in smokers (225–227).
Allergic patients also experience increased severity of acute
symptoms, bronchospastic exacerbations, and prolonged
convalescence. Premorbid psychological status correlates
with prolonged convalescence. Obesity (body mass indices
[BMI] ‡ 30 kg/m2) and especially morbid obesity
(BMI ‡ 40), recognized initially as risk factors for severe
influenza during the 2009 pandemic (226, 228, 229), are
also associated with increased respiratory hospitalizations

TABLE 6 Influenza-associated complicationsa

Upper Respiratory Tract
Acute otitis media, sinusitis
Lower Respiratory Tract
Acute bronchitis
Exacerbations of asthma, chronic bronchitis, cystic fibrosis, or
other chronic obstructive airways disease

Acute bronchiolitis, obliterative bronchiolitis in children
Laryngotracheobronchitis (croup) in children
Viral pneumonia, acute respiratory distress syndrome (ARDS)
Bacterial pneumonia, empyema, lung abscess, aspergillosis
Bacterial tracheitis
Pneumothorax, pneumomediastinum
Pulmonary fibrosis, bronchiolitis obliterans organizing
pneumonia (BOOP)

Central Nervous System
Febrile seizures (children)
Encephalopathy,b delirium, acute psychosis, mutism
Acute hemorrhagic leukoencephalopathy
Meningoencephalitis; transverse myelitis; cerebellitis
Hemiballismus; Alice in Wonderland syndrome
Immune-mediated postinfectious encephalitis
Guillian-Barré syndrome; polyneuropathy
Bacterial meningitis, brain abscess
Transient ischemic attack, stroke, vasculitis
Reye’s syndrome
Narcolepsy (uncertain)
Parkinson’s disease (uncertain)

Cardiovascular
Electrocardiographic abnormalities
Exacerbation of congestive heart failure
Myocardial infarction, acute ischemia
Atrio-ventricular block; arrhythmias; sudden death
Myocarditis, pericarditis
Fulminant heart failure
Cardiac tamponade

Musculoskeletal
Myositis, compartment syndrome
Rhabdomyolysis, myoglobinuria
Rectus abdominis muscle tear

Hematologic
Disseminated intravascular coagulopathy (DIC)
Hemophagocytic syndrome, thrombotic thrombocytopenic
purpura

Hypogamnmaglobulinemia, aplastic anemia (uncertain)

Renal
Renal failure frommyoglobinuria, DIC, hemolytic uremic syndrome
Exacerbation of nephrotic syndrome
Glomerulonephritis (uncertain)

Gastrointestinal
Reye’s syndrome
Parotitis

(Continued)

TABLE 6 Influenza-associated complicationsa (Continued )
Gastritis, duodenitis, hematemesis, bowel ulceration
Transaminase elevations
Maternal/fetal
Low birth weight
Fetal distress, spontaneous abortion, stillbirth
Preterm labor, premature delivery
Systemic/Other
Hypotension, sepsis syndrome
Toxic shock syndrome from secondary staphylococcal or

streptococcal infection
Poor diabetes control, adrenal hemorrhage
Alopecia areata
Transplant organ rejection
Conjunctivitis, retinitis, choroiditis (uncertain) optic neuritis

aAdapted fromHayden FG and de JongM, Chapter 24 inWebster RG, Monto
AS, Braciale TJ, and Lamb RA (Eds), Textbook of Influenza, Second Edition, 2013,
John Wiley and Sons, Ltd., p 374, with permission. Also see refernce 222.

bDescribed syndromes include acute necrotizing encephalopathy (ANE),
acute encephalopathy with biphasic seizures and late reduced diffusion (AESD),
clinically mild encephalitis/encephalopathy with a reversible splenial lesion
(MERS), posterior reversible encephalopathy syndrome (PRES) (276).
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during seasonal influenza (230). Increased influenza-asso-
ciated pneumonia risk is reported in markedly underweight
(BMI < 18.5) persons (231). Severity also relates to virus
type; A(H3N2) subtype infections have been associated with
higher frequencies of lower respiratory symptoms, pulmonary
function changes, physician visits, and hospitalizations than
seasonal A(H1N1) subtype infections.

Influenza C virus has been associated with 3.5% of com-
mon colds in adults (232) and may cause febrile bronchitis
and influenza-like illnesses, as well as a range of syndromes,
including febrile coryza, bronchiolitis, and pneumonia, in
children (102). Rhinorrhea and cough are the most com-
monly recognized symptoms and may last several weeks.

The diagnosis of influenza is often based on clinical and
epidemiological grounds in the context of a known outbreak.
In adults presenting with recent-onset fever and cough dur-
ing community outbreaks, a suspected influenza diagnosis
has been confirmed virologically in up to 80% (233, 234).
The absence of fever, cough, or nasal congestion decreases
the likelihood of influenza. However, clinical diagnosis often
lacks accuracy, especially in children below the age of 5 years
or when influenza prevalence is low, since the acute respi-
ratory symptoms of influenza mimic those of other viral in-
fections, including those due to respiratory syncytial virus,
parainfluenza virus, and adenoviruses. Many influenza virus-
positive patients, including those with high-risk conditions
or requiring hospitalization, lack typical influenza-like illness
and do not receive a clinical diagnosis of influenza (235).

Fever may be the only initial manifestation in nosocomial
influenza.

Specific Populations

Infants and Children
Influenza virus infection occurs in about one-third of infants
during the first year of life and is associated with increased
severity because of their lack of immunity and their small-
caliber airways. Maternally derived antibodies provide some
protection in infants, although influenza hospitalization
rates are highest in children younger than 6 months and
progressively decrease thereafter (236). Approximately 40%
of initial infections in young children are subclinical or cause
afebrile upper respiratory tract illness (512). About 90% of
symptomatic patients have fever, cough, and rhinitis, up to
40% have emesis or diarrhea, and 25% or more have otitis
media or lower respiratory tract disease (98). Pneumonia
develops in 5 to 15% of young children. Underlying condi-
tions, like bronchopulmonary dysplasia and congenital heart
or neurologic disease, are present in a minority. In adoles-
cents, otitis media, usually resolving without antibiotics, and
pneumonia complicate about 5% of cases. More than 1% of
infections in the pediatric population result in hospitaliza-
tion (236). Influenza A and B virus infections have been
associated with 68% and 36%, respectively, of croup admis-
sions and 36% and 11%, respectively, of all pediatric hos-
pitalizations for respiratory illness during epidemic periods.

Influenza is underrecognized in infants and young children
(98). Unexplained fever or suspected sepsis, bronchiolitis,
croup, vomiting, diarrhea, and neurologic manifestations,
including apnea, seizures in up to 36%, and meningitis-
like presentations, lead to hospitalization. Abdominal pain
can mimic acute appendicitis. Myositis, usually manifested
as calf tenderness and pain impeding ambulation for hours
to several days, occurs in about 20% of influenza B virus-
infected children. Myositis and gastrointestinal symptoms are
associated more frequently with influenza B than with in-
fluenza A virus infections. A range of acute CNS syndromes
have been described in influenza-infected children (Table 6)
(see below). Abnormal transaminases without the hyper-
ammonemia or hypoglycemia typical of Reye’s syndrome may
occur. The incidence of Reye’s syndrome in children with
influenza, estimated to be less than 1 case per 105, has
markedly decreased in temporal association with the reduced
use of salicylates (237).

Pregnancy
Approximately 5 to 10% of pregnant women have serologic
evidence of influenza virus infection. Excess mortality during
pregnancy, primarily due to overwhelming pulmonary disease,
has been well-documented during pandemics and sporadi-
cally during epidemics (238). In the 2009 and past pandemics
as many as 10% of influenza deaths have been among preg-
nant women, as well as increases in hospitalization and ICU
admissions (239, 240). Increased risks of complications and
hospitalization (two- to fourfold) occur with increasing stage
of pregnancy in women with seasonal influenza, especially in
those with comorbidity (241). The second and especially
third trimester of pregnancy or early puerperium appear to be
periods of increased risk for severe disease and viral pneu-
monia. Maternal infection has also been associated with
preterm delivery and perinatal mortality, primarily because of
an increased rate of stillbirths, fetal distress, and emergency
cesarean delivery, which were reported frequently during the
2009 pandemic (240, 242). Progressive cardiopulmonary
changes during pregnancy including elevation of the

TABLE 7 Groups at increased risk of serious influenza
complicationsa

� Persons aged 65 years and older
� Children younger than 2 years of ageb

� Persons with chronic pulmonary (including asthma and likely
chronic cigarette smokers), cardiovascular (except hypertension
alone), renal, hepatic, hematological (including sickle cell
disease), metabolic disorders (including diabetes mellitus)

� Persons with neurologic and neurodevelopment conditions
(including disorders of the brain, spinal cord, peripheral nerve,
and muscle such as cerebral palsy, epilepsy [seizure disorders],
stroke, intellectual disability [mental retardation], moderate to
severe developmental delay, muscular dystrophy, or spinal cord
injury)

� Persons with immunosuppression, including that caused by
medications or by HIV infection

� Women who are pregnant or postpartum (within 2 weeks after
delivery)

� Persons aged < 19 years who are receiving long-term aspirin
therapy (due to risk of Reye’s syndrome)

� American Indians/Alaska Natives, other indigenous groups
� Persons who are morbidly obese (i.e., body-mass index [BMI]

‡ 40)c

� Residents of nursing homes and other chronic care facilities
� Those infected by zoonotic influenza viruses (e.g., avian H5N1 or

H7N9)
� Those with genetic predisposition (e.g., IFITM3 polymorphisms)

aAdapted from Antiviral Agents for the Treatment and Chemoprophylaxis of In-
fluenza: Recommendations of the Advisory Committee on Immunization Practices
(ACIP), 2011 (221) with permission.

bAll children aged < 5 years are considered at higher risk for complications
from influenza, but the highest risk is for those aged < 2 years; the highest hos-
pitalization and death rates occur among infants aged < 6 months.

cIncreased risk of complications has been reported at lower BMI ( > 30) in
some studies (227–230).
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diaphragm, increased respiratory rate, increased intra-
abdominal pressure, and decreased chest compliance may
increase the risk of respiratory compromise and possibly pul-
monary edema (243). Immunologic changes including in-
creased expression of some proinflammatory cytokines,
suppression of IFN-g, and relative immunosuppression re-
lated to fetal tolerance likely contribute to the increased risk
of severe disease, particularly during the third trimester (243).

First trimester influenza may be associated with congenital
anomalies including neural tube defects that have been re-
lated to maternal hyperthermia (244). Influenza during
pregnancy has been linked to an increased risk of bipolar
disorder in offspring (245). Reported associations with an
increased risk of childhood leukemia, schizophrenia (1957
pandemic), or Parkinson’s disease remain to be proven (238).
Transplacental spread of virus has been documented rarely. A
(H5N1) disease is associated with high mortality rates, fetal
loss, and transplacental dissemination of virus (121, 155).

Elderly
Viral replication and duration of illness may be more pro-
longed in older adults, especially the frail elderly, and the risks
of acute complications and long-term reduction in functional
status are increased (246). Elderly patients with influenza
may not complain of typical systemic symptoms. Lassitude,
lethargy, confusion, anorexia, decreased activity level, cough,
and low-grade fever may be the primary findings (222).
Presentation with complications, such as bacterial pneumo-
nia or exacerbations of underlying conditions, also occurs.
The elderly may experience myalgia or muscle weakness
profound enough to impair ambulation in association with
high creatine phosphokinase (CPK) levels (247). In murine
models influenza leads to mobility impairments with greater
and more prolonged induction of inflammation, atrophy, and
proteolysis genes in aged compared to young animals, al-
though without direct evidence of muscle infection (248).

Immunocompromised Hosts
Although not at increased risk of infection, HIV-infected
persons and other immunocompromised hosts may have
more severe and prolonged illness; viral shedding for months
has been observed in those with advanced immunodeficiency
(150). An increased frequency of cardiopulmonary compli-
cations and hospitalizations occurs in HIV-infected persons,
and persons with AIDS experience excess pneumonia and
influenza-related mortality during epidemics (249, 250). In-
fluenza in HIV-infected children has been associated with an
eightfold-increased risk of hospitalization for lower respira-
tory illness. In South Africa HIV-positive adults, 5 to 64
years of age, have been estimated to account for 28% of
seasonal influenza mortality (251), and increased mortality
has occurred in HIV-infected pregnant women during both
seasonal influenza and the 2009 pandemic (252).

Influenza virus infections in cancer patients have been
associated with variable prolongation of clinical course, in-
creased hospitalizations, and interruption of chemotherapy.
Acute-leukemia patients with chemotherapy-induced neu-
tropenia are at high risk of pneumonia and death following
influenza. Chronically immunosuppressed solid organ trans-
plant (SOT) and hematopoietic stem cell transplant (HSCT)
patients are at increased risk for influenza complications,
prolonged virus replication, and emergence of antiviral drug-
resistant variants. (253, 254). They may present with few
symptoms initially but subsequently progress. Most solid or-
gan transplant patients have self-limited infections, but fever
may be prolonged and hospitalization frequent. Infection in

transplant patients has been linked with rejection, graft loss,
and possibly hemolytic-uremic syndrome. Up to 50% of
HSCT recipients develop lower respiratory tract disease, and
up to 20% die without antiviral therapy, with the highest risk
occurring during the period of aplasia.

Complications
Influenza complications are common and may be manifested
in the upper (otitis media and sinusitis) or lower (bronchitis,
croup, and pneumonia) respiratory tract, as exacerbations of
preexisting chronic diseases (e.g., asthma, chronic obstructive
pulmonary disease, cystic fibrosis, diabetes mellitus, and
congestive heart failure) or, less often, in extra-pulmonary
sites or systemically (222, 255) (Table 6). The most common
complications are bronchitis in adults, which occurs in as
many as 20% of patients seeking care, and otitis media
in children. Influenza is linked to approximately 10% of
community-acquired pneumonias in adults, and about 30%
of adults hospitalized with seasonal influenza have radio-
graphic evidence of pneumonia (256, 257). A wide range of
bacterial co-infections has been reported in hospitalized in-
fluenza patients (2–65%) depending on age, co-morbidities,
prior antibiotic receipt, and illness severity (513). In patients
with reactive-airway or chronic obstructive pulmonary dis-
ease, influenza is an important cause of exacerbations, and
most illnesses are associated with spirometric deteriorations,
usually lasting less than 3 months. Exacerbations of asthma,
with FEV1 (forced expiratory volume in 1 second) decreases
lasting 2 to 9 days, occur in most cases of clinically apparent
influenza. In patients with cystic fibrosis, influenza virus in-
fections are associated with increased hospitalizations and
disease progression, including decreases in spirometry.

Viral Pneumonia
Influenza A, and less often influenza B, virus can cause severe
primary viral pneumonia in those with underlying conditions
and in previously healthy persons (256). Approximately 15
to 20% of young adults with influenza developed pneumonia
in 1918, with associated fatality rates of 30% or higher;
bacterial pathogens were detected from the lungs or blood in
most fatal cases (169). During the 1957 pandemic, approx-
imately 30% of fatal cases had influenza viral pneumonitis
and/or tracheobronchitis without coexistent bacterial infec-
tion (258). Rapidly progressive viral pneumonia leading to
acute lung injury and often refractory hypoxemia has been
well-documented following A(H1N1)pdm09 infection
(239). Mild forms of viral pneumonia with patchy radio-
graphic infiltrates are more common, particularly in children,
than severe primary influenza viral pneumonia. The latter
occurs in 2 to 18% of adults hospitalized with pneumonia
during epidemic periods. More than 90% of cases have been
linked to influenza A virus infection, and most recognized
cases occur in those over the age of 40 years. Various risk
factors, including underlying cardiopulmonary disease, rheu-
matic heart disease (particularly mitral stenosis), malignancy,
organ transplantation, corticosteroid or cytotoxic therapy,
pregnancy, and possibly HIV infection, have been identified.

Patients present with a preceding influenza syndrome,
followed by increasing cough, tachypnea, and dyspnea. The
interval from onset of illness to disabling pulmonary symp-
toms is variable (< 1 to 20 days), but most patients deterio-
rate within 1 to 4 days. Sputum production occurs in about
one-half, and hemoptysis occurs in about one-third. Sputum
Gram smear may show abundant PMNs without significant
numbers of bacteria. The illness progresses over 1 to 4 days to
cause severe respiratory failure, associated acute respiratory
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distress syndrome (ARDS), and often multiorgan failure.
Chest radiographs are nonspecific but typically show bilat-
eral, diffuse mid-lung and lower-lung infiltrates (Fig. 11).
Computed tomography is more sensitive than chest radiog-
raphy at detecting parenchymal changes, which are often
peripheral in location, and may show a wide spectrum of
abnormalities including airway thickening and dilatation,
peribronchial ground glass opacities, bilateral consolidation,
centrilobular nodules, and tree-in-bud opacities (Fig. 12)
(259, 260). The course may be protracted, but clinical and
radiographic improvement usually occurs within 2 to 3 weeks
in survivors. Presentation as Goodpasture’s syndrome or a
syndrome mimicking pulmonary embolism has been de-
scribed. Bronchiolitis obliterans with organizing pneumonia,
pulmonary fibrosis, and chronic functional impairment may
develop in survivors.

Progressive pneumonia with development of ARDS and
often multiorgan failure occur in the majority of hospital-
ized patients with avian A(H5N1) and A(H7N9) disease
(Table 3) (115, 121). Similar patterns of leukopenia, lym-
phopenia, thrombocytopenia, and elevated aminotransfer-
ases, creatine phosphokinase (CPK), and LDH are seen in
such patients (135). The median times from illness onset to
presentation for care and to death are about 4 and 9 days in
A(H5N1), illness, respectively.

Secondary Pneumonia
Secondary bacterial pneumonias account for about 25% of
influenza-associated deaths in interpandemic periods and
were found in about 70% of patients with life-threatening
pneumonia during the 1957 and 1968 pandemics (258, 261,
262). Reappearance of fever, increased respiratory symptoms,
or cough productive of purulent sputum suggests the possi-
bility of superimposed bacterial infection (262), but presen-
tation with bacterial or mixed viral-bacterial pneumonia
without a biphasic illness also occurs. The most common
bacterial pathogen complicating influenza is Streptococcus
pneumoniae, but S. aureus accounts for 12 to 25% or more of
secondary bacterial infections, and Haemophilus influenzae is
common (262). Group A beta-hemolytic streptococci, gram-
negative bacilli, and Neisseria meningitidis infections are also
seen. Severe pneumococcal pneumonia including empy-
ema and lung abscess has been associated with influenza in
previously healthy children. During the 1957 pandemic,
S. aureus superinfection was the most common cause of fatal
respiratory tract disease related to influenza and was associ-
ated with mortality rates of 28 to 48% irrespective of age or
prior disease. Severe and often fatal cases of community-
acquired, methicillin-resistant S. aureus pneumonia associ-
ated with influenza are being increasingly seen in both
children and adults. Fungal infections, particularlyAspergillus
infections, have been rarely reported in association with
cutaneous anergy, lymphocytopenia, and sometimes systemic
corticosteroid use. No clear association between preceding
influenza and the occurrence of Mycoplasma pneumoniae or
Legionella infections has been found (509). Specific tran-
scriptomic signatures may prove useful in distinguishing in-
fluenza from bacterial pneumonia (263, 264). Blood
procalcitonin measurement appears helpful in detecting
mixed influenza-bacterial infections, in that low levels sug-
gest that bacterial coinfection is unlikely (265).

Extrapulmonary Complications
Other recognized but rare (< 1% of cases) complications in-
clude a range of CNS syndromes (encephalitis or encepha-
lopathy, meningitis, transverse myelitis, and polyneuritis),

acute parotitis, myocarditis and pericarditis, acute myositis,
rhabdomyolysis with myoglobinuria, and acute renal fail-
ure, disseminated intravascular coagulopathy, arthritis, and
Stevens-Johnson syndrome (Table 6) (222). CPK elevations
may be as high as 10,000 IU/ml in influenza-associated
rhabdomyolysis, which very rarely causes compartment syn-
dromes. Transient subclinical electrocardiogram changes
without associated cardiac enzyme elevations or echocardio-
graphic abnormalities, lasting usually 2 weeks or less, occur in
as many as one-quarter of adults with apparently uncompli-
cated influenza (266).While direct myocardial injury is rare in
ambulatory adults (267), influenza is associated with increased
risk of acute coronary and cerebrovascular events (268–270,
503). Severe cardiac involvement, rarely associated with re-
covery of virus from the myocardium or blood, has manifested
as acute heart failure, pericardial tamponade or effusion, and
fatal arrhythmia (271). Hepatic decompensation may occur in
those with preexisting liver disease.

Acute CNS manifestations include seizures, coma with-
out focal signs, delirium, behavioral disturbance, cerebellar
signs, and increased intracranial pressure (272, 273). These
events are more common in children but also occur in adults
(274); both influenza A and B viruses have been implicated
(275). Acute influenza encephalopathy in children is typi-
cally manifested by fever, seizures, altered mental status, and
often rapidly progressive coma, usually within 5 days of illness
onset. Multiple syndromes have been described (Table 6)
(276), and less common findings include thalamic necrosis,
increased CSF protein or pleocytosis, and presence of viral
RNA in the CSF. Full recovery is usual in milder cases but
necrotizing encephalopathy is associated with mortality
> 25% (276). Virus has rarely been isolated antemorten from
the CSF or brain, although CNS dissemination has been
documented in A(H5N1) disease (145).

Postinfluenzal encephalitis begins 1 to 3 weeks after the
illness and is ascribed to an autoimmune process with de-
myelination and vasculopathy. Patients develop fever and
decreased consciousness or coma in association with lym-
phocytic pleocytosis and diffuse slowing on electroenceph-
alograms. Encephalopathic symptoms usually resolve in 2 to
25 days. Influenza may uncommonly trigger Guillain-Barré
syndrome (GBS) (277) and possibly narcolepsy (278). Pos-
sible linkage of influenza to delayed-onset encephalitis
lethargica and postencephalitic parkinsonism remains to be
proven (279–281).

Toxic shock syndrome may follow within 1 week of onset
of influenza and has been linked to either respiratory tract
colonization or infections, including sinusitis, pneumonia, or
enterocolitis, with toxigenic S. aureus strains or group A
streptococci (507). Influenza outbreaks are associated with
an increased risk of invasive meningococcal disease (282),
possibly related to virus-induced mucosal damage or immu-
nosuppression. Cases usually occur within 2 weeks following
influenza. Both influenza A and B virus infections have been
associated with theophylline toxicity related to decreased
clearance.

Thogoto and DhorI Viruses
The small number of recognized human infections have
been associated with meningitis, encephalitis, or systemic
febrile illness, including rash, thrombocytopenia, leukope-
nia, and multiorgan failure (9).

LABORATORY DIAGNOSIS
Influenza diagnostic testing is possible with a wide variety
of laboratory assays (42, 283) (see Chapter 15). Testing is
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generally indicated if the findings would result in a change in
clinical management or have public health implications.
Consequently, testing is clearly warranted in seriously ill or
hospitalized patients, investigation of unexplained illness
clusters and nosocomial outbreaks, and in patients with
possible zoonotic infection by novel strains (e.g., history of
exposure to swine, poultry, or markets or travel to areas with
enzootic influenza). Under such circumstances molecular
detection methods are preferred because of their greater
sensitivity. However, single negative RT-PCR results do not
exclude influenza, and, for critically ill patients with sus-
pected influenza, testing additional respiratory specimens
from multiple sites, especially lower respiratory tract ones, is
important.

Specimen Collection and Transport
Detection of influenza in clinical specimens depends on
sample type and quality, duration of illness, patient age, and
influenza virus strain. Influenza viruses can be readily iso-
lated early in illness from various respiratory specimens, in-
cluding nasopharyngeal swabs, nasal aspirates or washes,
sputum, and tracheal aspirates. Throat swabs or washings
contain lower virus concentrations and are usually less
sensitive than nasal samples, except in sporadic A(H5N1)
disease, in which the converse holds (147). Nasopharyngeal
swabs or combined nose and throat swabs are reasonable
specimens for upper respiratory tract sampling in uncom-
plicated illness, but lower respiratory ones (i.e., tracheal as-
pirates, bronchial washings) are advisable for seriously ill
patients with lower respiratory disease. One recent study
reported that upper respiratory tract samples were negative
in 43% of critically ill influenza patients positive for virus in
the lower respiratory tract (284). Upper respiratory speci-
mens should be collected as soon as possible, preferably less
than 3 to 4 days after illness onset. A swab with a wood shaft
should not be used for respiratory specimen collection be-
cause it may interfere with molecular assays.

Samples for molecular testing can tolerate a broader
range of transport conditions. Because freezing, especially in
standard - 20ºC freezers, of specimens may cause greater loss
of infectivity than short-term storage at 4ºC, refrigerated
samples should be transported for processing within 1 to 4
days for virus isolation. Freezing at or below - 70ºC more
effectively preserves infectivity.

Virus Isolation
Embryonated hen’s eggs are a practical isolation system but
may be less sensitive than cell culture for many contemporary
human influenza viruses (42, 285). Primary rhesus or cyno-
molgus monkey kidney cell cultures are sensitive for most
strains. Several continuous epithelial cell lines, particularly
MDCK and the rhesus monkey kidney-derived LLC-MK2,
are useful for primary isolation in conjunction with incor-
poration of trypsin into serum-free medium to effect pro-
teolytic activation of HA. Because of its relative temperature
stability, 1-tosylamide-3-phenylethylchloromethyl ketone-
treated trypsin (TPCK trypsin) is recommended. MDCK
cells are comparable in sensitivity to primary rhesus monkey
kidney cells for most influenza virus strains. MDCK cells that
are stably transfected to overexpress a2,6-linked sialic acid
receptors appear to be useful for both in vitro susceptibility
testing and isolation of virus from clinical specimens (286).
Other cell types (e.g., Vero, mink lung, and MRC-5 human
embryonic lung cells) will support primary isolation if trypsin
is used. Isolation may be facilitated by incubation at 33ºC,
rolling cell culture tubes, and centrifugation of the sample

onto cell monolayers. Laboratory cross-contamination
sometimes causes false-positive isolation results.

The CPE, particularly of influenza A viruses, is nonspe-
cific and may be absent or difficult to detect. More than 50%
of cultures show CPE within 3 days of inoculation, and more
than 90% show CPE within 5 days. Virus replication is
usually detected in cell culture by hemadsorption with
guinea pig, turkey, or chicken erythrocytes, with detection
performed at fixed times after inoculation or when CPE is
noted. Because of changes in receptor specificity since 1993,
use of chicken erythrocytes is not advised for detection of
human strains. Blind hemadsorption of monolayers is posi-
tive in more than 85% of samples at 2 days, and nearly 100%
of samples at 3 days, after inoculation. For detection of avian
influenza viruses or HAI antibody testing, avian or horse
erythrocytes are used, since these predominantly express
a2,3-linked sialic acid receptors.

Identification of isolates can be done by HAI testing
using antisera to current strains and appropriate types of
erythrocytes or by immunofluorescence (IF) or enzyme im-
munoassays (EIAs) using type- or subtype-specific antisera.
Nucleic acid amplification tests with selected primers and
probes or sequence analysis of HA and NA genes provide

FIGURE 11 Sequential chest radiographs from a 30-year-old
nonimmunocompromised female with acute influenza A virus
pneumonia. (A) Her symptoms began 1 day before first radiograph,
which shows right middle and bilateral lower lobe infiltrates. Her
respiratory status deteriorated rapidly, and she required mechanical
ventilation but survived. (B) The second radiograph, taken ap-
proximately 24 hours after admission, shows diffuse infiltrates.
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rapid typing. Rapid detection of influenza virus antigen can
also be accomplished by EIA or IF testing of monolayers.

Centrifugation of samples onto MDCK monolayers in
shell vials or plates combined with antigen detection has a
sensitivity of about 80% (range, 56 to 100%) at 1 or 2 days.
Shell vial monolayers of mink lung or rhesus monkey kidney
cells may provide greater sensitivity. A commercial mixture
of mink lung and A549 cells (R-Mix) in shell vials is useful
for detection of influenza and other respiratory viruses.

Primary isolation of influenza C virus has been accom-
plished in embryonated hen’s eggs and a human malignant
melanoma cell line (HMV-II) or sometimes MDCK cells, in
which hemadsorption is positive with chicken, but not
guinea pig, erythrocytes (102).

Antigen Detection
Direct detection of influenza viral antigens in respiratory
specimens has been accomplished with IF, EIA, radioim-
munoassay, and time-resolved fluoroimmunoassay within 1
to 4 hours. Monoclonal antibodies directed against type-
specific NP or M proteins overcome the variable antigenicity
of the surface glycoproteins. Direct and indirect IF micros-
copy of respiratory epithelial cells with commercially avail-
able monoclonal antibodies is rapid and has a sensitivity
greater than point-of-care (POC) antigen tests (below) (42).
Nasopharyngeal aspirates usually have higher cellular con-
tent and are superior to swabs; cytocentrifugation may en-
hance sensitivity.

Multiple commercial EIAs for rapid (£ 30 minutes)
laboratory-based or CLIA-waived POC diagnosis are avail-
able (287). The results are qualitative, and sensitivity de-
pends on sample type and quality, duration of illness, patient
age, and influenza virus type. Assay sensitivities are ap-
proximately 50 to 70% (range, 10 to 80%) and are higher in

children than in adults and higher in influenza A than in B
virus infections (285, 288). Nasopharyngeal aspirates and
swabs have somewhat higher yields than washing and throat
swabs or gargles (285). Approved respiratory specimens vary
among the FDA-cleared influenza assays. Clinical sensitivity
is highest on days 2 and 3 of illness but decreases rapidly
thereafter (288). Analytic sensitivity varies across assays and
viruses, in part, related to the ability of the various propri-
etary monoclonal antibodies used to detect NP differences,
and may be lower for A(H1N1)pdm09, swine variant, and
some avian influenza viruses (289–291). Mucoid samples,
like sputum or tracheal aspirates, cause false-positive or
-negative reactions in some assays. Consequently, false neg-
ative results are common, especially in adults when influenza
activity is high, and negative results should not be used to
guide management decisions. Although assay specificities
(range, 85–100%) are generally high, false positive results
occur, especially during periods of low influenza activity, so
that confirmation by RT-PCR or viral culture may be re-
quired. The use of objective readout devices (Sofia Influenza
A+B and BD Veritor System) help reduce false positive re-
sults. Positive results may occur up to one week after intra-
nasal live-attenuated influenza vaccine (292).

Nucleic Acid Detection
Many commercial (293) and in-house RT-PCRs (singleplex
and multiplex; real-time and other RNA-based) and other
molecular assays are available for influenza virus RNA de-
tection. Depending on the specific assay, a broad range of
specimen types can be tested with performance times ranging
from 1 to 8 hours. Such assays are more sensitive than virus
isolation in detecting influenza virus in clinical samples, in
part, because they can detect noninfectious virus RNA, al-
though their higher sensitivity may also overestimate the
infectious period (57). Multiplex commercial assays (e.g.,
FilmArray Respiratory Panel, BioFire Diagnostics, LLC;
Verigene Respiratory Pathogen Nucleic Acid Test, Nano-
sphere, Inc.; x-TAG Respiratory Viral Panel, Luminex Mo-
lecular Diagnostics Inc.) can also detect other respiratory
pathogens. Multiplex primer combinations can distinguish
between A and B types and, in some assays, circulating in-
fluenza A H1 and H3 subtypes; positive but nontypable re-
sults should prompt consideration of infection by novel
strains.

Recently FDA-approved, influenza-specific rapid molec-
ular assays can provide results in less than 30 minutes for
POC testing. One (Alere i Influenza A&B) is CLIA-waived
for use with nasal swab specimens (294), and another (Ro-
che Cobas Influenza A/B) is CLIA-waived for use with na-
sopharyngeal swabs. Their reported sensitivities range from
70 to 100% (293).

Lower respiratory tract samples (tracheal aspirates, BAL)
have higher yields than upper respiratory tract samples in
those with viral pneumonia, especially when due to zoonotic
influenza viruses. Only the USCDC RT-PCR assay, available
at qualified public health laboratories, is currently FDA-
approved for lower respiratory tract specimens. Off-label use
of commercial assays is an alternative, but some may lack
sensitivity for detecting swine or avian viruses (290). Sensi-
tive multiplex real-time RT-PCR assays provide rapid quan-
titative detection of influenza A and B virus RNA and can be
used in combination with shell vials, which can also provide
isolates for analysis (295). Nucleic acid amplification assays
with selected primers, or combined with restriction enzyme
analysis, can detect influenza A viruses harboring M2 gene
mutations associated with resistance to adamantanes or

FIGURE 12 Computed tomography of chest without contrast in
a HSCT patient who developed severe A(H1N1)pdm09 pneumonia
approximately 5 months posttransplantation, while taking predni-
sone 20 mg/day for chronic GVHD. The study was made approxi-
mately 5 days after illness onset and shows diffuse bilateral interstitial
opacities, bronchial wall thickening, and a denser left posterior chest
consolidation with air bronchograms. Figure courtesy of Dr. Michael
Ison, Northwestern University, reprinted with permission.
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selected NA mutations associated with resistance to neur-
aminidase inhibitors. In addition, this approach can differ-
entiate between the genes of vaccine-like strains and
circulating ones and provide data about HA genetic drift.

Serology
Serologic studies are not useful for the rapid diagnosis of
influenza because most cases are reinfections, and paired
acute- and convalescent-phase sera are usually needed.
Commonly used assays include complement fixation (CF),
HAI, and enzyme-linked immunosorbent assay (ELISA).
Less commonly employed tests include neutralization (Nt)
or microneutralization, single radial hemolysis, radial im-
munodiffusion, passive hemagglutination, and NA inhibi-
tion. The CF test utilizes type-specific internal antigens
(NP), and, unlike the HAI test, it is not influenced by the
antigenic variability of the circulating strain or by the
presence of serum inhibitors. However, CF is less sensitive
than HAI or ELISA and detects a rise in antibody titer in no
more than 70% of infections. HAI titers reflect subtype- and
strain-specific antibodies directed to HA. HAI testing re-
quires inactivation of nonspecific inhibitors in the sample,
and its sensitivity depends on the antigenic variant em-
ployed. Sensitivity is enhanced by antigen preparation in
cell culture and, particularly for influenza B virus, ether
treatment of antigen. Because anamnestic responses fre-
quently occur, inclusion of antigens that resemble circulat-
ing strains and those of past prevalent strains increases
diagnostic yield. Fourfold-or-greater rises in antibody titer
occur in 80% or more of infections. The Nt test is the most
specific of the conventional assays, correlates best with
protective immunity, and is the current serologic method of
choice in A(H5N1) infections but is labor-intensive. De-
tection of HAI antibodies to H5 with horse erythrocytes or
by Nt testing with pseudotyped virus expressing H5 HA may
overcome this problem (296). Antibody detection by ELISA
is more sensitive than other assays and can be used to
measure HA-specific responses or particular antibody types.

PREVENTION
Nonpharmaceutical Interventions
The effectiveness of various nonpharmaceutical interven-
tions like social distancing, hand hygiene, cough etiquette,
and masking in influenza prevention has received consid-
erable attention in the context of both seasonal influenza
and pandemic response. Timely implementation of multiple
public health measures, including combinations of school
closures, cancellation of mass gatherings, case isolation, and
voluntary quarantine of contacts that were taken in some
cities during the 1918 pandemic, appears to have reduced its
community impact, although the value of any individual
intervention is uncertain (297). Holiday periods are associ-
ated with reduced seasonal influenza rates, and prolonged
school closures are predicted to reduce peak attack rates and
cumulative numbers of cases in children and adults (298).
Such interventions are being contemplated as part of a
community mitigation strategy in the face of a pandemic or
outbreak associated with high mortality.

In community and household settings, reduced risk of
virus exposure can be accomplished with adherence to fre-
quent hand hygiene and cough etiquette for those with ill-
ness. Soap and water or alcohol-based hand rubs are highly
effective in reducing influenza virus on hands (299). Other
common sense interventions include minimizing visitors

other than necessary caregivers, maintaining adequate ven-
tilation in shared areas, and avoiding exposure of at-risk
persons to ill ones (e.g., pregnant women should not provide
care for ill persons). The value of hand hygiene alone in
preventing influenza transmission remains uncertain and
may vary by context. Regular hand hygiene appeared par-
tially effective in Egyptian schoolchildren (300). Early im-
plementations and compliance with both masks and hand
hygiene appear to lower the risk of transmission to house-
hold contacts (301, 302).

Zoonotic Infections
Avoidance of exposure can reduce the risk for zoonotic in-
fections. Live bird markets are central to human infections
by avian influenza viruses, and their closures have been
temporally associated with cessation of avian A(H7N9)
infections in humans (131, 132). Travelers to countries with
known outbreaks of avian influenza should avoid poultry
farms, contact with animals in live bird markets, entering
areas where poultry may be slaughtered, and contact with
any surfaces that may be contaminated with excreta from
poultry or other animals. Similarly during swine influenza
outbreaks, persons at increased risk for complications from
influenza should avoid swine and swine barns at agricultural
fairs or other affected sites. Frequent hand hygiene and ad-
herence to good food safety and hygiene practices are always
sensible and may contribute to risk reduction.

Nosocomial Infections
Patients hospitalized with human influenza should be man-
aged with standard and droplet precautions, preferably in an
individual room. Cohorting of influenza patients may be
necessary during high demand periods. When feasible,
masking of suspected or proven influenza patients in
healthcare settings (e.g., emergency department, during
transport, in radiologic facilities) probably reduces envi-
ronmental contamination and the risk of nosocomial
transmission. Surgical masks are effective in preventing the
dispersion of influenza RNA-containing droplets from
coughing patients (303). For protection of healthcare
workers caring for influenza patients, the incremental value
of using fit-tested respirators compared with surgical or
procedure masks remains uncertain (304). Cloth masks are
much less effective than medical masks (305). Under ex-
perimental conditions fit-tested N-95 respirator and eye
protection are required for protection against exposure to
influenza virus in small particle aerosols (306). Respirators
should be used in circumstances of aerosol-generating pro-
cedures, and eye protection (goggles or face shields) is also
warranted. Visitors should be minimized in general during
community outbreaks and prohibited if ill. Healthcare
worker immunization and, under some circumstances, anti-
viral chemoprophylaxis are important tools to mitigate the
risk of nosocomial transmission (see below).

Inactivated Vaccines
Inactivated influenza vaccines were initially introduced in
the 1940s but were impure, reactogenic, and variably potent.
During the 1970s, split and subvirion preparations, using
embryonated hen’s eggs as the substrate, were introduced. In
most countries, whole virus vaccines have been replaced by
these less reactogenic split virus ones, in which virus has
been disrupted by detergent, and subunit ones, in which the
HA and NA antigens have been purified by removal of other
viral components. More recently, vaccine production in cell
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culture, recombinant HA vaccines, and adjuvants including
proprietary oil-in-water ones (e.g., MF-59, AS03) have been
introduced into clinical use. A wide variety of seasonal
vaccines are now approved for use in the United States
(Table 8) and many other countries. Additional vaccines,
including virosomes and higher-dose intradermal ones, are
approved in different countries (307). Antigens for the
majority of inactivated vaccines are still mass produced in
embryonated chicken eggs by use of high-yield reassortant
viruses that express the HA and NA of circulating strains,
although cell culture-based production methods are in-
creasing. Residual egg proteins can rarely cause immediate
hypersensitivity reactions in those with severe egg allergy
and possibly contribute to other adverse effects (see below),
but a recombinant HAvaccine devoid of egg proteins is now
available (Table 8).

The HA content of inactivated vaccines is standardized
at a minimum of 15 mg per antigen for those aged ‡ 3 years
(9 mg for intradermal vaccine), although higher HA dose
vaccines are approved in certain age groups (Table 8).
Hemagglutination-inhibition (HAI) antibody titers corre-
late closely with those measured by microneutralization and
are the traditional ones used to assess vaccine-induced se-
rologic responses and cross-reactivity to new variants. The
composition of influenza vaccines is determined semiannu-
ally on the basis of the antigenicity of circulating influenza
viruses through the WHO’s Global Influenza Surveillance
and Response Network (308). Recent seasonal vaccines
contain antigens of two influenza A virus subtypes (H3N2
and H1N1) and of one or two influenza B virus lineages.
Quadrivalent vaccines provide greater influenza B coverage
and are increasingly replacing trivalent ones. The waning of
vaccine-induced immunity over time necessitates annual
reimmunization even if the vaccine antigens are unchanged.
Annual guidelines for immunization are published by the
U.S. CDC (Table 1).

Immunogenicity
Inactivated vaccine is highly immunogenic in young adults
but less so in the elderly, infants, and persons with chronic
illness or immunosuppression, including those with HIV
disease, solid-organ and bone marrow transplant recipients,
and in those receiving cancer chemotherapy. Immuno-
genicity is also lower in those with high preexisting antibody
levels. Vaccine seroresponses, and perhaps vaccine effec-
tiveness, may be diminished with repeated annual immuni-
zation, especially when there are small or no changes in
vaccine strains (309–312). Protection against illness corre-
lates with serum HAI antibody levels (generally titers ‡ 1:40
provide 50% protection against illness in healthy adults),
but illness may occur despite high postimmunization HAI
titers (313). Parenteral immunization may stimulate limited
mucosal antibody production and CTL responses. In primed
healthy adults, immunization results in presumably protec-
tive levels of serum HAI antibody in > 85% for the ho-
mologous strain. Because 60% or fewer of unprimed children
respond, two doses of vaccine at least 1 month apart are
required. Protective HAI antibody responses usually occur
within 10 days in responding adults, including those with
cardiopulmonary disease. The duration of protection fol-
lowing immunization against homotypic virus is uncertain
but may last up to 2 to 3 years. Vaccine-induced antibodies
to NA also appear to confer protection against illness (314),
but anti-NA responses are seen in less than one-half of
vaccine recipients, and the NA content of FDA-approved
vaccines is not routinely measured.

Age-related declines in serologic and CTL memory re-
sponses to vaccine occur with advancing age, and failure of
vaccine boosting occurs more commonly in the elderly. The
degree of infirmity, rather than increasing age by itself, is a
critical determinant of decreased vaccine responsiveness.
Chronic statin use may be associated with reduced antibody
responses in the elderly (315). However, vaccine admin-
istration in the morning appears to increase immunogenicity
(508). A second dose of vaccine at 1 or 3 months does not
boost serum HAI titer responses in healthy, elderly persons
(316). High dose vaccine containing fourfold-higher antigen
content (60 mg of HA) improves immunogenicity in the
elderly, HIV-infected persons, and adult oncology patients
receiving chemotherapy compared to standard-dose inacti-
vated vaccine (317–319). An MF-59 adjuvanted vaccine,
available in multiple countries, appears to induce somewhat
higher and broader antibody responses in the elderly than
nonadjuvanted vaccine (320) and was approved for this age
group in 2015 in the United States (Table 8). T-cell responses
may be better correlates of vaccine protection in the elderly
than antibody levels (321). While later booster doses do not
appear to increase protection in the frail elderly, a second
dose may improve immunogenicity in certain high-risk
groups (e.g., organ transplant or chemotherapy recipients).

Effectiveness
Influenza virus vaccines vary in their effectiveness depending
on the formulation used in a particular year, on the age and
health status of the vaccinee, and on the overall virulence of
the circulating strains. Seasonal vaccine efficacy in pre-
venting clinical influenza is generally moderate but may be
low or absent in some seasons, in part, related to the degree of
antigenic match between the epidemic virus and vaccine
strains. The efficacy of inactivated vaccines in preventing
illness is generally 50 to 70% in adults aged 18 to 64 years, but
high-quality data are lacking in the elderly (‡ 65 years) (322).
MDCK-produced vaccine provides similar protection to
vaccine from eggs (323). Immunization of ambulatory adults
reduces absenteeism and physician visits due to respiratory
illness by about 30 to 60% during epidemic periods, as well
as the risk of influenza-associated pneumonias (324). Vaccine
coverage level among adults aged 18 to 64 years is also as-
sociated with reduced influenza risk in the elderly (325).

Inactivated vaccine efficacy in children aged 6 to 72
months is generally low (43% in one major trial) but can be
increased by using MF-59 adjuvant (326). Influenza vaccine
in children is more efficacious in preventing moderate-
severe than mild illness (327). Immunization of children
(inactivated or LAIV) reduces the risk of influenza-related
otitis media and influenza-associated pneumonia (324), as
well as the likelihood of illness in nonimmunized household
and community contacts (328, 329). Wide-scale immuni-
zation of school-age children may lessen the community
impact of epidemic influenza and, in Japan, was temporally
associated with reduced respiratory and overall mortality in
older adults (330).

Among ambulatory older adults in the community, im-
munization provides about 50 to 60% protection against
influenza, is cost saving, and reduces hospitalizations and
mortality during outbreaks (331, 332). During the seasons
2005/06 through 2013/14, immunization was estimated to
have prevented a total of 25,694 to 59,210 deaths in the
United States (333). Immunization is associated with a
lower risk of major adverse cardiovascular events, particu-
larly in those with more active coronary disease (334).
Compared to standard vaccine, high-dose vaccine (Table 8)
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TABLE 8 Seasonal influenza vaccines approved for use in the United States, 2015–2016 seasona

Vaccine type
designation

Production
substrate

No. companies
(trade names)

Approved age
range (years) Route of delivery

HA dose (ug)
per antigen Comment

Inactivated influenza
vaccine, quadrivalent
(IIV4)

Eggs 3 (Fluarix Quadirvalent,
FluLaval Quadrivalent,
Fluzone, Quadrivalent,

‡ 0.5b IM (0.25 for 6–35 months,
0.5 ml for > 36 months)

15 (for 0.5 ml dose)

Inactivated influenza
vaccine, trivalent
(IIV3)

Eggs 3 (Afluriac, Fluvirin, Fluzone) ‡ 0.5b IM (per above) 15 (for 0.5 ml dose) Needle-free jet injector approved
2014 for delivery of Afluria in those aged
18 to 64 years. Potential risk of febrile reactions
in children < 9 years old with Afluriac

IIV3, High-dose Eggs 1 (Fluzone High Dose) ‡ 65 IM 60
IIV3- Intradermal Eggs 1 (Fluzone Intradermal

Quadrivalent)
18–64 ID (0.1 ml by microinjector) 9

IIV3- Cell culture MDCK cells 1 (Flucelvax) ‡ 18 IM 15 Minute quantities ( < 5x10-8 mg) of total egg
protein including ovalbumin per dose

IIV3- MF59-Adjuvanted Eggs 1 (Fluad) ‡ 65 IM 15 Approved 2015 in the USA
Recombinant influenza
vaccine, trivalent
(RIV3)

Insect cells 1 (FluBlok) ‡ 18 IM 45 No ovalbumin or egg protein Expanded age
range approved 2014.

Live-attenuated influenza
vaccine, quadrivalent
(LAIV4)f

Eggs 1 (FluMist) 2–49d IN spray (0.2 ml divided
between nostrils)

3107 infectious
doses per virus

Not approved for pregnant women or those
with comorbidities. See contraindications
and precautionsd

aAdapted from US Centers for Disease Control and Prevention (341). Contraindications to influenza vaccines include severe allergic reaction to any vaccine component, including egg protein, or after previous dose of any influenza
vaccine. Precautions include moderate to severe acute illness with or without fever; history of Guillain-Barré syndrome within 6 weeks of receipt of influenza vaccine.

bApproved age range varies with particular product.
cACIP recommends Afluria not be used in children aged 6 months through 8 years because of increased risk of febrile reactions noted in this age group with bioCSL’s 2010 Southern Hemisphere IIV3.
dACIP recommends LAIV4 not be used for pregnant women, immunosuppressed persons, persons with egg allergy, and children aged 2 through 4 years who have asthma or who have had a wheezing episode noted in the medical record

within the past 12 months, or for whom parents report that a healthcare provider stated that they had wheezing or asthma within the last 12 months.
Persons who care for severely immunosuppressed persons who require a protective environment should not receive LAIV4 or should avoid contact with such persons after vaccination.
fBecause of LAIV's poor and/or lower than expected vaccine effectiveness in three recent seasons, the ACIP has recommended against use of LAIV in children for the 2016-17 season (CDC Media Statement, 22 June 2016).
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is associated with further reductions in influenza illness and
associated hospitalizations or emergency department visits in
those aged ‡ 65 years (317, 335). MF-59 adjuvant also ap-
pears to increase the protection of inactivated standard
vaccine in the elderly (320, 336). Although not approved
for use, an AS03-adjuvanted seasonal vaccine also has
higher efficacy for prevention of influenza A(H3N2) illness
than does a nonadjuvanted one (337).

In nursing home residents, protective efficacy against
influenza illness ranges widely and averages only 20 to 45%.
However, immunization reduces influenza-related hospital-
izations and mortality in such persons. High nursing home
immunization rates ( ‡ 80% of residents) may indirectly
confer protection against outbreaks by increasing levels of
herd immunity (106).

Reactogenicity
Injection may cause local redness, tenderness, and indura-
tion for 1 or 2 days in as many as one-third of vaccinees.
Fever and constitutional symptoms beginning 6 to 12 hours
after vaccination and lasting for several days occur in 1 to
5% of adult recipients and more often in young children.
Elderly subjects tend to have lower rates of local and sys-
temic reactions, although high-dose and MF-59 adjuvanted
inactivated vaccines are associated with higher frequencies
of injection site reactions than standard dose vaccine. Be-
cause of the potential for causing febrile reactions, only split-
virus or subvirion vaccine should be used for seasonal
immunization in children. An oculorespiratory syndrome
(red eyes, facial edema, sore throat, and respiratory com-
plaints) starting within 2 to 24 hours of immunization and
resolving spontaneously within 2 days has been described
uncommonly with some vaccine lots but is not a contrain-
dication to immunization (338).

Immediate hypersensitivity reactions (e.g., hives,
wheezing, anaphylaxis) are usually secondary to egg protein
hypersensitivity, so the vaccine should be used with caution
in patients who have documented allergies to eggs or egg
products. However, allergic reactions are rare even in those
with history of egg allergy (339) and have occurred after
receipt of egg-free recombinant vaccine, indicating that that
some reactions are not due to egg proteins (340). Those who
had serious reactions to eggs (e.g., angioedema, respiratory
distress, lightheadedness, recurrent emesis, resuscitation)
may receive RIV3 if they are aged ‡ 18 years (Table 8) and
there are no other contraindications (341). Severe allergic
reaction to influenza vaccine is a contraindication to future
receipt of the vaccine.

A temporal association between immunization and GBS
development within 6 weeks was found during the 1977
swine influenza immunization program, during which ap-
proximately 430 GBS cases occurred among 41 million
vaccinees, a rate estimated to be sevenfold higher than ex-
pected (342). Whether influenza vaccines in certain seasons
may be associated with a low risk of GBS (31 per 106) in
older vaccinees is unresolved. The causes of an association
between receipt of AS03-adjuvanted A(H1N1)pdm09
vaccine and narcolepsy in genetically predisposed children
and adolescents remain under investigation (343, 344).
Reported associations of influenza immunization with ex-
acerbations of asthma, systemic vasculitis, recurrent GBS,
adverse ocular effects, or pericarditis remain unproven;
asthma exacerbations are not associated with inactivated
vaccine. No important changes in drug metabolism have
occurred with current vaccines. Pneumococcal and influ-
enza vaccines can be given at the same time at different

sites. When administered together with either pneumo-
coccal or a diphtheria-tetanus-acellular-pertussis-containing
vaccine, inactivated influenza vaccine is associated with
a small increased risk of febrile seizures in children aged 6–23
months (510).

Target Populations
The United States adopted a policy of universal influenza
immunization for all persons aged 6 months or older and
without contraindications in 2010. In other countries,
populations targeted for immunization vary but generally
include both those at increased risk for influenza-related
complications (Table 7) and persons who are in close con-
tact with high-risk individuals, particularly healthcare
workers. Healthcare worker immunization probably reduces
both absenteeism and the risk of nosocomial transmission
with its associated mortality (345, 346). Strategies that in-
crease vaccine uptake in healthcare providers include ready
access to no-cost vaccine in the workplace and especially
mandatory employer requirement (514).

WHO recommends that pregnant women should have
the highest priority for seasonal influenza immunization and
that additional risk groups for consideration (in no particular
order of priority) are children aged 6 to 59 months, the
elderly, individuals with specific chronic medical conditions,
and healthcare workers (347). Pregnant women are an im-
portant risk group, in whom immunization reduces influenza
risk in both mother and newborn (348, 349). Immunization
also appears to reduce the risk of stillbirths by about one-half
(350). Inactivated vaccines are safe, and pregnant women
can be vaccinated at any stage of pregnancy (347). Ad-
ministration of inactivated vaccine is considered safe during
any stage of pregnancy. Foreign travelers, particularly elderly
or high-risk persons, should be immunized before travel to
the tropics during any time of the year or during April to
September if travel is to the southern hemisphere. Immu-
nization is appropriate for anyone who wishes to reduce his
or her risk of acquiring influenza.

In HIV-infected persons, advanced disease is associated
with low antibody responses, which are not augmented by a
booster dose or doubled HA antigen content. Those with
CD4 counts of < 100/mm3 rarely show antibody rises, but
immunization appears to be protective in those with CD4
counts of > 200/mm3 despite diminished HAI responses
(351). Influenza immunization may be followed 1 to 4 weeks
later by transient increases in plasma virus titers in some
recipients, but the clinical significance of such changes is
doubtful, and no long-term effects on CD4 counts or clinical
progression have been recognized (351, 352).

Those with hematologic malignancies, including mye-
loma, often have reduced responsiveness to vaccine (351).
Oncology patients manifest HAI antibody responses less
often when they are immunized concurrently with, or shortly
after, chemotherapy compared to immunization between
courses of chemotherapy. If immunization is required during
chemotherapy, a two-dose schedule of vaccination separated
by 3 to 5 weeks has been suggested, since this significantly
increases the antibody responses in lymphoma patients. For
children with malignancy, immunization after at least 1
month off chemotherapy and when the peripheral leukocyte
count exceeds 1,000 improves immunogenicity. Immuniza-
tion within the first 6 to 12 months following bone marrow
transplantation is ineffective, but responsiveness gradually
returns by 2 years in most patients.

Immunization is generally safe in solid-organ transplan-
tation, but many recipients of such transplants, including
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heart, lung, and liver transplants, have deficient HAI re-
sponses (351, 353). A booster dose 1 month after the initial
one does not generally improve response rates but may in
some transplant patients. Antiviral chemoprophylaxis (dis-
cussed below) offers an alternative or supplemental means of
protection.

Pandemic Candidate Vaccines
A wide range of candidate A(H5N1) vaccines have been
tested in humans (354). The H5 HA is a weak human im-
munogen, and two doses of nonadjuvanted, inactivated split-
vaccine with a high HA-antigen content (45 to 90 mg) are
needed for immunogenicity in the majority of healthy adults
and children (355). In 2007 this vaccine was approved
by the FDA for use in first responders and individuals at
risk for A(H5N1) infection, becoming the first avian influ-
enza vaccine licensed in the United States. Alum adjuvants
do not improve immunogenicity much, but proprietary oil-
in-water adjuvants (e.g., MF-59 and AS03) provide sub-
stantial HA antigen sparing and cross-clade immunogenicity
(356, 357). Whole-virus A (H5N1) vaccines also appear to
reduce antigen requirements and give broader immunoge-
nicity. AS03-adjuvanted vaccine with HA doses as low as 3.8
ug elicit strain-specific neutralizing antibodies and cross-
reactive antibodies to heterologous A(H5N1) viruses. AS03-
adjuvanted A(H1N1)pdm09 vaccine was also more effective
than a nonadjuvanted one in children < 10 years of age
(358). This vaccine (Prepandrix, GSK) has been approved
in multiple countries, including in the United States since
2013, for use in persons 18 years of age and older, at increased
risk of exposure to the influenza A(H5N1) virus, and is in-
cluded in the USA national stockpile. In general antibody
titers decline rapidly but can be boosted with additional
vaccine doses; prime-boost strategies elicit more robust im-
mune responses (354). One dose of a nonadjuvanted A
(H3N2)v vaccine is immunogenic in healthy adults (359).

Inactivated A(H7N7) and A(H7N9) vaccines are also
poorly immunogenic in humans, but two doses of AS03- or,
to lesser extent, MF-59- adjuvanted inactivated A(H7N9)
vaccine induces robust antibody responses in adults (360,
361).

Live Attenuated Vaccines
Intranasally administered live attenuated influenza virus
vaccines (LAIV) have been used extensively in Russia and
were licensed for commercial use in the United States in
2003. Cold-adapted, temperature-sensitive, attenuated do-
nor viruses (A/Ann/6/60/H2N2 and B/Ann Arbor/1/66),
which are able to grow at 25ºC but are restricted at 39ºC,
have been used to make reassortants containing six internal
genes from donor virus and two genes encoding the HA and
NA from wild-type strains. Several gene segments contribute
to the attenuation/temperature sensitivity phenotype of the
live attenuated influenza A (with mutations in PB1, PB2,
and NP) and influenza B (with mutations in PA, NP, and
M1) virus vaccines (362, 363). These reassortant viruses are
well tolerated, genetically stable, rarely transmissible to
contacts, and immunogenic, following intranasal adminis-
tration in seronegative children and adults. Serum antibody
responses are lower in adults than those detected after ad-
ministration of inactivated vaccines.

Immunogenicity
Immune responses to multivalent LAIV are influenced by
preexisting immunity, the infectivity of each vaccine virus,
and interference among vaccine viruses. The 50% infectious

doses are about 10- to 100-fold lower for seronegative infants
than for adults, but interference among vaccine strains re-
duces responses in seronegative children. Although single
doses are often immunogenic (364), two doses appear to be
necessary to confer multistrain protection in young children.
Potential advantages of cold-adapted (ca) vaccines include
ease of administration (nose drops or coarse spray), induction
of local secretory antibody, protection against drift variants,
and possibly induction of heterosubtypic CTL responses.

Effectiveness
The efficacy of LAIV in children aged 6 to 59 months is
approximately 70 to 90% but has been negligible in some
seasons (322, 364, 365). Its efficacy has been superior to that
of inactivated vaccine in healthy children, including pro-
tection against antigenically drifted strains (366, 367), al-
though not during recent seasons (365). As a consequence,
the ACIP has recommended against use of LAIV in children
for the 2016–17 season. LAIV efficacy is often lower than
that of inactivated vaccine in healthy adults £ 65 years old
(368–370), perhaps because of preexisting immunity inhib-
iting LAIV replication. In children, LAIV is protective
against influenza-associated complications, including otitis
media (364). School-based immunization programs can in-
crease coverage, decrease influenza rates, in part through
herd immunity, and improve school attendance (371).Wide-
scale immunization of school-aged children appears to lessen
the community impact of epidemics (372). Compared to
inactivated vaccine alone, combined administration of in-
activated and intranasal LAIV may have given greater pro-
tection against influenza in elderly nursing home residents in
one trial (373), although not significantly so in ambulatory
patients with chronic obstructive pulmonary disease (374).

Reactogenicity
LAIV is licensed for use in the United States only in healthy
persons aged 2 to 49 years, but it appears to be safe in those
with underlying pulmonary disease or HIV infection (CD4
count, > 200 cells/mm3) (Table 8). Intranasal LAIV may be
associated with coryza (5 to 30% of recipients), sore throat
(10%), and in children, transient febrile reactions (5%) or
decreased activity level, typically on the second or third day
after inoculation. An increased frequency of medically sig-
nificant wheezing episodes has been found in children
younger than 2 years of age (367). Detection of LAIV virus
lasts up to 1 week in adults and up to 3 weeks in very young
children. Transmission of vaccine virus may sometimes occur
among young children. Healthcare workers and others who
receive LAIV should avoid contact with highly immuno-
compromised persons (e.g., stem cell transplant recipients in
protected environments) for 1 week after immunization.
Whether LAIVmight be associated rarely with GBS requires
further study (375). LAIVappears to be safe in children aged
2–18 years with a history of egg allergy (499).

Pandemic Candidate Vaccines
Candidate A(H5) LAIV vaccines, 6:2 reassortants con-
taining the HA and NA genes of an influenza virus of
pandemic potential, have shown variable immunogenicity.
One with an Ann Arbor backbone had very limited repli-
cation and antibody responses in volunteers, despite high
intranasal doses (376). However, this vaccine induces long-
lasting immunity that leads to cross-clade immunogenicity
after boosting with inactivated vaccine (377). Another
LAIV using the A/Leningrad/134/17/57 ca/ts virus back-
bone and an HA derived from low pathogenicity A/duck/

43. Influenza Virus - 1037



Potsdam/1402-6/86 (H5N2) virus (378) and has been
licensed for use in Russia; it also is effective at priming
responses to inactivated vaccine (379). LAIV vaccines have
also been developed for H7 virus infection (380) and also
prime for responses to inactivated vaccine (381). The po-
tential for reassortment during co-infection with a LAIV
pandemic vaccine and seasonal influenza viruses to yield
transmissible, virulent strains constrains use of the former
until a pandemic virus has emerged.

Novel and Universal Vaccines
Public health needs exist for more effective, long-lasting,
and more broadly protective influenza vaccines. The first
approach to make improved vaccines and to produce them
faster would be to undertake efforts to eliminate the more
than half-century-old manufacturing process using embryo-
nated eggs for growth and utilize cell culture-based produc-
tion. Most current vaccine production does not take
advantage of reverse genetics techniques (382) (see Figure
4B) that would allow the rapid use of master seed viruses
with defined high yielding characteristics and permit se-
quence-based quality controls of the vaccine products (383,
384) (Table 9). Further strategies involve the expression of
recombinant proteins in a variety of cell systems including
plant and insect cells (385–387) and the production of re-
combinant virus-like particles (VLP) in insect cells. An
experimental A(H7N9) vaccine of this type combines the
HA and the NA with an M1 protein (388).

In order to broaden the protective efficacy of influenza
virus vaccines, different combinations of prime-boost vac-

cination strategies are being investigated with promising
results (389). Whereas these approaches are not aimed at
heterosubtypic immunity (against different subtypes), they
are likely to provide better heterogeneous protection
(against different variants of the same subtype) than cur-
rently available vaccines. Whether virus-vectored influenza
virus vaccines will be successful remains uncertain because
repeated vaccination with the vector is probably made more
difficult due to initial immune responses against the vector
itself. Such an approach may, however, be advantageous in
inducing strong Tcell-mediated responses (390, 391). Other
approaches include live-attenuated vaccines based on either
the truncation of the NS1 protein (392) or the complete
deletion of the NS1 (393), PB2 (394), or HA (395, 396)
proteins. The latter constructs induce potent T cell re-
sponses. Another approach is the use of novel constructs
(31) that present B- and T-cell epitopes, which are com-
bined into a cocktail (Multimeric-001) for the purpose of
inducing broad immunity against A and B strains.

The development of a universal influenza virus vaccine
providing long-lasting immunity against viruses expressing
different HA and NA subtypes remains elusive. Early on,
subviral particles, prepared by acid (pH5) and mercaptoe-
thanol treatment of purified virus, induced a strong immune
response in animals against the conserved HA2 domain of
the HA. However, this vaccine construct did not protect
against subsequent virus challenge (397), presumably be-
cause the epitopes inducing a protective response had been
destroyed by the chemical treatment of the virus. More re-
cently, the highly conserved 22-23 amino-acid ectodomain
of the M2 transmembrane protein (M2e) has been used (in
the form of fusion proteins) to induce cross-protective im-
mune responses (398, 399), although these have yet to un-
dergo field testing. Another concept of a universal influenza
virus vaccine is based on “centralized sequences” or com-
putationally optimized broadly reactive antigens (CO-
BRAS) of HAs (400). Although the earlier attempt to
construct a vaccine based on the conserved HA2 (in essence
the conserved stalk domain) was not successful (397), an
H1-based headless HA displayed on a virus-like particle
showed cross-reactive antibodies against subtype 2 and
subtype 5 HAs (401). Additional headless and peptide
constructs comprising epitopes of the stalk region are being
studied, but they show limited efficacy in mouse models as
yet (402–405).

A more promising approach to expanding anti-HA stem
responses appears to be the use of vaccines containing a
chimeric HA. In the simplest application, individuals who
have been exposed to H1N1 viruses would be immunized
once with vaccine expressing a chimeric HA (e.g. cH5/1),
which has an exotic H5 head domain and the stalk of the H1
HA. This vaccination strategy would amplify the B memory
cells directed against the stalk of the H1 HA (and very few
antibodies would be directed against the H5 head). A sec-
ond immunization with a virus containing the chimeric
cH6/1 HA (expressing an H6 head domain and the same H1
stalk) would result in further stimulation of stalk antibodies
but a low response to the H6 head domain (Fig. 13). In
effect, this immunization strategy represents a redirection of
the immune response from the immunodominant head do-
main towards the HA stalk component of the vaccine (406,
407). It is hoped that this redirection towards the immune-
subdominant HA stalk would enhance the induction of NA
antibodies. The NA exhibits low antigenic drift and anti-
bodies against the NA can be cross-protective in animal
challenge models and are correlated with protection in

FIGURE 13 Chimeric hemagglutinin-based universal influenza
virus vaccine approach. Most humans have preexisting immunity
against the H1 hemagglutinin (HA) (green). The majority of the
antibodies is directed against the immunodominant head of the HA
(green) because of repeated exposure to H1N1 viruses. Few anti-
bodies (green) are made against the immunosubdominant stalk of
the HA. Upon vaccination with a chimeric HAvaccine containing,
for example, a cH5/1 HA, the HA stalk antibodies (green) will be
boosted, but only a primary (low) response against the novel H5
head (yellow) will be measured. A second boost with another
chimeric vaccine cH6/1, which expresses the same H1-stalk
(green), will further enhance the stalk antibodies. The response to
the H6 head domain is again a (low) primary response (black). For a
complete universal influenza virus vaccine, two chimeric influenza
Avirus components are needed (one, expressing a group 1 HA stalk
and the other, expressing a group 2 HA stalk) and a third one,
which expresses an influenza B virus stalk (all in the context of
exotic HA head domains). Such a vaccine with chimeric HAs
should also result in enhanced protective anti-NA responses me-
diated by the (immunosubdominant) neuraminidases present in the
preparation. Courtesy of Krammer reprinted with permission.
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humans (314). Thus, enhanced antibody responses to the
conserved regions of influenza viruses (HA stalks and NAs)
may be the key for a universal influenza virus vaccine. The
influenza A virus HAs fall into two groups (Fig. 2); thus, a
vaccine inducing protective responses to group 1 HA stalk
and to the stalks of group 2 may be protective against viruses
from all known HA subtypes. Although it is not known
what the overall contributions of the NA antibody responses
to protection are relative to those of the HAs, it is possible
that there is sufficient cross-protection within the NA
groups that an N1 and N2 NA (belonging to group 1 and
group 2, respectively) will cover all the NAs of circulating
influenza viruses. A trivalent universal influenza virus vac-
cine would be designed to enhance immune responses
against the group 1 HA stalk, the group 2 HA stalk, as well
as the B virus HA stalk. At the same time, the trivalent
vaccine would contain a group 1 NA (N1), a group 2 NA
(N2), and a B virus NA (385). Such a vaccine (on different
available platforms, plus or minus adjuvants), might provide
universal protection against all influenza A and B viruses is
to be tested in human trials.

Antiviral Chemoprophylaxis
The neuraminidase inhibitors (NAIs), inhaled zanamivir,
oral oseltamivir, and inhaled laninamivir, are effective for
prophylaxis for both influenza A and B virus infections (408,
409). Amantadine and rimantadine are effective for pro-
phylaxis and treatment of influenza A virus infections due to
susceptible strains (410), but neither is effective for influenza
B, and recently circulating influenza A viruses are resistant
(411). Oseltamivir and inhaled zanamivir are approved in
the United States and many other countries for prophylaxis.
Neuraminidase inhibitors have been stockpiled by WHO for
both treatment and possible use in mass-targeted chemo-
prophylaxis for containing emergence of a pandemic virus
(412).

Effectiveness
The efficacy of oseltamivir at 75 mg once daily for 6 weeks
for seasonal (preexposure) prophylaxis is approximately 84%
in unimmunized working adults and 89% in immunized

nursing home residents. Preexposure prophylaxis also pro-
tects high-risk immunocompromised hosts (413). When
used for postexposure prophylaxis in family contacts, 7 to 10
days of once-daily oseltamivir provides 68 to 89% protection
(408). Inhaled zanamivir at 10 mg once daily is also highly
protective against influenza when used for seasonal (82 to
83% efficacy) or postexposure (82% efficacy) prophylaxis
(408).

Prophylactic oral amantadine and rimantadine are 70 to
90% effective in preventing illness caused by susceptible
strains of influenza A virus (410). With sensitive strains,
postexposure prophylaxis with rimantadine or amantadine
for 10 days was effective in protecting family contacts when
index cases were not treated, but concurrent treatment of ill
children may lead to rapid selection and spread of drug-
resistant virus to contacts and cause prophylaxis failures
(410). In contrast, use of inhaled zanamivir or oral oselta-
mivir, both for treatment of ill index cases and for prophy-
laxis of contacts, is protective and usually not associated
with resistance transmission. In one nursing home-based
trial, zanamivir prophylaxis was more effective than oral ri-
mantadine in protecting against influenza, in part, because of
the frequent failure of rimantadine prophylaxis due to drug-
resistant strains (414).

Seasonal prophylaxis is an alternative or adjunct to im-
munization when the epidemic strain differs antigenically to
a significant extent from the vaccine strain or when high-
risk patients have a contraindication or are not expected to
mount an adequate response to immunization. Combined
use of inactivated vaccine and chemoprophylaxis offers the
highest level of protection for high-risk patients. Protection
requires drug administration for the duration of the epi-
demic, generally 6 to 10 weeks; inhaled zanamivir and oral
oseltamivir have been well-tolerated in healthcare workers
up to 16 weeks (415). Drug recipients may experience sub-
clinical infection, which usually confers protection against
reinfection by the same strain.

Because antiviral chemoprophylaxis does not interfere
with the immune response to inactivated vaccine, they can
be administered concurrently. However, concurrent use of
any anti-influenza antiviral drug might interfere with the

TABLE 9 Novel influenza virus vaccine technologies

Technology Comments

Cell culture, reverse genetics and sequencing,
synthetic vaccines

Rapid production, embryonated eggs not needed, improved quality control (382–384)

Recombinant protein expression in insect cells,
plant cells, lactobacillus, algae, yeast

Rapid vaccine production, low production costs (385–387)

Virus-like particles expressed in mammalian,
insect, or plant cells

Good safety and efficacy (385, 388, 482)

DNA LAIV, recombinant proteins,
IIV combination booster vaccinations

Broader and stronger immune responses than vaccination with individual
vaccine preparations (389, 482)

Virus vector vaccines Potent humoral and cell-mediated responses (390, 483)
M2e (universal) fusion proteins
and multimeric constructs

Promising approach to develop universal vaccine (398, 399)

Attenuated constructs, peptide vaccines Induction of humoral as well as cellular immunity (392–396, 484)
Centralized (COBRA) HAs Elicit broadly-reactive set of antibodies in animals (400)
Headless and chimeric HAs Induce broadly protective antibodies to the conserved HA stalk domain

and also allows the redirection of the immune response to the conserved
NA protein (397, 401–407, 485)
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immunogenicity of LAIV. If influenza has already occurred
in the community, prophylaxis can be given to unimmunized
high-risk persons for 2 weeks beginning at the time of im-
munization. For likely exposure, NAI chemoprophylaxis is a
consideration for unvaccinated persons, including pregnant
women, at increased risk of complications. Inhaled zana-
mivir may be the preferred prophylaxis agent for pregnant
women.

Management of Nosocomial Outbreaks
Prevention of outbreaks in institutional populations requires
an established plan that includes preapproved vaccine and
medication orders; preseason immunization of residents and
staff members, surveillance for influenza during the season,
restriction from work of employees with possible influenza
illness, and, in the event of an outbreak, use of appropriate
isolation techniques, immunization of residents and staff
who have not received vaccine, and often antiviral che-
moprophylaxis (416, 417). Chemoprophylaxis both for pa-
tients, irrespective of immunization status, and often for
staff, is indicated for outbreak control. A policy of oselta-
mivir-treatment of ill persons and prophylaxis for residents
and staff appears effective during influenza outbreaks in aged
care facilities (418, 419). Administration for 2 weeks, or
until new cases have ceased to occur for at least 1 week,
appears to be adequate in most nursing home outbreaks.
Currently NA inhibitors should be used for chemoprophy-
laxis since circulating influenza A strains are resistant to M2
inhibitors, and, even when outbreak strains are susceptible,
resistance emergence and transmission is problematic with
M2 inhibitors (414). However, nosocomial transmission of
oseltamivir-resistant A(H1N1)pdm09 virus has sometimes
caused lethal illnesses within hematology-oncology units
(420, 421). Failures of oseltamivir prophylaxis, particularly
in immunocompromised hosts, should prompt investigation
for resistance emergence and other pathogens, as well as
consideration of zanamivir use.

Whenever possible, infected patients should be isolated
using standard and droplet precautions. In the context of
nursing home outbreaks, efforts to reduce transmission in-
clude confinement of ill residents to their rooms for at least
72 hours; restriction of movement of nonsick residents to
other parts of the facility and consideration of confinement
to their rooms, if an outbreak with high attack rates or
severe illness is occurring; decentralization or postponement
of activities, which could expose large numbers of nonsick
residents to influenza; minimizing work assignments of staff
to multiple units of the facility; restricting visits by persons
with respiratory illness; and discouraging visits to sick resi-
dents.

TREATMENT
Supportive Care
Symptomatic treatment of influenza commonly involves
antipyretic-analgesic drugs, particularly acetaminophen or
nonsteroidal anti-inflammatory agents, for relief of fever,
aches, and other systemic symptoms. Aspirin should be
avoided in children because of its association with Reye’s
syndrome. Increased mortality with aspirin or paracetamol
has been observed in some animal models of influenza (422),
and high-dose salicylates were reported to be associated with
increased mortality during the 1918 pandemic (423). Ma-
ternal hyperthermia during the first trimester increases the
risk of neural tube defects and possibly other birth defects,

and maternal fever during labor has been shown to be a risk
factor for adverse neonatal and developmental outcomes.
Acetaminophen appears to be the best option for treatment
of fever during pregnancy.

Antitussives are often needed for relief of cough. Anti-
biotics have not been shown to benefit the course or reduce
the likelihood of complications and should be used for
proven or presumed bacterial complications. In those with
lower-airway disease, correction of hypoxemia and treatment
of bronchospasm are important. Advanced mechanical
ventilation techniques (low tidal volumes, judicious use of
positive end-expiratory pressure [PEEP]) and increasing use
of extracorporeal membrane oxygenation (ECMO) have
improved the outlook in severe cases, but case fatality re-
mains high in influenza-associated ARDS.

Immunomodulators
Because host responses contribute to influenza disease
pathogenesis, anti-inflammatory and immunomodulatory
agents are important considerations for therapeutic inter-
vention (424). Systemic corticosteroids have been given
commonly to patients with influenza-associated pneumonia
and ARDS without evidence of benefit. Retrospective
studies of patients with A(H1N1)pdm09 or avian influenza
infections indicate an association between corticosteroid use
and increased risks of complications, including nosocomial
pneumonia and invasive fungal infections, possibly in-
creased mortality, and prolonged viral replication and
emergence of antiviral resistance (121, 146, 425–427).
Consequently, corticosteroid treatment of influenza patients
should be avoided unless clinically indicated for other rea-
sons (e.g., exacerbation of reactive airways disease, adrenal
insufficiency, low-dose hydrocortisone for refractory septic
shock). The value of corticosteroids to treat bronchiolitis
obliterans with organizing pneumonia or the fibroprolifer-
ative phase of ARDS associated with viral pneumonia is
uncertain (428). Pulse methylprednisolone is part of the
commonly used treatment regimen (combined with antivi-
rals and intravenous immunoglobulin) for treating influenza-
associated encephalopathy in Japan.

A wide variety of immunomodulatory agents, most di-
rected against excessive proinflammatory host responses,
show benefits in animal models of influenza (e.g., gemfi-
brizol, pioglitazone, cyclo-oxygenase 2 inhibitors, pamidro-
nate, N-acetylcysteine, erythromycin, resveratrol) (426,
429), but clinical data are limited or absent. During severe
influenza A virus infection in mice, platelet activation
worsens acute lung injury, and anti-platelet therapies di-
minish its severity (430). The use of widely available, low-
cost interventions like HMG-CoA reductase inhibitors
(statins) has generated considerable interest (431). While
retrospective studies have reported mortality reductions in
patients receiving statins, who were subsequently hospital-
ized for influenza (432) or pneumonia, findings are negative
in some animal models (433, 434) and clinical studies (435).
Large randomized controlled trials (RCTs) testing statins as
therapy for ARDS due to sepsis or other causes have not
shown clinical benefit (436, 437). Further clinical studies
are needed to determine the possible benefits and optimal
timing of use for particular host-directed therapies.

Antivirals
The antiviral spectra, pharmacology, effectiveness, tolera-
bility and safety, and dosing regimens of approved influenza
antivirals are discussed in Chapter 14. In general, antiviral
treatment is warranted as soon as possible for patients with
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suspected or confirmed influenza who have severe, compli-
cated, or progressive illness, and in those requiring hospi-
talization (221). Treatment is also recommended as soon as
possible for outpatients who are at higher risk for influenza
complications on the basis of their age or underlying medical
conditions (Table 7), depending on their clinical circum-
stances. Early antiviral treatment (within 2 days of symptom
onset) can also benefit previously healthy persons those with
apparently uncomplicated illness.

Amantadine and Rimantadine
Currently, the use of M2 inhibitors is not recommended
because of widespread resistance among circulating influenza
A strains (221). Resistance due to the Ser31Asn substitution
in M2, sometimes in association with other M2 changes, is
present globally among strains of A(H3N2) and A(H1N1)
pdm09 viruses and is present in all A(H7N9) and clade 1
and some clade 2 A(H5N1) viruses (221, 496). During
therapeutic use in infections, due to susceptible strains, vi-
ruses cross-resistant to amantadine and rimantadine have
been recovered from patients as early as 2 to 3 days after
starting treatment and from about 30% of outpatient chil-
dren and adults treated for influenza. Resistant variants are
fully transmissible and cause typical influenza illness and
associated complications (410).

In uncomplicated influenza A due to susceptible strains,
early treatment (within £ 48 h of illness onset) with
amantadine or rimantadine reduces viral replication and the
duration of fever, symptoms, and functional disability by
about 1 to 2 days in previously healthy adults. Treatment is
associated with more rapid improvement in peripheral air-
way dysfunction but not airway hyperreactivity. Whether
treatment reduces the risk of influenza-related complications
or provides therapeutic benefit in established complications
or severe influenza in hospitalized patients is unknown. In
children, rimantadine treatment has been associated with
lower symptom burden and viral titers during the first 2 days
of treatment than with acetaminophen but also with more
prolonged shedding of virus and emergence of resistance.
Rimantadine is not approved for therapy of influenza in
children in the United States.

Zanamivir
Inhaled zanamivir treatment provides 1- to 2.5-day reduc-
tions in time to alleviation of illness and return to usual
activities compared to placebo in adults and children ‡ 5
years old, including those with mild to moderate underlying
reactive airway disease, with uncomplicated influenza (497).
Zanamivir appears to be more effective than oseltamivir in
treating influenza B virus infections in children (438).
Zanamivir treatment reduces the frequency of antibiotic
prescriptions for clinically diagnosed lower respiratory com-
plications by about 40% (495). Among older adults, in-
cluding those developing influenza despite immunization,
inhaled zanamivir treatment appears to have therapeutic
effects and tolerance similar to those in younger adults.
Whether treatment of ill persons reduces the risk of virus
transmission to contacts remains uncertain (439, 440). The
effectiveness and safety of inhaled zanamivir in treating
influenza-associated pneumonia is unproven, and effective
lung delivery is likely problematic in those with serious
disease (441). Attempted delivery of the lactose-containing
commercial formulation in intubated patients has been
complicated by blockage of ventilator filters and fatal out-
come (442); this formulation is not appropriate for use in

nebulizers or for mechanical ventilation. Inhaled zanamivir
is generally well tolerated during therapeutic use, although
rare cases of bronchospasm and exacerbations of underlying
airway disease, sometimes fatal, have been reported, and the
drug is contraindicated in those with significant airways
disease. The breath-activated proprietary Diskhaler device
for delivery of inhaled zanamivir requires a cooperative pa-
tient who can effectively inspire, and certain groups (chil-
dren < 5 years old, persons with cognitive impairment, and
very frail or hospitalized elderly persons) may not able to use
it reliably.

Zanamivir is inhibitory for most, although not all,
oseltamivir-resistant variants, and intravenous delivery has
been used extensively for treating influenza in seriously ill or
immunocompromised patients with suspected or proven
oseltamivir-resistant influenza infections (492). Its use in
critically ill patients has been associated with acceptable
tolerability and apparent antiviral effects (443). However, a
phase 3 RCT did not find superiority to oral oseltamivir in
treating adults hospitalized with influenza (444). Although
uncommon, substitutions at residue Glu119 to Gly or Asp
can confer resistance to zanamivir and other NA inhibitors
in influenza A(H1N1)pdm09 viruses, particularly in com-
bination with His275Tyr, and can cause therapeutic failure
in immunocompromised patients (445, 446).

Oseltamivir
Early oseltamivir treatment of previously healthy adults with
apparently uncomplicated influenza reduces the time to ill-
ness alleviation by approximately 1 to 1.5 days, time to re-
sumption of usual activities by 2 to 3 days, frequency of lower
respiratory secondary complications leading to antibiotic
prescriptions, and all-cause hospitalizations by approxima-
tely 50% (447). The magnitude of clinical benefit relates to
timing of initiation and is greater with therapy started within
12 hours of onset of symptoms (448). Oseltamivir treatment
of children, aged 1 to 12 years with acute influenza, reduces
illness duration by 1.5 days and the frequency of complica-
tions, particularly otitis media, leading to antibiotic pre-
scriptions. Oseltamivir therapy appears to reduce the risk of
progression to pneumonia in highly immunocompromised
hosts with influenza and to reduce the risk of death in pa-
tients hospitalized with influenza, including pregnant
women (240, 449, 450). Timely oseltamivir treatment is also
associated with lower mortality in severe avian influenza
virus disease, although progressive illness, sometimes related
to resistance emergence, occurs (121, 145, 146, 502).

The safety of neuraminidase inhibitors in pregnancy have
not been established, but no teratogenicity has been docu-
mented to date. Both zanamivir and oseltamivir carboxylate
distribute across the placenta and into breast milk in ani-
mals. Given antiviral resistance patterns and the potential
teratogenicity of the M2 inhibitors, the NA inhibitors are
preferred for influenza treatment; the lower systemic expo-
sure of inhaled zanamivir is a consideration in this decision.

Oseltamivir-resistant variants have been recovered from
immunocompetent outpatient adults (31%), outpatient
children (34%), inpatient children (318%), and subtype
A (H5N1)-infected persons (325%) during or immediately
after treatment (496). These variants typically possess amino
acid substitutions (primarily Arg292Lys or Glu119Lys in N2
and His275Tyr in N1) in the NA. Oseltamivir-resistant
seasonal A(H1N1) virus, harboring His275Tyr and other
enabling NA substitutions (451), replaced susceptible virus
and circulated globally before being replaced by the
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A(H1N1)pdm09 virus. Since 2011 influenza A(H1N1)
pdm09 viruses have also acquired NA substitutions that
balance the adverse effects of H275Y on NA activity and
surface expression. Temporally this has coincided with in-
creasing evidence for community transmission of oseltami-
vir-resistant influenza A(H1N1)pdm09 H275Y viruses
(452). Prolonged replication with resistant variants, usually
with dual resistance to M2 inhibitors and sometimes with
resistance to zanamivir, has been recognized in immuno-
compromised hosts (453, 496). Transmission of oseltamivir-
resistant variants has been observed in healthcare settings
and in the community (420, 421, 454). Intravenous zana-
mivir, available on compassionate use basis, is currently the
most reliably active single agent for treating oseltamivir-
resistant infections (455).

Peramivir
Single-dose intravenous peramivir is comparable in antiviral
and clinical effects to a standard 5-day course of oral osel-
tamivir in uncomplicated influenza, although it is no better
than oseltamivir for infections due to oseltamivir-resistant A
(H1N1) virus (456). Treatment within 24 hours of symptom
onset is associated with a shorter clinical course compared to
placebo (457). Multiple dose regimens have been used in
hospitalized patients, including those with severe viral
pneumonia, but one RCTin hospitalized children and adults
did not confirm more rapid clinical improvement (458).
Peramivir has reduced inhibitory effects for many oseltamivir-
resistant variants, including viruses containing His275Tyr in
N1 or Arg292Lys in N2 and N9, and cannot be used reliably
in such infections (146, 456). While no parenteral antiviral
is currently FDA-approved for influenza management in
seriously ill patients, intravenous peramivir is available in
some countries (Japan, South Korea, United States, China).

Laninamivir
Single doses of the long-acting, orally inhaled NA inhibitor
laninamivir are reported comparable in effectiveness to oral
oseltamivir for treating uncomplicated influenza in adults
(459) and to inhaled zanamivir in children aged 3 to 15 years
(460). Laninamivir, currently approved only in Japan, has an
antiviral spectrum similar to zanamivir and appears effective
in treating oseltamivir-resistant A(H1N1) infection in
children aged 3 to 9 years (461), although not in adults
(459). However, an international RCT testing a higher
dosage failed to show more rapid clinical recovery compared
to placebo (462).

Favipiravir
Favipiravir (also designated T-705) is an influenza poly-
merase inhibitor active against all three influenza types, in-
cluding variants resistant to M2 and NAIs, and some other
RNA viruses in animal models (463). It has been approved
in Japan but is under government control for potential use
only when there is an outbreak of novel or reemerging in-
fluenza virus infections in which other anti-influenza virus
agents are not effective or insufficiently effective, in part
because of its teratogenicity in preclinical studies and con-
traindication for use in pregnant women. A twice-daily
regimen showed significantly better antiviral and clinical
effects than placebo in uncomplicated influenza (464), and
the results of recently completed RCTs in outpatient adults
are awaited. Favipiravir shows enhanced antiviral effects in
combination with NAIs in preclinical models (465), but
combination studies have not been undertaken as yet in
severe influenza.

Investigational Agents
A number of anti-influenza compounds and combinations of
antivirals or antivirals and immunomodulators have been
described in preclinical studies, but few have undergone
clinical testing (426, 465–467). One retrospective analysis
suggested that therapeutic use of convalescent-phase blood
products in pneumonia patients in 1918 reduced mortality
(468), and early serotherapy with convalescent plasma or
hyperimmune globulin-containing higher-neutralizing anti-
body titers, in combination with NA inhibitors in recent
reports, likely reduces mortality in seriously ill patients (469,
470). A number of heterosubtypic, neutralizing antistem
monoclonal antibodies, targeting HA group 1 and/or group
2, show therapeutic activity in animal models of lethal in-
fluenza including A(H5N1) and A(H7N9) viruses (471–
473), and several of these and other antibody preparations
(474) are in clinical trials.

Older investigational agents include ribavirin, a nucleo-
side analog active in preclinical models against influenza A
and B viruses. If initiated early after symptom onset, aero-
solized ribavirin variably reduces illness in adults with un-
complicated influenza, but it was associated with no
important clinical benefits in young children hospitalized
with influenza (475). Aerosolized, oral, and intravenous
forms have been used to treat individual patients with in-
fluenza pneumonia or other severe complications, but riba-
virin remains an investigational agent of unproven efficacy
in influenza. Intranasal recombinant IFN-a2 partially pro-
tects against illness in experimental human influenza but is
ineffective in preventing natural influenza (51).

Other novel inhibitors under clinical study include the
oral PB2 inhibitor V-787 (476), the inhaled sialidase
DAS181 (477), nitazoxanide (478), and the HA inhibitor
arbidol (479). Various combinations of antivirals im-
munotherapeutics show enhanced antiviral activity in pre-
clinical studies, including lethal avian influenza virus
models, and warrant testing in severe infections in humans
(465, 471). Ribavirin shows enhanced antiviral activity
when combined with M2 or NAIs for dually susceptible
strains under experimental conditions (465). A triple-drug
regimen of amantadine, oseltamivir, and ribavirin, which is
inhibitory for variants resistant to single drugs, has been used
in critically ill and immunocompromised patients (480, 481)
and is undergoing further clinical testing in at-risk out-
patients.
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The family Bunyaviridae is the largest family of viruses and
includes many known human, animal, and plant pathogens.
The clinical diseases produced in humans range from acute
febrile illnesses, such as sandfly fever, to more distinct clin-
ical syndromes such as California encephalitis (CE), Rift
Valley fever (RVF), Crimean-Congo hemorrhagic fever
(CCHF), hemorrhagic fever with renal syndrome (HFRS),
and hantavirus cardiopulmonary syndrome (HCPS), which
is also referred to in the literature as hantavirus pulmonary
syndrome (HPS). Sandfly fever, RVF, and HFRS are com-
mon. Although most of the remaining diseases probably
cause no more than a few hundred cases each year, some are
associated with a high mortality rate (particularly CCHF and
HCPS), and two (CE and HCPS) are endemic in North
America.

New and emerging viruses are still recognized and in-
cluded in the large and growing family of Bunyaviridae. A
new tick-borne phlebovirus that emerged in China during
2007 to 2009 has caused more than 2,500 cases of “severe
fever with thrombocytopenia syndrome” (SFTS) (1), and, a
new genetically related phlebovirus, the Heartland virus,
was detected in two farmers with severe febrile illness and
thrombocytopenia in Missouri in 2009 (2). Heartland virus
is now recognized in 15 states. Heartland virus is spread by
Amblyomma americanum (lone star tick) and may also in-
fect wildlife and domestic animals, which could serve as
reservoirs (3–5). Thus, clinicians should be aware that in
undiagnosed febrile and severely ill patients with thrombo-
cytopenia it is important to collect blood and other speci-
mens for analyses.

VIROLOGY
Classification
The family Bunyaviridae includes more than 300 viruses and
is divided into five genera: Orthobunyavirus, Phlebovirus,
Nairovirus, Hantavirus, and Tospovirus (6). All genera ex-
cept the Tospoviruses, which are plant viruses, infect ver-
tebrate hosts and include human pathogens.

Representative groups and complexes for the orthobun-
yaviruses, phleboviruses, and nairoviruses, including major
human pathogens, are shown in Table 1. In general, the
genotypes are determined by molecular features, including

conserved nucleotide sequences, genomic size, and genomic
organization, whereas groups within each genus are deter-
mined primarily by serologic methods (6, 7). Within the
larger genera, viruses may be classified into groups and
complexes.

Antibodies are directed against a nucleocapsid protein
(NP) and two major envelope glycoproteins. The nucleo-
capsid protein is more conserved within a genus than the
glycoproteins. Serologic tests that are solely or primarily
directed against nucleocapsid protein antigens tend to be
sensitive but exhibit significant cross reactivity, whereas as-
says that are directed solely or primarily against glycoprotein
antigens tend to be useful in distinguishing between closely
related viruses (6, 7).

Virion Structure, Genome Composition,
and Major Proteins
Bunyaviruses are enveloped viruses about 100 nm in diam-
eter (80 to 120 nm) with 5 to 10 nm glycoprotein spikes
projecting from the envelope (Figure 1) (8–10). The virion
structures are known for several members of the Bunyavir-
idae, and the structures of the spike proteins on the surface
vary considerably across genera (11–14). The viruses are
generally spherical but may be oval and elongated. Virion
size may vary, and by cryoelectron microscopy (Cryo-EM)
and Cryo-EM tomography Hantaan virus (HTNV) particles
range in size from 120 to 154 nm (12). The envelope sur-
rounds a tripartite ribonucleoprotein complex containing
the small (S), medium (M), and large (L) genome segments
of single-stranded RNA with negative polarity (Figure 1).

The lengths of the genomic segments vary among the
genera, ranging from 6.3 to 12 kb for the L segment, 3.5 to 6
kb for the M segment, and 1 to 2.2 kb for the S segment. The
range within each genus is much more restricted. For han-
taviruses, segment lengths range from 6.5 to 7.0 kb for the L
segment, 3.6 to 3.7 kb for the M segment, and 1.6 to 2.1 kb
for the S segment.

Four major structural proteins are encoded by the three
segments, and nonstructural proteins are coded by some but
not all viruses within the family. RNA-dependent RNA
polymerase (RdRp or L protein) is coded by the L segment,
nucleocapsid (N) protein by the S segment, and glycopro-
teins by the M segment (Figure 1). Many of the structural
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proteins for the major viruses in the family have been se-
quenced (15–19), and successful reverse genetics systems
have been described (20–23).

Replication Strategies
Large gaps exist in understanding the mechanisms for Bun-
yavirus entry and assembly. As an example, Hantavirus
virions are generally asymmetric, pleomorphic particles; the
virion has a surface structure composed of an unusual square,
grid-like pattern distinct from other genera in the Bunya-
viridae and a lack of icosahedral symmetry typical of most
viruses. The square spike on the outer surface reflects the
glycoprotein (GP) projections, which extend 312 nm from
the lipid bilayer and comprise 4 molecules of Gn and Gc
(12). Hantaviruses bind epithelial and endothelial cells via
interaction of Gn with the host’s cell surface receptor(s); b1
integrin for apathogenic and b3 integrin for pathogenic
hantaviruses (24, 25); although these may not be the sole
receptors (26). HTNV enter through clathrin-coated pits,
followed by movement to early endosomes, and subsequent
delivery to late endosomes or lysosomes (27, 28).

Internally, the virion contains three rod-like ribonu-
cleoprotein (RNP) structures, which presumably contain the
viral RNA genome wrapped in N proteins. The viral RNA
dependent RNA polymerase (RdRp) or L protein would be
expected to be part of the RNP. For hantaviruses, the N
protein is the most abundant viral protein synthesized early
in infection and likely plays key roles in several important
steps in the virus replication cycle (27) including assembly
into the RNP and packaging. It is highly likely that different
oligomeric states or conformations of N occur during the life
cycle. The HTNV N protein traffics via microtubules in the
cell to the ER-Golgi intermediate compartment (ERGIC)
prior to viral assembly (28). It is unclear where or how the
assembly of the RNP takes place; however, the RNPs must
traffic to the Golgi since this is the compartment where
virions have been visualized. The RNP presumably buds into
the Golgi to produce the virion, and then the virion exits
the Golgi through the formation of a vesicle, which would
surround the hantavirus particles.

There is also considerable diversity in the replication
strategies within the family, although all members of the
family replicate in the cytoplasm and mature in the Golgi
(Figure 1) (8–10, 29, 30). Attachment and entry are medi-

ated by one or both of the glycoproteins (Figure 1). Phle-
boviruses enter cells by endocytosis, a mechanism that may
be shared by other members of the family. Bunyaviridae can
fuse cells at acid pH, and conformational changes in G1
have been described in the Orthobunyavirus genus. Thus, for
members of the family, entry and uncoating may occur
through a common mechanism of entry by endocytosis fol-
lowed by uncoating and release of the three nucleocapsids
into the cytoplasm following fusion of the viral envelope and
endosomal membrane at acid pH.

After uncoating, primary transcription of the negative-
sense vRNA to mRNA minimally requires vRNA, host
primers derived from mRNA, and the viral polymerase
(RDRP). The N protein is always associated with genomic
RNA, so this protein may also be required. Transcription is
followed by translation and trafficking of the RDRP and N
proteins to the perinuclear area. This is followed by genome
replication, usually through synthesis of a full-length positive-
strand cRNA that serves as a replicative intermediate, fol-
lowed by synthesis of negative-strand vRNA. These events
are followed by continued translation and RNA replication.

Replication of the S segment in the Phlebovirus and Tospo-
virus genomes is accomplished via an ambisense coding strat-
egy. The NS protein is encoded in the 5¢ half of the S segment,
the N protein is encoded in the 3¢ half of the segment, and the
proteins are translated from separate mRNAs. Genetic re-
assortment has been demonstrated both in cell culture and
in vivo in arthropod vectors between members of the same
serogroup in the genus Orthobunyavirus, but not between
members of different serogroups in the same genus.

A key point in genome replication is the switch from
transcription of genomic RNA to production of the positive-
strand cRNA that serves as the replicative intermediate.
This is also a key component in the transcription and rep-
lication strategies of other negative strand viruses such as
vesicular stomatitis virus (VSV), influenza virus, and rhab-
dovirus. For VSV, the switch appears to be regulated by the
N protein, and a similar mechanism may exist for members
of the family Bunyaviridae.

These events are followed by terminal glycosylation of
the glycoproteins, assembly of viral particles by budding into
Golgi vesicles, transport of the cytoplasmic vesicles to the
cell surface, fusion of the cytoplasmic vesicles with the
plasma membrane, and release of virions through exocytosis.

TABLE 1 Bunyaviridae: Genera, subgroups, and selected viruses that are human pathogens, excluding hantaviruses

Genus Serogroup or complex
Geographic location
of human pathogens Selected human pathogens

Orthobunyavirus California North America, Europe California encephalitis, La Crosse,
Jamestown Canyon, Tahyna

Simbu South America Oropouche
Anopheles A South America Tacaiuma
Bunyawera Africa, South America Bunyamwera, Fort Sherman,

Shokwe, Xingu
Group C North and South America Apue, Itaqui, Madrid, Oriboca

Nairovirus Crimean Congo Hemorrhagic
Fever (CCHF)

Africa, Asia, Europe CCHF and Dugbe

Nairobi sheep disease Africa, Asia Nairobi sheep disease
Phlebovirus Severe fever with thrombocytopenia

syndrome
Sandfly fever group

Asia, North and South
America, Africa,

Europe, Asia

Severe fever with thrombocytopenia
syndrome

Alenquer, Punta Toro,
Rift Valley fever, Sandfly fever Naples,
Toscana, Chagres, Sandfly fever Sicilian
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Unlike other negative-strand RNAviruses. Bunyaviridae lack
a matrix protein that bridges the gap between envelope
proteins and the nucleocapsids during assembly. Thus, there
may be direct transmembrane recognition between viral
glycoproteins that accumulate on the luminal side and the
ribonucleoprotein structures (ribonucleocapsids) that accu-
mulate on the cytoplasmic side of vesicular membranes. In
addition to morphogenesis in the Golgi that occurs in all
members of the family, additional mechanisms have been
described. For example, one member of the genus Phlebovi-
rus, RVF virus, can bud at the surface of rat hepatocytes as
well as into the Golgi cisternae.

Host Range, Growth in Cell Culture,
and Inactivation
Members of the Orthobunyavirus, Phlebovirus, and Nairovirus
genera infect both vertebrates and arthropods. Given the

large number of viruses in the family, it is not surprising that
the overall range of natural vertebrate hosts is broad, in-
cluding rodents, lagomorphs, deer, birds, and sheep and
other domestic animals (6, 7). Humans are not a natural
reservoir for any members of the family Bunyaviridae, but
human infections, some of substantial medical importance,
occur by members of each genus except the Tospovirus genus.
However, for a particular virus, the range varies from broad
to very limited, the latter being particularly true of hanta-
viruses. Although “spillover” may occur between small ro-
dent species in nature and rats, mice, and rabbits can be
infected in the laboratory, each hantavirus tends to have a
very restricted host range in nature (Table 2). The limited
host range and similar phylogenetic relationships among
hantaviruses and among the rodent hosts have led to the
suggestion that hantaviruses may have co-evolved with
their rodent hosts. Recent evidence also suggests remote

FIGURE 1 Model for Bunyaviridae replication. The principal steps in replication are (1) attachment of Gn to integrin receptor; (2) entry and
uncoating; (3) replication, cRNA synthesis from vRNA genome; (4) transcription, mRNA synthesis from vRNA genome; (5) replication,
vRNA synthesis from cRNA template; (6) translation, L and M mRNA translated on free ribosomes and M translation on RER; N and RdRp
and L, M, and S genomes move to Golgi; (7) packaging, assembly of genomic RNAs and proteins at Golgi (some evidence for New World
viruses assembling on plasma membrane); and (8) budding. Virion release, Golgi vesicles release virion by budding with plasma membrane.
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divergence of a clade of insectivore-borne hantaviruses (31,
32). Although many members of the latter clade have re-
cently been identified in soricids (shrews), none have been
clearly associated with human disease.

The range of arthropod hosts tends to be more limited
within each genus and to be even more limited for groups or
individual viruses within each genus (Table 3). With only a
few exceptions, members of the genusOrthobunyavirus infect
only mosquitoes. Most phleboviruses infect sandflies, but
RVF virus can infect a wide range of arthropods and appears
to be transmitted primarily by mosquitoes. The arthropod
host range for nairoviruses appears to be largely limited to
ticks, particularly those in the genus Hyalomma (33, 34).

Most bunyaviruses replicate in BHK-21 (hamster) or
Vero E6 (monkey) cells, are cytolytic, and plaque efficiently.
In contrast to most other Bunyaviruses, hantaviruses are
fastidious in cell culture and are generally not cytopathic.
They can only be grown in a few types of cells, particularly
Vero E6 cells, and in experimental infections in rodents such
as suckling or adult mice. Hantaan, Seoul, Puumala, Pros-
pect Hill, and Sin Nombre Virus (SNV and Convict Creek
isolates) were originally recovered from their usual rodent
hosts, albeit with some difficulty (7, 35–40). Viral antigen
can be detected by fluorescent antibody or other techniques,
and plaque reduction assays are also possible in Vero E6 cells.
Bunyaviruses in theOrthobunyavirus genus have been shown
to cause persistent, noncytopathic infections in mosquito
cell cultures. Suckling mice may also be used for isolation of
many members of the family. Like other enveloped viruses,
bunyaviruses are sensitive to acid pH, detergents, formalin,
heat, and lipid solvents.

EPIDEMIOLOGY
General Principles
For members of the Orthobunyavirus, Phlebovirus, and Nai-
rovirus genera, the infection is arthropod borne, although
RVF may also be acquired by direct contact with infected
animal carcasses or blood. Person-to-person transmission
may also occur with CCHF, SFTSV, and with Andes virus
(ANDV) infections, including nosocomial transmission of
CCHF through contact with infected blood and person-to-
person transmission of ANDV within households and other
close contacts, as well as rare nosocomial transmission in
Chile and Argentina (41).

For most bunyaviruses, the period of viremia in the ver-
tebrate host is brief, suggesting that infection in vertebrates
is generally more important for amplification than for viral
perpetuation. In contrast, infection in the insect is persis-
tent. For several viruses in these genera, virus perpetuation
can be maintained solely in the insect host for prolonged
periods through both transovarial and horizontal transmis-
sion. For example, La Crosse virus survives over the winter
in mosquito eggs, and RVFV can survive in mosquito eggs for
years during drought.

In contrast to the genera described above, hantaviruses
have no arthropod vector, although infection and trans-
ovarial transmission in gamsid mites have been described
(42). Virus perpetuation and amplification occur largely
within a single rodent species that is chronically infected
(Table 2). Infected rodents appear asymptomatic, but PUUV
impairs overwinter survival in bank voles and SNV-infected
juvenile deer mice have shorter survival than uninfected

TABLE 2 Hantavirus species recognized to date. Only those that are well characterized and clearly
differentiated from previously characterized species are listed. Courtesy of Dr. B. Hjelle.

Virus Abbreviation Synonyms Host Distribution of host Disease

Hantaan HTN A. agrarius Central & E Asia, Central & E Europe HFRS
Seoul SEO R. norvegicus, R. rattus Worldwide; commensal rat hosts HFRS, mild
Dobrava/Belgrade DOB BEL A. flavicollis Asia Minor, Europe, Palestine HFRS, severe
Saarema SAA A agrarius Central and East Europe HFRS, mild
Puumala PUU C. glareolus Russia, Europe, Asia Minor HFRS/NE
Sin Nombre SN Four Corners P. maniculatus Throughout US, W Canada HCPS
Black Creek Canal BCC S. hispidus SE US to Peru HCPS
New York NY NY-1 P. leucopus NE US, SE Canada HCPS
Bayou BAY O. palustris SE US, Kansas to New Jersey HCPS
Andesa AND O. longicaudatus Southern Chile, Argentina HCPS
Laguna Negra LN C. laucha Paraguay, Bolivia HCPS
Choclo O. fulvenscens Panama HFRS, mild
Thottapalayam TPM S. murinus Africa, India, SE Asia unknown
Tula TUL M. arvalis Russia, Europe, Asia Minor unknown
Thai THAI B. indica SE Asia, India unknown
Khabarovsk M. fortis East Asia
Prospect Hill PH M. pennsylvanicus N, E US, Canada, Alaska unknown
Bloodland Lake BLLL PVV M. ochrogaster midwestern, E US, S Canada unknown
Isla Vista Isla CMMV M. californicus California, Oregon, Mexico unknown
El Moro Canyon ELMC HMV-1 R. megalotis W US, Mexico, SW Canada unknown
Rio Segundo RIOS HMV-2 R. mexicanus? Mexico, Costa Rica, Ecuador unknown
Rio Mamoré RM Oligoryzomys microtis Bolivia, Brazil, Paraguay, Peru unknown
Calabazo Z. brivicauda Panama unknown

aPossibly synonymous with variant forms Bermejo, Oran, Lechiguana.

1062 - THE AGENTS—PART B: RNA VIRUSES



ones (43). SNV-infected adult male deer mice and SEOV-
infected male rats are more aggressive when compared to
uninfected adult males. This enhanced aggressive behavior
likely facilitates transmission, since wounding is the primary
mode of horizontal transmission (44). There is no evidence
for vertical transmission, and most evidence points to hori-
zontal transmission following weaning and clearance of
protective maternal antibodies (45). Virus is chronically shed
in rodent excreta, and humans appear to acquire infection
from aerosols from infected rodent excreta. The viability
virus in rodent excreta is not known, but hantavirus remains
viable for at least 12 days at room and much longer at lower
temperature (46, 47). Finally, laboratory infections have been
documented with many members of the family. In most cases,
aerosol transmission has been the probable mode of trans-
mission, but direct transmission of hantaviruses from contact
with infected animals may also occur. Particular care, in-
cluding BL-4 containment for some applications, should be
taken with agents that carry a high risk of mortality, like
CCHF virus and the hantaviruses that cause HCPS.

CALIFORNIA ENCEPHALITIS SEROGROUP
VIRUSES (BUNYAVIRUS GENUS)
Epidemiology
The virus type or subtype, geographic location, and primary
mosquito vector and vertebrate host or hosts for California
serogroup viruses that cause human infection are shown in
Table 4. The CE group is named for the first virus in this
group isolated from humans with encephalitis in Kern
County, California in 1943. Since then, however, this virus
has not been associated with human disease, and La Crosse
virus, first identified in 1960 from a fatal case of encephalitis,
has accounted for most reported cases of CE (48).

California encephalitis is endemic in the Midwest. Most
cases occur between July and September in children, par-
ticularly boys, between the ages of 6 months and 16 years
with a peak incidence in children between the ages of 4 and
10. Most infections appear to be subclinical or result in a
febrile syndrome without encephalitis (48). One survey in
Minnesota estimated that one encephalitis case occurred for
every 26 childhood La Crosse virus infections, while a large
serosurvey in Indiana suggested that there might be more
than 1,000 infections for every reported case of encephalitis
in children less than 16 years old. Acquisition of La Crosse
infection continues throughout life with about 20% of the
population seropositive in endemic areas by the age of 60;
presumably, adults who acquire infection are at little risk of
developing encephalitis.

The primary vector is the mosquito Aedes triseriatus. The
female Ae triseriatus is a daytime feeder that breeds in rain-
water in tree holes or other small containers, including dis-
carded tires, thereby allowing breeding and disease
transmission in areas distant from the mosquito’s usual forest
habitat. The virus can overwinter by transovarial transmis-
sion where eggs deposited in the fall can survive the winter
and hatch in the spring (49). Evidence suggests that infected
female mosquitoes may hibernate during the winter and lay
eggs in the spring. At that point, virus can be amplified
through infecting small mammals, particularly chipmunks
and squirrels, and through horizontal transmission through
mating with male mosquitoes. Humans are infected through
bites from chronically infected female mosquitoes. As with
other infections in this genus, infections in the mosquito are
chronic, whereas viremia in the primary vertebrate hosts and
humans is limited.

Another California serogroup virus, Jamestown Canyon
virus, is widely distributed in North America and may be
amplified in the white-tailed deer. It is transmitted by

TABLE 3 Natural vertebrate hosts, vectors, and mechanism of transmission for representative bunyaviruses that
are human pathogens

Genus/virus Vertebrate hosts Vectors Transmission

Orthobunyavirus
La Crosse Woodland rodents Aedes triseriatus Insect bite
Bunyamwera Rodents, lagomorphs Aedes species Insect bite

Nairovirus
CCHF Herbivores, lagomorphs Hyalomma ticks Insect bites, infected animal tissues,

person-to-person
Phlebovirus
Rift Valley fever Sheep/domestic animals Mosquitoes Insect bite, contact with blood/tissue of animals
Sandfly fever Unknown Phlebotomus species Insect bite

Severe fever with
thrombocytopenia
syndrome

Domestic & wild animals Ticks Insect bite, contact with blood/tissue of animals

Hantavirus Rodents (persistent) None Aerosolized rodent excreta, person-to-person (Andes)

TABLE 4 California serogroup viruses

Virus Geographic location Vector Host Human infection

California encephalitis Western US, Canada A. melanimon, A. dorsalis Rodents, rabbits Very rare
La Crosse Midwestern, Eastern US A. triseriatus Chipmunks, squirrels Endemic
Tahyna Europe A. vexans, C. annulata Domestic animals, rabbits Endemic
Jamestown Canyon North America A. sp., C. inornata White-tailed deer? Uncommon
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Culeseta inornata and Aedes species. In contrast to La Crosse
virus, Jamestown Canyon virus more commonly causes en-
cephalitis in adults compared to children.

Pathogenesis in Humans
The incubation period is approximately 3 to 7 days based on
exposure histories and the incubation period in experi-
mental animals. Virus has only rarely been isolated from
brain tissue of persons dying from encephalitis; virus has not
been recovered from blood, CSF, or throat or rectal swabs
(50). The few reported autopsies and a brain biopsy showed
cerebral edema, mild leptomeningitis, glial nodules, peri-
vascular cuffing and rare, focal necrosis distributed in cor-
tical gray matter of the temporal, parietal, and frontal lobes;
basal nuclei; midbrain; and pons (50–52).

Antibodies against G1 neutralize virus, block fusion, and
inhibit hemagglutination and presumably are important for
virus clearance, recovery from infection, and prevention of
reinfection. Passive administration of neutralizing antibody
protects experimental animals, and development of specific
immune responses is correlated with recovery from illness in
humans and in clearance of viremia in animals (50).

Clinical Manifestations
At the onset of the illness, patients typically have fever
(100%), headache (375%), malaise, and nausea and
vomiting (50 to 65%) (6, 51, 53, 54). Within 1 to 3 days this
is accompanied by meningeal signs (360%) and lethargy,
with total resolution within 7 to 8 days. In the most severe
form, fever and headache may begin abruptly with progres-
sion to seizures in 12 to 24 hours. Overall, approximately
half of cases develop seizures, including some with status
epilepticus. Approximately 10% develop coma. Most of the
remainder develop disorientation or altered consciousness,
but aseptic meningitis without altered consciousness is also
described. Less commonly, hemiparesis, tremor, aphasia,
ataxia, dysarthria, abnormal reflexes, and chorea have been
reported. The case fatality rate is 1% or less, and the total
duration of the illness rarely exceeds 10 to 14 days. Most
persons recover without any obvious residua. However,
persistent focal neurologic findings or learning difficulties
have each been reported in about 2% of patients, and
emotional lability is reported to persist in about 10%. Epi-
lepsy persists in about 20% of those who experience seizures
during the acute episode, and most persons tested within the
first five years after an acute episode have an abnormal
electroencephalogram (55).

Most children with CE have a peripheral white blood
cell (WBC) count between 10,000 and 20,000 (median
316,000), but normal counts and counts as high as 30,000
have been reported (47, 51–54). The cerebrospinal fluid
(CSF) is almost always abnormal at some point during the
acute illness. The CSF white blood cell count is elevated
(median 3100, range 0 to 600 cells/mm3) in at least 90% of
cases, with a predominance of mononuclear cells in 60 to
85% of patients. The CSF glucose is normal and the protein
concentration is usually normal, but in about 30% of patients
the latter is minimally elevated (range 40 to 100 mg/dl).

In the age group at greatest risk for CE, the most common
illnesses in the differential diagnosis include herpes simplex
virus encephalitis (HSE), mumps, meningitis or encephali-
tis, West Nile virus, or enteroviral meningoencephalitis (51,
54). Mumps and enteroviral infections tend to occur during
community-wide epidemics. Parotitis would be diagnostic of
mumps and rash would suggest enteroviral infection, al-
though rash is rarely reported in CE. Focal CNS findings,

seizures, stupor, or coma would suggest CE or HSE. Absence
of exposure to a rural, wooded area in the past two weeks,
occurrence outside the months of June through September,
or illness in a child less than one year or greater than 15 years
of age would suggest a diagnosis other than CE. Bacterial
meningitis might be suggested in the 30% of patients with a
predominance of leukocytes in the CSF, but the clinical
course, normal glucose, and negative Gram stain and cul-
tures would rule out bacterial meningitis (51).

Laboratory Diagnosis
Although California serogroup viruses cause productive,
cytotoxic infections and replicate in many cell lines, in-
cluding Vero or BHK-21, repeated attempts to grow virus
from throat swabs, blood, CSF, and stool have been unsuc-
cessful. The diagnosis is usually established by serologic
methods, including neutralization, hemagglutination inhi-
bition (HI), complement fixation (CF), and ELISA (50, 51,
53, 54, 56). Most patients are seropositive by IgM ELISA at
the onset of illness. The neutralization assay is positive in
most patients by the end of the first week of illness, and
neutralizing antibody appears to persist for life. HI antibodies
appear with neutralizing antibodies but are not as persistent,
and CF antibodies appear only after two to three weeks of
illness and are absent within a year (51).

Prevention
Infection with California encephalitis serogroup viruses may
be prevented by use of insect repellants and by mosquito
control through insecticide spraying and through control of
breeding sites. Some communities have attempted remov-
al of discarded tires and other artificial breeding sites,
but control of natural breeding sites such as tree holes in
woodlands is probably impractical.

Isolation of infected persons is not necessary. There is no
known role for passive immunoprophylaxis or antiviral
chemoprophylaxis. No vaccine is available, although im-
munization of mice with a vaccinia recombinant that ex-
presses La Crosse virus glycoproteins protects mice from
lethal challenge (57).

Treatment
Treatment of California encephalitis is supportive.

HANTAVIRUSES
Epidemiology

Hantavirus Cardiopulmonary Syndrome (HCPS)
Hantavirus cardiopulmonary syndrome (HCPS) was first
recognized in 1993 following a cluster of unexplained deaths
in young adults in the rural, Four Corners area of north-
western NewMexico and northeastern Arizona (58–60). Sin
Nombre virus, a previously unrecognized hantavirus associ-
ated with the deer mouse, Peromyscus maniculatus, was found
to be responsible for most HCPS cases. Specific serolog-
ic tests and tests for viral RNA by reverse transcriptase-
polymerase chain reaction (RT-PCR) were quickly developed
(35, 59, 61–64). Notably, serologic surveys retrospectively
documented cases from as early as 1959 (15, 65, 66). To date,
cases have been reported in 31 states in the continental
United States, of which over 95% have occurred in states
west of the Mississippi (67). Through 6 January 2016, 690
cases of HCPS have been reported in the United States; 109
cases have been reported in Canada through December
2014. There is a male predominance, and the mean age is 38
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(range 5 to 84) in the United States and 40 in Canada.
Among US cases, 78% have been white, 18% Native
American, 19% Hispanic, and 1% African American. The
overall case fatality rate among reported cases is 36% in the
United States. Cases occur year-round, but most occur in the
spring and summer.

Although Sin Nombre virus (SNV) remains by far the
most important Bunyavirus pathogen in the United States
and Canada, a limited number of HCPS cases in the United
States have occurred outside the range of the deer mouse
(Figure 2) and are caused by distinct species. These include
Black Creek Canal virus (BCCV) from the cotton rat, Sig-
modon hispidus, in Florida (68, 69), New York virus (NYV),
from P. leucopus (white-footed mouse) in the Northeastern
United States (70–72), and Bayou virus (BAYV) from rice
rats (Oryzomys palustris) in Louisiana and Texas (73, 74).
NYV is closely associated with SNV, whereas BCCV and
BAYV are more closely associated with ANDV.

HCPS has also now been reported in Argentina, Canada,
Bolivia, Brazil, Chile, Panama, Paraguay, and Uruguay.
ANDV, which is carried by the long-tailed pygmy rice rat,
Oligoryzomys longicaudatus, causes severe HCPS along the
southern Andes Mountains in central and southern Ar-
gentina and Chile. Andes virus is of particular concern be-
cause of strong evidence for person-to-person transmission
(41, 75–77). Laguna Negra virus (host Calomys laucha) is a
recognized pathogen in Paraguay and Bolivia, and Juquitiba
virus is a pathogen in Brazil. In Panama, Choclo virus was
identified in patients and in the host, Oligoryzomys fulven-
scens, in an outbreak in 2000 (78).

In Chile, where 759 ANDV cases were reported through
February 2013, a mean of 55 cases are reported annually, and
the case fatality rate is 32%. The mean age (32 years) is
lower than in the United States, in part because ANDV
causes disease in young children whereas SNV does not.
Through the end of 2006, 841 cases were in Argentina (79)
and similar numbers of cases have also been reported in
Brazil. As such, both the number of cases and deaths from

HCPS in South America exceed the number of cases
and deaths in the United States and Canada by a factor of at
least three.

In addition to the viruses implicated in HCPS, hanta-
viruses that have been identified in New World rodents
include Rio Mamore virus amplified by RT-PCR from Oli-
goryzomys microtus collected in Bolivia in 1985, Calabazo
virus (host Zygodontomys brivicauda) in Panama (78); Pros-
pect Hill virus in the meadow vole, Microtus pennsylvanicus;
Isla Vista virus in the California meadow mouse, M. cal-
ifornicus; Bloodland Lake virus in the prairie vole, M.
ochragaster; El Moro Canyon virus in the western harvest
mouse, Reithrodontomys megalotis; and Rio Segundo virus
from R. mexicanus (80–84).

Sero-epidemiology
Current evidence suggests that subclinical infections

with SNV and ANDV are uncommon. Although a small
number of individuals without a history of HCPS, including
mammalogists and persons living in rural areas of the Four
Corners region of New Mexico and Arizona, have been
found to have hantavirus antibodies, it is not clear whether
these individuals have been infected with SNV. Surveys of
hundreds of individuals presenting to healthcare facilities in
the Four Corners region and equal numbers of national park
workers and others presumed to have high-risk occupations
have failed to identify seropositive persons (85, 86). Sero-
prevalence rates of 3 to 30% have been reported in some
areas in Central and South America. Rates as high as 12%
have been reported in some high-risk areas in Chile when
testing was done by the CDC EIA using standard cutoff
values, whereas seroprevalence rates were much lower (3%)
and there was intertest agreement when samples were tested
by the strip immunoblot assay and by neutralizing antibody
testing and a higher cutoff was used for the EIA (P. Vial,
personal communication). Seroprevalence rates exceeding
30% have been reported in Panama, where Choclo virus
causes a mild form of HCPS with a low case fatality rate and

FIGURE 2 Distribution of Peromyscus maniculatus and location of HPS cases as of 9 May 2006. Total cases (N = 438 in 30 states) (from
Centers for Disease Control and Prevention).
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where a high proportion of seropositive individuals have no
history of HCPS (87). Although subclinical infections with
SNV and ANDV may be rare, mild, symptomatic infections
are probably underreported for all hantaviruses that cause
HCPS. A number of persons have been identified in New
Mexico, Chile, and elsewhere that have not been hospital-
ized or only hospitalized for a few days.

Risk Factors
Most persons with HCPS lived in rural areas or had oc-

cupations or recent activities that involved exposure to rural
areas (85, 86, 88). In case-controlled studies, the risk factors
for HCPS included seeing increased numbers of small ro-
dents in the home, cleaning home food storage areas,
cleaning feed storage areas (barns), and cleaning animal
sheds (86, 88, 89). Of note, risk factors almost always include
indoor exposure (89). A 2012 outbreak in Yosemite Na-
tional Park (10 cases with 3 deaths) was linked to deer mice
nesting in the insulation of tent cabins (90).

Risk factors for person-to-person transmission of ANDV
infection include close contact with the index case before or
shortly after the onset of symptoms rather than following
development of the cardiopulmonary phase when patients
typically present for hospital admission (75, 91, 92). In a
prospective study of 476 household contacts of index
cases with HCPS in Chile, the risk of HCPS was 17.6%
in sex partners versus 1.2% in other household contacts
(P < 0.001), and 32.6% of 96 HCPS cases occurred in
household clusters with two or more cases in the household
(75). Despite conclusive evidence for person-to-person
transmission with ANDV among close household contacts,
nosocomial transmission is exceedingly rare. While nosoco-
mial transmission was suspected in the 1996 outbreak in
Argentina (77, 93) clear evidence of nosocomial transmis-
sion of ANDV has been documented in a single case cluster
in Chile (41).

Hemorrhagic Fever with Renal Syndrome (HFRS)
The first recognized hantavirus associated with HFRS was
Hantaan virus (HTN) transmitted by Apodemus agrarius
(striped field mouse) and distributed throughout the Far
East, particularly in China and Korea, eastern Russia, and
the Balkans (Table 2) (6, 36, 48, 94–100). Another severe
form of HFRS associated with Dobrava (DOB) virus from
Apodemus flavicollis (yellow necked field mouse) occurs in
the Balkans (101, 102). Saaremaa virus, carried by A.
agrarius (striped field mouse), causes mild HFRS and occurs
in eastern and central Europe. Another mild form of HFRS
associated with Seoul virus (SEO) and Rattus norvegicus
(brown rat) occurs worldwide (6, 37, 38, 95, 100–105). The
mildest form of HFRS, also denoted nephropathia epide-
mica, is caused by Puumala virus (PUUV), which is carried
by Myodes glareolus (bank vole); PUUV occurs throughout
Scandinavia, western Russia, and central Europe (39, 95,
100, 106–108).

Although infection with the hantaviruses causing HFRS
occurs in all age groups, infection and disease peak in adults
15 to 40 years of age; like HCPS, HFRS is uncommon in
children (109–111). There may be 150,000 cases of HFRS
per year with the majority in Asia. In an agricultural district
in China, the ratio of subclinical to clinical hantavirus in-
fections was 5.4:1 based on cross-sectional data versus 14:1
based on prospective data, and clinical infections were more
likely to be caused by Hantaan than by Seoul virus. Among
rodents trapped in the area, most Hantaan infections were

found in A. agrarius, whereas most Seoul infections were
found in Rattus norvegicus trapped in homes (110).

Risk Factors
Human infections with Hantaan virus occur primarily in
adults in rural areas. Some studies report a male prepon-
derance of Hantaan virus infection in men (2:1), but rates
among men and women may be equal in areas where agri-
cultural work is performed near the home or where crops are
stored near homes during winter months (109–111). In the
latter case, the field mice may be likely to invade homes and
food storage areas. Specific occupational groups, including
farmers, forest workers, and field soldiers, have been shown
to be at higher risk, as have activities such as harvesting and
sleeping in straw huts (111).

Seoul infection appeared to account for approximately
20% of infections and < 5% of cases of HFRS in rural China,
but Seoul virus appears to cause most urban outbreaks due to
the distribution of the reservoir host, the brown rat. Large
outbreaks have been described in Osaka, Seoul, and seaports
in China, but limited outbreaks have been described in
seaports throughout the world.

Puumala virus–associated HFRS (also called neph-
ropathia epidemica) primarily occurs among farmers and
others living in rural areas (107, 112–114). In Scandinavian
countries, where more than a thousand cases occur annually,
most cases occur in the fall and early winter when bank voles
infest homes and peridomestic buildings (115). In Europe,
cases are more frequent in relation to rodent population
peaks every 3 to 4 years (115, 116). Seroprevalence in en-
demic areas of Sweden is approximately 10% (114). The
male to female ratio ranges from almost 2:1 to almost 5:1.
The peak ages for Puumala infection and disease are similar
to those for Seoul and Hantaan infections. Fewer than 5% of
persons with PUUV infection are < 15 years of age (117).
There are approximately 100 hospitalizations a year in
Sweden with serosurveys suggesting 10 to 20 infections for
every hospitalized case (114, 118).

Transmission
As indicated above, humans acquire hantavirus infections by
aerosol transmission from inhalation of infected rodent ex-
creta, including urine, droppings, or saliva (100, 117). There
is no evidence of human-to-human transmission of the vi-
ruses that cause HFRS, including nosocomial transmission in
hospitals. Seroconversion and clinical infection have oc-
curred among animal handlers and persons visiting the lab-
oratories housing small rodents, and, rarely, following bites
and dissection of infected animals and in persons working
with hantaviruses in cell culture (117, 119). Transmission
through blood products has been reported (120).

Pathogenesis in Humans
The incubation period between rodent contact and onset of
symptoms is difficult to determine, since the period of po-
tential exposure may be prolonged. A small study of persons
with PUUV infection suggested that the median was about
four weeks, with a range of one to eight weeks (121). For the
more severe forms of HFRS, the average incubation period
has been estimated to be 21 days, with a range of four days to
six weeks (111, 122, 123). For HCPS the median incubation
period was reported as 18 days (range of 10 to 34 days) in a
small series of 11 patients with ANDV-associated HCPS
in Chile (124). In another report, the potential period of
exposure was limited to 48 hours or less, and the median
incubation period was 30.5 days (range 20 to 49 days) among
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10 persons who acquired SNV infection at the Yosemite
National Park in California in 2012 (90).

Viral Replication Patterns
The role of viremia in the pathogenesis of HFRS and HCPS
is not known. However, in household contacts ANDV RNA
could be routinely detected in peripheral blood for up to 15
days before the onset of symptoms or development of anti-
hantavirus antibodies (75), and PUUV RNA has been de-
tected in a serum sample obtained at the time of an
incidental urinary tract infection three weeks prior to
symptom onset in a case of severe HFRS (125). High levels
of viral RNA can be detected by quantitative RT-PCR in
patients with SNV-associated HCPS at the time of hospital
admission, and there is a significant association between
high viral load at admission and severe disease (126).

Virus isolation from humans with HFRS is difficult (73,
127, 128); there has been only one successful isolation of
ANDV from the serum of a 10-year-old, seronegative
Chilean boy two days before he developed fever and six
days before he died from HCPS (129). Furthermore, in a
recent prospective study of household contacts of index
patients with HCPS in Chile, ANDV RNAwas detected by
RT PCR in peripheral blood cells 5 to 15 days before the
onset of symptoms or detection of antihantavirus antibodies
in four household contacts who subsequently developed
HCPS (75).

In persons who die from HFRS and HCPS, hantaviral
antigens are widely distributed in organs as demonstrated by
immunohistochemical stains (130, 131). In HCPS these
include lung, kidney, heart, spleen, pancreas, lymph nodes,
adipose tissue, skeletal muscle, intestine, adrenal gland, and
brain; in contrast, only rare sinusoidal lining cells are stained
in the liver (131). Viral antigens are detected primarily
within capillary endothelial cells but are rarely detected in
large veins or arteries. In HCPS, the most intense staining is
found in pulmonary capillary endothelial cells. In the kidney,
immunostaining is found in interstitial capillaries in the
medulla and cortex and in glomerular endothelial cells. In
contrast, in persons dying of HFRS, immunohistochemical
staining is most intense in the kidney. Immunohistochemical
staining in tubular epithelial cells is prominent in HFRS but
rare in HCPS.

Electron microscopic (EM) studies of HCPS autopsy
tissue demonstrate infrequent hantavirus inclusions in pul-
monary capillary endothelial cells, and, more rarely, virions
in both pulmonary capillary endothelial cells and interstitial
macrophages (131, 132). Hantaviruses have been infre-
quently recovered from humans, so the duration of viremia
and viral excretion has not been clearly determined. How-
ever, SNV RNA has been uniformly detected in peripheral
blood mononuclear cells (PBMC) by RT-PCR from persons
hospitalized with HCPS, but only intermittently in speci-
mens collected 16 to 23 days after onset of symptoms and not
in later specimens (133). In contrast, SNV RNA was de-
tected by RT-PCR in only one of three bronchoalveolar
lavage samples in patients in whom SNV RNA was easily
detected in PBMC.

Histopathology
Autopsies of HFRS cases show capillary engorgement and
focal hemorrhages widely distributed in the kidneys and
hemorrhagic necrosis of the renal medulla (134). Retro-
peritoneal edema is present in persons who die of shock early
in the course of illness. Widespread hemorrhages with or
without hemorrhagic necrosis occur in the subepicardium

and epicardium of the right atrium, anterior pituitary, me-
ninges and subarachnoid space, pancreas, and skin. Hem-
orrhage and necrosis are most marked in the right atrium in
patients who have died early in the shock phase, whereas
hemorrhagic necrosis of the anterior pituitary has been most
prominent in patients who survived the shock phase and
died during the oliguric or diuretic phases (see below). Al-
though pulmonary edema has been described in HFRS, most
cases of fatal pulmonary edema from the Korean War oc-
curred during the oliguric and diuretic phases rather than the
shock phase (134–137). Pulmonary interstitial infiltrates
also appeared much less prominent in HFRS than in HCPS
(131, 132, 134–136). When using modern radiologic tech-
niques, high-resolution computed tomography showed tho-
racic effusions or pulmonary edema in almost half of HFRS
patients infected with PUUV (138). In both HFRS and
HCPS, there were infiltrates of large, atypical mononuclear
cells in the spleen, lymph nodes, and in the hepatic
portal triads. Renal biopsies of patients with NE have
shown interstitial edema and hemorrhage, tubular degener-
ative changes, and glomerular inflammatory infiltrates, and
changes consistent with acute tubular necrosis may persist
for several months (136).

In a series of 13 autopsies of patients with HCPS per-
formed at the University of New Mexico, all had large, bi-
lateral pleural effusions, and large, rubbery, edematous lungs
with significantly increased weight (132). Splenomegaly was
found in 5 of 12, and gastric mucosal hemorrhage was found
in 3 of 13. Histologically, the lungs showed intra-alveolar
and septal edema, interstitial infiltrates with mononuclear
cells (primarily T lymphocytes with a CD4/CD8 ratio about
2:1 and macrophage/monocytic cells), and sparse to mod-
erate hyaline membranes (132). Large immunoblasts, pri-
marily activated CD8+ cells, were found in pleural fluid and
peripheral blood (Figure 3) (132, 139). In contrast to find-
ings in patients with adult respiratory distress syndrome, the
type I alveolar lining cells were intact and type II lining cells
were not activated; hyaline membranes were composed
primarily of fibrin, and neutrophils and cellular debris were
uncommon (Figure 4). In contrast to the findings in HFRS,
gross and histologic findings in patients with HCPS were
normal in the brain, pituitary, heart, kidneys, adrenals,

FIGURE 3 Peripheral blood smear from a patient with the car-
diopulmonary stage of hantavirus cardiopulmonary syndrome. Note
the immunoblast with basophilic cytoplasm, prominent nucleolus,
and high nuclear to cytoplasmic ratio. Also note immature neu-
trophils. Courtesy of R. Feddersen.
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pancreas, and skin, and no patient had retroperitoneal
edema (132). Of note, pathologic evidence of myocarditis
has been reported in patients who died from HCPS (140).

Immune Responses
Both HCPS and HFRS cause capillary leak syndromes. The
differences between the two syndromes include the primary
target organs (the lung in HCPS and the kidney in HFRS)
and lack of widespread hemorrhage and hemorrhagic ne-
crosis in HCPS despite the presence of thrombocytopenia in
both syndromes. Although capillary endothelial cells are
infected with hantaviruses in both syndromes and the degree
of hantavirus infection is greatest in the capillary endothelial
cells in primary target organ, EM studies in both syndromes
have failed to show any evidence of capillary endothelial cell
necrosis or cytotoxicity. Thus, it has been postulated that
virus-infected endothelial cells may be injured by T cells,
cytokines, or other immune-mediated factors creating gaps
between endothelial cells (139). Recently, it was shown that
hantavirus infected endothelial cells actually were protected
from injury by cytotoxic cells and apoptosis was inhibited
(133, 141). In both syndromes, antihantavirus antibodies are
invariably present at the onset of clinical involvement of the
primary target organ. In HCPS, elevated plasma levels of IL-
2 and its receptors, gamma-interferon, IL-6, and soluble re-
ceptors for TNF suggest marked cytokine activation, and the
same is suggested by increased levels of soluble IL-2 receptor,
TNF, kallikrein-kinins, and by gamma-interferon expression
in HFRS. Circulating immune complexes, activation of the
complement pathway, and deposition of immunoglobulins
and complement in both the glomerular basement mem-
brane and tubules are present in HFRS but not HCPS.

Early development of high neutralizing antibody titers to
Sin Nombre virus is associated with mild HCPS. Patients
with severe or fatal acute SNV and PUUV infection have
significantly lower neutralizing antibody titers on the day of
hospital admission compared with patients with mild disease
(142, 143).

b3 integrins mediate cellular entry of pathogenic hanta-
viruses (Hantaan, Seoul, Puumala, Sin Nombre, and New
York viruses) but do not mediate the entry of Prospect Hill

virus, a virus not associated with human disease, in human
umbilical vein endothelial cells and in Vero E6 cells (24,
144). b3 integrins are present on platelets, endothelial cells,
and macrophages and are also known to regulate vascular
permeability and platelet function.

Humoral and cell-mediated immune responses appear to
persist for decades, and recurrent episodes of HFRS or HCPS
have not been reported. Thus, it is presumed that infection
leads to lifelong protection from repeat infection.

Clinical Manifestations

Hantavirus Cardiopulmonary Syndrome (HCPS)
The illness typically begins with a febrile prodromal phase
characterized by fever and myalgia; the latter is often
prominent (Figure 5) (145). Headache, backache, abdomi-
nal pain, diarrhea, nausea, and vomiting may also be present,
particularly after the first 24 to 48 hours. As with HFRS,
fever and abdominal pain may dominate the clinical pre-
sentation suggesting acute appendicitis or another cause of
an acute surgical abdomen (Table 5). The febrile phase,
which usually lasts 3 to 4 days but may last 10 to 12 days, is
followed by the sudden onset of noncardiogenic pulmonary
edema and, in some cases, by shock (58–60, 146).

FIGURE 4 Pulmonary histology in a patient who died from
hantavirus cardiopulmonary syndrome. Note the intra-alveolar and
septal edema, interstitial infiltrates with mononuclear cells, and
sparse hyaline membrane. In contrast to patients with ARDS, the
hyaline membranes are largely devoid of inflammatory cells and
cellular debris. Courtesy of Dr. K Nolte.

FIGURE 5 Clinical course and typical laboratory findings in
severe hantavirus cardiopulmonary syndrome and severe hemor-
rhagic fever with renal syndrome. Reprinted from reference (145)
with permission of the publisher.
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The cardiopulmonary or shock phase of HCPS is heralded
by the abrupt onset of cough and shortness of breath, which
may be accompanied by dizziness. Pulmonary edema develops
rapidly, usually over 12 hours or less. All hospitalized cases
have become hypoxic during this stage, and nearly all have
required supplemental oxygen. Approximately 75% of cases
require mechanical ventilation, and mortality is approxima-
tely 50% in those who require intubation. Monitoring with a
flow-directed pulmonary artery catheter typically shows nor-
mal pulmonary wedge pressure (PWP), decreased cardiac
index (CI), and elevated systemic vascular resistance (SVR)
(Table 6). These parameters are helpful in clinically differ-
entiating HCPS from septic shock. In the latter, the CI is
typically elevated and the SVR is depressed.

Among hospitalized patients, death is usually preceded by
the abrupt onset of a profound lactic acidosis, cardiogenic
shock, and by pulseless electrical activity despite the ability
to maintain adequate oxygenation. Death may occur within
the hours of the first pulmonary symptoms, with death being
uncommon after approximately 48 hours of intubation. A

lactate ‡ 4 mmol/l, marked hemoconcentration, cardiac
index £ 2.2, and persistent hypotension are indicators of a
poor prognosis. Among hospitalized patients, death almost
always results from shock with very low cardiac output and
from cardiac arrhythmias. Death rarely occurs from respira-
tory failure provided that mechanical ventilation is avail-
able. As such, this chapter and many recent publications use
the term hantavirus cardiopulmonary syndrome (HCPS)
rather than hantavirus pulmonary syndrome (HPS) to call
attention to the important role of shock and arrhythmia in
serious and fatal HCPS.

After two to four days, recovery is heralded by the onset of
the diuretic phase. Clinical improvement is often rapid, al-
lowing many patients to be extubated within 12 to 24 hours
after the onset of diuresis. Supplemental oxygen may be re-
quired for several days following extubation. The diuretic
phase is typically followed by a convalescent phase that may
last up to several months and is characterized by weakness
and fatigue, but limited long-term follow-up studies suggest
that patients recover fully without residual abnormalities.

Chest radiographs are usually normal during the pro-
dromal, febrile phase and may be normal at the onset of
pulmonary symptoms, but radiographic abnormalities in-
variably appear shortly after the onset of pulmonary symp-
toms (147). Early findings include radiological signs of
bilateral interstitial edema, including Kerley B lines, hilar
indistinctness, or peribronchial cuffing. Within 48 hours
(often within 2 or 3 hours), radiographic signs of bilateral air
space disease develop in a majority of patients, including all
who require mechanical ventilation or die (Figure 6).

The platelet count begins to drop shortly after the onset of
fever (Figure 5) (145). Isolated thrombocytopenia has been
present in samples obtained 24 to 48 hours before the onset
of the shock phase. In the shock phase, characteristic he-
matological abnormalities include thrombocytopenia, in-
creased white blood cell counts with immature granulocytes,
‡ 10% immunoblasts, and elevation of LDH. Patients
with severe disease also exhibit hemoconcentration, hypo-
albuminemia, and lactic acidosis. The immunoblasts are
characterized by basophilic cytoplasm (occasionally with

TABLE 5 Clinical and laboratory features of Hantaan-associated hemorrhagic fever with renal syndrome (HFRS)
and hantavirus cardiopulmonary syndrome (HCPS)

Abnormality HFRS HCPS

Prodrome with fever and myalgias Present Present
Facial flushing Common early Absent
Petechiae Common late in prodrome Absent in Sin Nombre virus, often present

with Andes virus
Conjunctival injection Common early Absent
Pulmonary edema Uncommon except in oliguria Present during cardiopulmonary stage
Proteinuria Present with onset late in prodrome Uncommon
Hemorrhage GI, CNS and right atrial hemorrhage

seen in severe cases/deaths
Rare with Sin Nombre virus; clinical bleeding
(from venipuncture sites, pulmonary hemorrhage)
more common with Andes virus

Renal failure/azotemia Common Uncommon/mild
Hemoconcentration Uncommon except with 9BP/shock Present in 50% of patients
Thrombocytopenia Present early Present early
Nonproductive cough/
shortness of breath

Uncommon Present at onset of cardiopulmonary stage

Shock Uncommon Common during cardiopulmonary stage
Hypotension Common Very common

TABLE 6 Hemodynamic summary at clinical nadir
of 8 HCPS patients with shock

HCPS Normal
(mean – SEM) (range)

Cardiac index (l/min/m2) 2.1 – 0.33 2.5–4.2
Pulmonary artery wedge
pressure (mm Hg)

15.6 – 2.6 8–10

Systemic vascular resistance
index (dyne.sec.cm–5/m2)

2,114 – 258 1,700–2,500

Pulmonary artery mean
(mm Hg)

29.7 – 3.5 8–20

Stroke volume index
(ml/beat/m2)

17.9 – 3.5 33–47

Clinical nadir defined by lowest value of stroke volume index. All patients
were receiving vasoactive or inotropic drugs at the time of measurement and had
received volume resuscitation. Reprinted from reference (146) with permission of
the publisher.
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coarse granules), prominent nucleoli, and a high nuclear-
to-cytoplasmic ratio (Figure 3). Elevations in aspartate
aminotransferase typically occur after the onset of the
cardiopulmonary/shock phase and peak early in the con-
valescent phase (Figure 5).

Diagnosis
The diagnosis should be considered in persons who present
with fever and moderate to severe myalgia, particularly if the
person has had recent rural exposure or a recent high-risk
exposure such as cleaning food or feed storage areas, catching
rodents, agricultural work, or increased numbers of rodents in
the home. Whenever practical, a complete blood count, in-
cluding a platelet count, should be obtained. In the setting
described above, the presence of thrombocytopenia should
trigger both serologic testing for hantavirus and consideration
of referral to a center with critical care capabilities.

Clinical decisions regarding patient care including insti-
tution of ECMO must often be made before the results of
serologic testing are available (Figure 7) (148). Fortunately,
an initial clinical diagnosis of HCPS can be made with a
high degree of confidence in patients who are in the car-
diopulmonary phase based on the clinical presentation and a
review of the peripheral blood smear. In a recent blinded
analysis of patients with a febrile prodrome followed by
pulmonary edema, the presence of four or more of the fol-
lowing findings had a sensitivity of 96% and specificity of
99% for diagnosis of HCPS (149): thrombocytopenia,
myelocytosis, lack of significant toxic granulation in neu-
trophils, hemoconcentration, and more than 10% lympho-
cytes with immunoblastic morphologic features. Thus,
pending results of serologic testing, a probable diagnosis can
be established for patients in the shock or cardiopulmonary
phase of HCPS through examination of the peripheral smear
and by measurement of the CI, PWP, and SVR with a flow-
directed pulmonary artery catheter or approximated by
noninvasive monitoring (146, 148–150).

Differential Diagnosis
The differential diagnosis is broad, but should include
pneumonia, sepsis, endocarditis, and septic shock; antibiotic

coverage should be provided to cover the most likely clinical
syndromes. At the University of New Mexico, antibiotic
coverage includes pathogens such as N. meningitidis, S.
pneumonia, Y. pestis, and F. tularensis unless a specific path-
ogen or syndrome is suspected. Although SNV has not been
transmitted nosocomially, isolation should be considered
until the diagnosis is established or until infection with
agents such as N. meningitidis or Y. pestis has been ruled out.
Rare nosocomial transmission of ANDV has been reported,
so contact and droplet isolation should be utilized for routine
care, and N95 respirator masks should be used during pro-
cedures such as suctioning and intubation (41).

Unfortunately, it is very difficult to differentiate patients
who are in the febrile, prodromal phase of HCPS from pa-
tients with other febrile illnesses. The differential diagnosis of
fever and thrombocytopenia is broad. For patients with rural
exposure in North America, the differential diagnosis varies
by region and the type of exposure but could include plague,
tularemia, leptospirosis, ehrlichiosis, Colorado tick fever,
relapsing fever, or spotless Rocky Mountain spotted fever.

Hemorrhagic Fever with Renal Syndrome (HFRS)
The clinical severity of HFRS varies according to the virus
type. Hantaan-associated HFRS, also called Korean and
epidemic hemorrhagic fever, has been divided into five
stages: febrile, hypotensive, oliguric, diuretic, and conva-
lescent (Figure 5). Not all patients with Hantaan-associated
HFRS have all five stages, and the stages appear somewhat
less useful in understanding the clinical course of HFRS
caused by the other viruses (136, 151–153).

Hantaan-associated HFRS
The illness of Hantaan-associated HFRS begins with the
onset of fever, which is universal and lasts from three to
seven days (136, 151–153). Symptoms like malaise, myal-
gias, and headache are common, as are flushing of the face
and neck in conjunction with periorbital edema and con-
junctival injection or hemorrhage (Table 5). After several
days, the symptoms may worsen and be accompanied by

FIGURE 6 Bilateral pulmonary edema in a patient with the
cardiopulmonary stage of HCPS. Courtesy of L Ketai.

FIGURE 7 Flow diagram for the management of patients sus-
pected of having hantavirus cardiopulmonary syndrome in the
cardiopulmonary stage pending IgG and IgM antihantavirus anti-
body results. Reprinted from reference (148) with permission of the
publisher.
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nausea, vomiting, abdominal pain, and lower back pain.
Petechiae may be found, particularly on the head, neck, and
trunk and palate. Laboratory findings include a normal or
slightly elevated WBC and decreasing platelet count. Pro-
teinuria is present, gradually increases during this phase, and
persists through the oliguric phase.

Coincident with or shortly before resolution of the fever,
some patients develop hypotension and shock. Mild degrees
of hypotension may develop in up to 50% of patients,
whereas shock develops in 10 to 15%. In patients with
shock, the WBC is markedly elevated with a left shift and
immature forms; there is marked thrombocytopenia and
hemoconcentration. Patients at this stage may exhibit more
widespread petechiae and bleeding, and disseminated in-
travascular coagulation is usually present (136, 151, 152). In
the remainder, the hypotensive phase resolves after a period
of several hours to two or three days.

During the second half of the first week of the illness,
oliguric renal failure develops in up to 60 to 70% of patients.
If present initially, hypotension and elevations in the he-
matocrit resolve during the oliguric phase, but hypervolemia
with pulmonary edema, neurologic complications, and in-
creased bleeding may occur. Dialysis may be required, par-
ticularly in patients with renal failure and pulmonary edema.
In a recent series, oliguric renal failure was present for a
mean of 8 days (range 3 to 17 days) (136). Deaths may occur
secondary to pulmonary edema, electrolyte disturbances,
shock, and CNS and other hemorrhages.

The diuretic phase begins about the middle of the second
week of illness. Patients who have had mild disease generally
recover quickly during this phase, but more severely ill pa-
tients are at risk of death from intravascular volume deple-
tion, electrolyte disturbances, and secondary infection. This
stage may be brief in patients with mild disease or may
gradually resolve over several weeks in those with more se-
vere disease; the mean duration is about 6 days (range 2 to
12) (136). The diuretic phase may be followed by a pro-
longed convalescent phase.

The risk of death from Hantaan-associated HFRS during
the KoreanWar was about 15% but more recently has been 5
to 7%. A recent publication from China reported an overall
case-fatality rate of 1.2% (154). Among survivors during the
Korean war, four of five who developed pulmonary edema
during the oliguric phase required hemodialysis, suggesting
that the risk of death during the oliguric and diuretic phases
may have been reduced by critical care treatment and he-
modialysis (136). Enhanced clinical care has improved the
outcome of HFRS, although in many HFRS endemic
countries it is difficult to determine the causative hantavirus
and estimated case-fatality rates may be confounded by in-
cluding both Seoul and Hantaan virus infections.

HFRS from Seoul, Saarema, and Dobrava Viruses
Seoul-associated HFRS is less severe and has fewer distinct
phases with overall mortality estimated at less than 1%.
Hemorrhagic manifestations appear less common, whereas
abdominal pain, hepatomegaly, and hepatic dysfunction may
be more common. Serologic evidence of hantavirus infection
was found in 6.5%of patients with end-stage renal disease due
to hypertension in Baltimore (155, 156). These data suggest
that a hantavirus may cause hypertension and end-stage
renal disease but need to be confirmed by other groups and
with prospective studies. Although the serologic data suggest
that the antibodies react most strongly to Seoul virus, han-
taviral RNA should be examined to determine whether the
syndrome is caused by Seoul or a closely related virus.

Saarema virus is also reported to cause a mild form of HFRS.
Dobrava virus, in contrast, causes a severe form of HFRS
with mortality of 9 to 12%, hypotension in almost 50%, and
oliguric renal failure requiring dialysis in 30 to 47% (115).
Hemorrhage or hemorrhagic complications are reported in 9
to 26%, and shock is reported in 21 to 18% (115).

HFRS from Puumala Virus, Nephropathia
Epidemica
Mild HFRS caused by PUUV infection, also denoted
nephropathia epidemica, has a mortality estimated to be less
than 0.5% (115, 118), but may be considerably higher for
elderly patients (157). The syndrome begins with a fever
that typically lasts between two and nine days. Within one
to two days of the onset of fever, most patients also develop
headache, malaise, and backache. Abdominal pain has been
reported in most patients, and, as with other hantavirus
infections, this presentation may mistakenly suggest an acute
surgical abdomen. Hypotension occurs but overt shock is
rare. Disseminated intravascular coagulation and minor
hemorrhagic manifestations such as macroscopic hematuria
and epistaxis were reported in around one-third of patients
(121, 158). Proteinuria (almost 100%), elevated creatinine
(in almost 100%) with peaks of 2 to 10 mg/dl, and oliguria
(350% of cases) typically begin at about the third or fourth
day of illness and last only a few days (115). This phase is
followed by a diuretic phase that lasts for a week to ten days.
Rarely patients with NE have also been reported to have
encephalitis, Guillain-Barré syndrome, and disseminated
encephalomyelitis as well as acute perimyocarditis (115,
159). CSF examination is usually normal but may show
slight elevations in protein and white blood cells. Blurred
vision has been reported in about 30% of cases (160). This
phenomenon is due to myopia that may be caused by ciliary
body and lens edema (161). The mean duration of hospi-
talization has ranged from 8 to 22 days, and the median time
of missed work ranges from 36 to 48 days (121).

Laboratory Diagnosis
Direct virus isolation from humans with HFRS and HCPS is
difficult (129). In addition, virus isolation requires BSL-3
facilities, and animal models for HCPS require BSL-4 animal
facilities (40).

Hantavirus Cardiopulmonary Syndrome
As in the case of HFRS, specific IgG and IgM antibodies
have been almost uniformly present in the first serum sam-
ples tested (60, 63, 162), including testing of limited num-
bers of serum samples obtained early in the febrile prodrome.
Available serologic tests include ELISA, neutralization,
hemagglutination inhibition (HI), Western immunoblot,
and strip immunoblot assays.

In the United States, serologic testing to date has used
ELISA and Western and strip immunoblot assays. The
Centers for Disease Control and Prevention (CDC) has
developed an IgG ELISA and an IgM-capture ELISA based
on recombinant N proteins of SNV. Commercial ELISA
antibody testing is for hantavirus; testing for SNVantibodies
is also available through Focus Technology, but the antigens
employed in these assays are proprietary. N protein is highly
immunogenic and tends to be cross-reactive among hanta-
viruses. Inclusion of the N protein enhances the sensitivity
of an assay, and cross-reactivity may be useful as in the case
when one is performing serologic screening for a previously
unrecognized hantavirus. However, it is difficult to differ-
entiate between hantavirus species using the N protein.
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In the Western immunoblot format, the first 59 amino
acid (aa) residues of SNV N protein contain almost all the
epitopes of the 428 protein, and the dominant linear epitope
of SNV G1 protein is confined to a variable region at resi-
dues 58 to 68 (63, 163). The latter elicits little or no cross-
reactivity among hantaviruses but is conserved among SNV
from different regions.

Quantitative measurement of neutralizing antibody is
limited to research laboratories. A plaque reduction assay is
available, but this assay takes several weeks to perform and
must be performed in a BSL-3 laboratory. More recently,
rapid, BSL-2 based neutralization assays have been devel-
oped utilizing VSV pseudovirions expressing hantavirus
glycoproteins (164).

Viral RNA can be readily detected by RT-PCR in pe-
ripheral blood mononuclear cells in persons with acute SNV
or ANDV infection. Post mortem, hantavirus infection can
be documented with serologic studies or by examination of
tissue (particularly lung tissue) by RT-PCR or by immuno-
histochemical studies using monoclonal antibodies. Se-
quence analysis is helpful in determining the hantavirus
species and has proven useful in molecular epidemiological
studies (35, 41, 61, 62, 64, 70, 71, 76, 81, 105, 129).

Hemorrhagic Fever with Renal Syndrome
In eastern Asia, infection with Hantaan and Seoul hanta-
viruses is usually diagnosed serologically with IFA, ELISA, or
bead-agglutination formats, and IgM antibody is determined
by IgM-capture ELISA. Similarly, Puumala hantavirus is
commonly diagnosed by detection of specific IgG and IgM
antibodies by IFA, ELISA, or RIA (112, 113, 115). As in the
case of HCPS, IgM antibodies are almost invariably present
at or within days of the onset of symptoms. Viral RNA is
detectable from blood or serum by RT-PCR in 90% the first
three days after onset of disease and in 81% of patients when
collected at day 4 to 7 (143) and in less than two-thirds of
patients with acute Dobrava virus infection (115, 165).

Prevention
General guidelines for prevention of infection with hanta-
viruses include efforts to seal sites of potential rodent entry
into homes and peridomestic buildings (particularly storage
sheds), careful attention to prevent rodent access to food,
and by discouraging rodent nesting by eliminating potential
nesting sites around the home and workplace. Detailed
guidelines for cleaning up rodent-infested areas and for
working with potentially infected rodents have been pub-
lished (166, 167). There is no known role for passive im-
munoprophylaxis or antiviral chemoprophylaxis, but animal
models using HTNV suggest that antiviral chemoprophy-
laxis with intravenous ribavirin would probably offer some
protection from clinical infection. In addition, passive ad-
ministration of anti-ANDV neutralizing antibody four or
five days after ANDV infection was protective in the Syrian
hamster model (168).

Candidate recombinant Hantaan vaccines, including a
vaccinia recombinant vaccine and a baculovirus-expressed
subunit vaccine, have been developed at USAMRIID (169,
170, 174, 175). Vaccines with both G1 and G2 of Hantaan
virus can elicit neutralizing antibody responses and provide
partial protection from challenge in hamsters, and admin-
istration of baculovirus-expressed N protein also prevented
virus expression in hamsters. However, these vaccines have
been dropped from development, since the vaccinia re-
combinant vaccines were poorly immunogenic in humans,
and the baculovirus products did not produce sufficient

quantities of purified antigen (171, 176). Investigational
strategies include DNA vaccination for pathogenic hanta-
viruses, including HTNV, SNV, and ANDV (164, 168).

Formalin-inactivated tissue culture–derived Hantaan and
Seoul vaccines have been developed in Asia. A formalin-
inactivated, mouse-brain-derived Hantaan vaccine has been
licensed and widely used in Korea since 1990 (172, 177).
The vaccine is immunogenic and well tolerated, but rigor-
ously performed, controlled efficacy trials have not been
reported. In China, formalin-inactivated Hantaan virus
vaccines have been prepared in Mongolian gerbil kidney
cells (MGKC) or golden hamster kidney cells (GHKC)
(173). These vaccines appear immunogenic, and field trials
suggest efficacy. However, neither of the vaccines has been
tested in randomized, placebo-controlled trials. A bivalent
vaccine with inactivated Hantaan and Seoul virus has also
been developed in China (173). The bivalent vaccine ap-
pears immunogenic, but efficacy trials have not been re-
ported. Three doses are required to obtain protection
according Chinese reports. Incompletely vaccinated patients
display a milder course of HFRS infection than unvacci-
nated ones (174).

Treatment

Hantavirus Cardiopulmonary Syndrome
Principles of critical care management for patients with the
cardiopulmonary syndrome include oxygen delivery with
intubation and ventilatory support as necessary (146). Be-
cause of the high potential for rapid clinical deterioration,
whenever feasible patients should be transferred to a facility
with sophisticated critical care facilities, ideally including
the availability of extracorporeal membrane oxygenation
(ECMO). Monitoring of cardiac index, pulmonary wedge
pressure, and systemic vascular resistance with a flow-
directed pulmonary artery catheter should be performed or
approximated using noninvasive monitoring if feasible. In-
otropic support and vasopressors should be employed rather
than fluids whenever possible to reduce the likelihood of
worsening pulmonary edema.

ECMO has been used in patients with severe HCPS in
the cardiopulmonary phase who are judged to be at high risk
of death (175). In a series of patients treated with ECMO
between 1994 and 2010 who had predicted mortality of al-
most 100% without ECMO, overall survival was 66%. Fur-
thermore, survival was 80% among 25 patients treated
between 2003 to 2010 when the group practiced elective
insertion of vascular sheaths with almost concurrent intu-
bation and initiation of ECMO when the patients became
unstable. Criteria for ECMO include a cardiac index of less
than 2.31 per min per square meter, or an arterial oxygen
tension to fractional inspired oxygen (PaO2/FIO2) ratio of
less than 50, and lack of response to conventional (non-
ECMO) support (148).

Shortly after recognition of HCPS in the United States
in 1993, open-label intravenous ribavirin was available for
persons with suspected HCPS through a CDC-sponsored
protocol. Therapy was considered justified because it had
reduced mortality in hantavirus-associated HFRS in a con-
trolled trial and because all previously tested hantaviruses
had been sensitive to ribavirin in vitro (176, 177). Among
140 persons suspected of having HCPS who received riba-
virin, HCPS was confirmed in 30 and ruled out in the re-
maining 110 (178). Among the 64 patients diagnosed in the
United States during the study period, death occurred in 14
(47%) of 30 patients treated with ribavirin as compared to
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17 (50%) of 34 who were not enrolled in the treatment
study. Ribavirin-associated toxicity included reversible
anemia in 71% of recipients; 19% required transfusions
(178). Adverse events that were less clearly related to riba-
virin therapy included pancreatitis or hyperamylasemia that
were documented in 8% of patients.

A subsequent, prospective, placebo-controlled trial of
intravenous ribavirin for suspected HCPS in the United
States and Canada, sponsored by the National Institute of
Allergy and Infectious Diseases Collaborative Antiviral
Study Group, failed to reach its target accrual and was closed
based on a futility analysis (179). However, there were no
trends suggesting a reduction in mortality in patients en-
rolled during the cardiopulmonary phase (Figure 8), and the
investigators were unable to enroll subjects in the febrile
prodrome. The median time to progression to death or ini-
tiation of ECMO was 24 hours or less in both treatment
groups, suggesting that there is a very limited window of
opportunity for intervention once patients present in the
cardiopulmonary phase (Figure 8) (179).

Studies suggested benefit from intramuscular cortisone
treatment of HFRS during the Korean conflict, and obser-
vational studies suggesting benefit from high-dose intrave-
nous methylprednisolone for HCPS in Chile (180, 181). A
randomized double-blind, placebo-controlled trial in Chile
assessed high-dose intravenous methylprednisolone treat-
ment of HCPS in the cardiopulmonary phase (182). Among
the 60 with confirmed ANDV infection, there was no sig-
nificant difference in progression to primary endpoints, in-
cluding shock, respiratory failure, or death. Furthermore, the
risk of death was determined by the severity of illness at
study entry, whereas methylprednisolone treatment had no
impact on survival after adjustment for disease severity at
entry (Figure 9).

More recently, investigators in Chile conducted an open
trial of human immune plasma with an ANDV neutralizing
antibody (NAb) dose of 5,000 U/kg for treatment of HCPS
(183). Donors were plasmapheresed at least 6 months after
recovery from HCPS, and ANDV NAb titers were measured
by a focus reduction assay. Low case fatality rates, 14/29
(14%) were low, but efficacy could not be evaluated in this

nonrandomized, open trial. Future studies should ideally be
performed with a product without the need for blood type
compatibility, NAb directed against both SNV and ANDV,
and feasibility of development of a commercial product
(183).

Hemorrhagic Fever with Renal Syndrome
Management of HFRS should include monitoring for shock,
hypotension, renal failure, and hemorrhage. Whenever
possible, both critical care facilities and hemodialysis should
be readily available. Comparison of case fatality rates before
and after the availability of hemodialysis and critical care
suggest that mortality rates have been significantly reduced
by the availability of the latter (136, 151–153).

A prospective, placebo-controlled trial of high-dose in-
travenous ribavirin in patients with serologically confirmed
hantavirus-associated HFRS in the People’s Republic of
China has established the value of this intervention (176).
Nonpregnant patients 14 years of age or older with fever and
proteinuria with a significant exposure history or the pres-
ence of hantavirus-specific IgM antibodies were eligible for
enrollment unless they had had symptoms for more than six
days, advanced renal failure, coma, or shock refractory to
fluid replacement. Patients who received ribavirin received a
loading dose of 33 mg/kg followed by 16 mg/kg every 6 hours
for 4 days and 8 mg/kg every 8 hours for 3 days.

Of 242 patients with serologically confirmed hantavirus-
associated HFRS who were included in the efficacy analysis,
there was a 7-fold decrease in the risk of mortality among
ribavirin-treated patients (P = 0.01) after adjustment for
baseline predictors of mortality (176). Ribavirin therapy also
significantly reduced the risk of developing oliguria and
hemorrhage. The primary adverse effect of therapy was he-
molytic anemia that resolved after discontinuation of ther-
apy. The proportion of patients with severe anemia
(hematocrit below 20) was similar in the two treatment

FIGURE 8 Survival without extracorporeal membrane oxygen-
ation among ribavirin recipients versus placebo recipients in a trial
of intravenous ribavirin therapy for hantavirus cardiopulmonary
syndrome. Solid line, ribavirin recipients (N = 10); broken line,
placebo recipients (N = 13). Reprinted from reference (179) with
permission of the publisher.

FIGURE 9 Kaplan-Meier survival analysis by treatment arm and
severity at entry. P1: significance between methylprednisolone and
placebo arm. P2: significance between sequential organ failure as-
sessment (SOFA) > 8 and £ 8 at entry. Reprinted from reference
(182) with permission of the publisher.
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groups. Development of severe anemia was gradual in the
ribavirin-treated patients, whereas placebo-treated patients
with severe anemia tended to develop acute drops in
hematocrit secondary to gastrointestinal or urinary tract
hemorrhage.

A similar, placebo-controlled trial, also conducted in the
People’s Republic of China, evaluated the efficacy of treat-
ment with alpha-interferon at doses of 1 · 107 units per day.
Although the risk of hemorrhage was reduced with treat-
ment, treatment with interferon did not reduce mortality
(184). Recently, another approach was suggested to interact
with the pathogenesis, i.e., to inhibit the bradykinin re-
ceptor with an antagonist, icatibant, and thereby decrease
the capillary leakage syndrome. One severe case treated us-
ing this method survived but further studies are needed
(185).

PHLEBOVIRUSES
Rift Valley Fever

Epidemiology
Rift Valley fever is endemic in Africa and the Arabian
Peninsula, with major outbreaks in Egypt in 1977 and 1993,
in Yemen in 2000, in Saudi Arabia in 2000 to 2001, and in
Kenya in 2007 (186–189). Epizootics, particularly in sheep
and cattle, and epidemics may occur after periods of high
rainfall and flooding, as well as following the introduction of
irrigation projects. During outbreaks, the economic conse-
quences, including the ban of animal trade and loss of
livestock, may be devastating for the rural communities in
endemic countries.

Transmission of RVF virus is by insect vectors for epizo-
otics and for most human infections by direct contact with
infectious tissues or blood from abortion or slaughter of in-
fected animals (189, 190). The virus has been isolated from
several genera of mosquitoes and from sandflies, suggesting
that multiple insect vectors may be important in maintain-
ing epizootic disease. In the absence of epizootic disease, the
virus can be maintained for years during drought through
transovarial transmission of virus (particularly in Aedes
mcintoshi), persistence of infected viable mosquito eggs in
soil, and reemergence of infection after rainfall and hatching
of the infected eggs (7, 191). Also, an enzootic cycle of the
virus may be present in wild animals (192). Amplification in
sheep, cattle, and goats would appear to be more important
than transmission between mosquitoes. The infection has a
mortality rate of 10 to 30% in sheep, cattle, and goats and is
associated with abortion and almost 100% mortality in
pregnant animals.

Humans at risk include persons residing in rural, agri-
cultural areas where an epidemic or epizootic is recognized,
persons with exposure to areas where deaths and abortions
are occurring in livestock, particularly if they perform nec-
ropsy, and those with exposures in laboratories or abattoirs.
In an analysis of an outbreak of RVF in Kenya in 1997 to
1998, contact with sheep body fluids and sheltering live-
stock in one’s home were significantly associated with in-
fection (193). Although humans can be infected from bites
of mosquitoes and other arthropod vectors, contact with
viremic animals, particularly livestock, appears to be the
most common mode of acquisition. This is supported by
multivariate analyses of risk factors for infection, which in-
clude contact with sheep body fluids and sheltering livestock
in the home, as well as by relatively low rates of infection in
young children (193, 194). The disease occurs in all age

groups and in both sexes. Men seem to have an increased
risk, presumably through agricultural activities and animal
contact. In the large outbreaks in East Africa in 2007, more
male than female cases were recognized (195–197). Since
the RVFV has a broad vector competence, there is a rising
concern that it may spread to Europe and the Americas
similar to West Nile and Chikungunya viruses (198, 199).

Pathogenesis
The incubation period ranges from two to six days (7, 189,
190). Viremia occurs in domestic animals and in humans
during the acute illness. In animals, target organs include the
liver and brain, and in sheep, death usually results from
hepatic necrosis. Deaths in humans most commonly occur
among those who develop a hemorrhagic fever, shock, and
liver necrosis during the acute episode, and virus can be
detected or isolated from postmortem blood or liver samples
(7, 64, 189, 190, 200, 201). In contrast, virus cannot be
isolated from persons with the late clinical complications
(encephalitis, retinitis, and uveitis). The time course, lack of
viremia, and presence of virus-specific antibodies all suggest
that these late complications may be immune-mediated.
Animal models for both the acute hepatic necrosis and the
late encephalitis are available.

Clinical Manifestations
Infection may be asymptomatic, mild, or cause severe disease
with substantial morbidity and mortality (193, 202). Most
patients with Rift Valley fever (RVF) develop a benign fe-
brile illness with fever, myalgia, and malaise (189, 190, 200,
202–204). Symptoms typically resolve in two to five days but
may be followed by a prolonged convalescent period.

The overall mortality of RVF has been estimated to be
1% or less (194). In approximately 1 to 3% of patients the
infection presents as a more severe and life-threatening viral
hemorrhagic fever; among hospitalized patients with con-
firmed RVF, both mortality and complications have been
reported at much higher frequency. Among 165 patients
hospitalized at one hospital in Saudi Arabia in 2000, hepatic
failure occurred in 75%, acute renal failure in 41%, and
hemorrhagic complications in 19%. Hepatorenal failure,
shock, and severe anemia were major factors associated with
death among the patients who died (186).

Mortality is also much higher than 1% in case series,
probably because of underreporting of mild cases in the case
series. In an analysis of 834 reported cases of RVF in Saudi
Arabia in 2000 to 2001, of which 81% were laboratory
confirmed, the overall mortality rate was 13.9%. Bleeding,
neurologic manifestations, and jaundice were independently
associated with increased mortality, and patients with leu-
copenia had lower mortality than patients with normal or
increased leukocyte counts (188). Similarly, a case-fatality
rate of 29% was reported among 404 probable or confirmed
cases of RVF in Kenya between November 2006 and January
2007 (194).

Patients with encephalitis often have a biphasic illness,
with onset of headache, nuchal rigidity, confusion, halluci-
nations, coma, or focal neurologic findings one to four weeks
after onset of RVF.

Ocular complications of RVF have long been recognized
as a serious but relatively uncommon complication (203). In
a cross-sectional study in Saudi Arabia, 165 eyes in 113
outpatients and 47 eyes in 30 inpatients were affected with
an interval of 4 to 15 days (mean 8.8 days) between onset of
symptoms of RVF and onset of visual symptoms (205).
Macular or perimacular retinitis was identified in all affected
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eyes, ranging from retinal hemorrhage to optic disc edema
and retinal vasculitis. Transient anterior uveitis was present
in 31% of cases. Visual acuity was less than 20/200 in 80%,
and vision remained the same in 72% and deteriorated in
15% of affected eyes over time. Permanent visual loss was
associated with macular and perimacular scarring, vascular
occlusion, and optic atrophy.

Laboratory Diagnosis
Detection of viral antigen and virus-specific IgM antibodies
are the preferred diagnostic tests during acute illness, al-
though detection of IgM antibody in the absence of IgG
antibody should be interpreted with caution. The presence of
only IgG could be due to a previous infection, so convales-
cent serum with 4-fold increase of IgG titer is required to
verify the diagnosis. Serologic diagnosis may be accomplished
with a single convalescent serum using IgM-capture ELISA
(or less reliably by IgM-IFA) or with comparison of acute and
convalescent sera by neutralization, HI, IFA, or ELISA.

Virus isolation is straightforward, provided blood is ob-
tained during the acute illness, and BSL-3 facilities are
available (189–191, 200, 202, 204). Sensitive isolation sys-
tems include Vero or AP61 mosquito cells, intracranially
inoculated suckling mice, or intraperitoneally inoculated
adult mice or hamsters. The virus grows efficiently in many
cell lines, is cytopathic, and plaques easily.

As for other viral hemorrhagic fever viruses, the diag-
nostic use of qualitative or quantitative RT-PCR is safer and
more efficient than viral culture. Neither virus isolation nor
antigen or nucleic acid detection is helpful in patients with
late complications like encephalitis or ocular disease, but a
presumptive diagnosis can be established based on rising
serum IgG titers and through detection of specific IgM in
serum and, occasionally, in CSF.

Prevention
As one mode of transmission of Rift Valley fever virus is via
mosquito bites, the risk of infection could presumably be
reduced by careful use of mosquito repellents, particularly
during periods of high rainfall and high mosquito density
when the risk of epizootics is most marked. The risk of direct
transmission from animals during handling, slaughter, au-
topsy, or disposal is greatest during epizootics, and particular
care should be taken at this time. The presence of an epi-
zootic should be suspected in the setting of unexplained
deaths of lambs and sheep and abortions in ewes in an area
that is known to be at risk for RVF (202).

Early case recognition by physicians and veterinarians
together with surveillance of animals and vector control are
important to mitigate outbreaks. This approach has been
suggested as the “One Health” concept, which combines the
efforts of human and animal health together in the pre-
vention of zoonotic infectious diseases (206).

No special precautions are indicated when caring for
infected persons or when handling blood or other tissues
beyond those routinely used to prevent nosocomial trans-
mission of blood-borne infections. However, when the dif-
ferential diagnosis could potentially involve diseases such as
CCHF, Lassa fever, or Ebola infection that have substantial
risk of nosocomial transmission, strict isolation is indicated
until RVF is diagnosed or the patient recovers.

Currently, there is no approved human vaccine (207,
208). Live attenuated vaccines have been used to prevent
Rift Valley fever in animals, especially during outbreaks.
They are not safe enough to be used in humans, and the live
attenuated vaccine can induce abortion in animals. Less

reactogenic clones of RVFV vaccine have been evaluated in
animal trials, but the issue of reversion to more virulent
strains remains. The technique of reverse genetics has en-
abled researchers to delete genes associated with virulence
and potentially create safer vaccines (208–210).

Both inactivated and attenuated vaccines have been
tested for their ability to prevent infection in sheep, cattle,
goats, and other animals both to prevent epizootics and
economic loss and to prevent human infections. Control
measures in a recent outbreak in Kenya included a ban on
slaughter of livestock, closure of livestock markets, and use
of a live attenuated vaccine for animals (194).

Treatment
There is no specific therapy for Rift Valley fever, for the
hemorrhagic complications or for the late complications of
encephalitis and retinitis. Parenteral ribavirin therapy is ef-
fective in preventing or significantly reducing the level of
viremia in a rhesus monkey model, and alpha or purified
human leukocyte interferon therapy is effective in the same
model (211–213). Passive antibody and interferon inducers
are also effective in animal models. No human trials have
been reported for prevention or treatment of RVF, and there
are no current guidelines for passive immunoprophylaxis or
antiviral chemoprophylaxis of RVF. Thus, early treatment
with ribavirin, alpha or human leukocyte interferon, or
passive neutralizing antibody might reduce the risk of com-
plications, but no trials have been performed in humans.
Systemic corticosteroids have been used in patients with
retinal vasculitis and encephalitis without apparent benefit.
The RNA polymerase inhibitor, favipiravir (T-705) has
antiviral activity against RVFV in vitro and in animal models
(214, 215).

Sandfly Fever Viruses

Epidemiology
Phlebotomus fever viruses are found in both hemispheres (6,
7). Sicilian and Naples viruses, transmitted by phlebotomine
sandflies, continue to cause human disease in countries
bordering the Mediterranean Sea. Residual spraying of walls
in homes has been particularly successful, since the vectors
feed primarily at night within buildings and tend to rest on
building walls, but sandflies may penetrate mosquito netting.
Most human infections occur in late spring, summer, and
early fall. Epidemics have been described, particularly during
wartime, including epidemics in Italy during the Second
World War (216). The flight range of the sandfly is limited,
so attack rates may vary considerably during epidemics.
Toscana virus, which is transmitted by P. perniciosus and
other sandflies, is a common cause of aseptic meningitis and
meningoencephalitis in the Mediterranean basin (217, 218).

The viruses are presumably amplified in wildlife verte-
brate hosts, but these have not been identified. Transtadial
and transovarial transmissions in sandflies have been dem-
onstrated and are probably the primary mechanisms of per-
petuation, particularly in the desert (219, 220).

New World phleboviruses, including Chagres, Punta
Toro, and Alenquer, have been isolated during sporadic fe-
brile illnesses from humans in Panama and Brazil who work
or live in jungle areas. No epidemics have been identified,
and the sandfly vectors appear to be limited to forests.

Pathogenesis
In volunteers, the incubation period ranges from two to six
days (216). Infected humans are viremic during the acute
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febrile illness, and Toscana virus has been isolated from CSF
of patients with aseptic meningitis and meningoencephalitis
(217, 218, 221–223). No deaths have been reported. Neu-
tralizing antibodies persist after infection, and immunity is
probably lifelong.

Clinical Manifestations
Most infections with sandfly fever viruses appear to result in
clinical disease, but mild or subclinical infections may be
more common in children. After an incubation period of
two to six days, the patient develops a febrile illness that lasts
two to four days (216). Toscana virus causes aseptic men-
ingitis and meningoencephalitis (217, 218, 221–223), but
high seroprevalence rates in central Italy suggest that most
persons infected with this virus either have subclinical in-
fection or a clinical syndrome other than aseptic meningitis
(224). No deaths have been reported with these viruses, but
neurologic sequelae including deafness and personality
changes may develop (225, 226).

Laboratory Diagnosis
Virus isolation is easily achieved from blood obtained during
the three-day fever; the viruses replicate well, are cytotoxic,
and form plaques in Vero cells (191, 216, 219, 220, 227).
Toscana virus has been isolated from CSF and may also be
detected by RT-PCR (218, 228). Serologic diagnosis can be
performed with IGM-IFA, or preferably, by IgM-capture
ELISA shortly after resolution of the fever or by serology on
paired sera using techniques such as ELISA, HI, or plaque
reduction neutralization (228).

Prevention
Infection with sandfly fever virus can best be avoided by use
of insect repellants containing DEET. No special isolation
requirements are necessary for persons with sandfly fever.
Although oral treatment with 1,200 mg/day of ribavirin
prevented viremia and clinical manifestations in volunteers
inoculated with Sicilian sandfly fever virus, this approach
has not been evaluated during a natural epidemic (213). No
specific therapy is available for patients with symptomatic
infection. Investigational pyrazine derivatives, including T-
705 (favipiravir), have shown activity against Naples virus
in vitro and in animal models (214).

Severe Fever with Thrombocytopenia Syndrome

Epidemiology
Severe fever with thrombocytopenia syndrome (SFTS) is
caused by a novel tick-borne phlebovirus, SFTS virus, which
was first recognized in China during 2007 to 2009 (1, 229).
The disease had been reported from at least 11 provinces in
China, and cases have also been detected in Korea and Japan
(1). A similar disease caused by Heartland virus, which is
spread by Amblyomma americanum (lone star tick), has also
been detected in the United States (2).

Among 171 patients fulfilling the case definition of SFTS
(acute fever of unknown cause, temperatures of 38°C or
more, and thrombocytopenia), 154 were laboratory con-
firmed as SFTS (232). Most of the patients with SFTS have
been farmers, living in wooded and hilly areas that had been
exposed when working in the fields. The virus has been
found in Haemaphysalis longicornis ticks collected from do-
mestic animals in the same area as the cases reside (229).
More cases occur in spring and summer when persons are out
in the field and more exposed to ticks. Slightly more women
(55 to 57% of cases) have been affected (218, 230). Among
504 confirmed cases in the most affected region, Xinyang,

the vast majority have been older farmers (median age 61
years) living in rural areas (231). Environments with risk
include shrub, rain-fed cropland, and forest areas. Seropre-
valence studies from affected counties in China show that 1
to 3.8% of the populations in endemic areas have specific
IgG antibodies toward SFTS virus (1).

Pathogenesis
Both the level of viral replication and the host immune
responses likely play roles in the pathogenesis of SFTS.
Higher blood viral load when the patient is admitted to the
hospital and when sustained during the second week of ill-
ness is associated with fatal outcome (232). Viremia may last
several weeks after onset of illness (232). The infection leads
to elevated levels of cytokines, chemokines, acute phase
proteins, and coagulation disturbances, which are correlated
to viral RNA levels. SFTS viral RNA can be detected not
only in blood, but also in the upper respiratory tract, urine,
and feces (232). The infection leads to an innate immune
response with elevated natural killer cells and increased
plasma cytokine levels, e.g., G-CSF, IP-10, MCP-1, IL-1RA,
IL-6, and IL-10 (233, 234). The cytokine levels seem to
correlate to the severity and outcome of the infection (234).
In contrast, the nonstructural protein, NSs, and the nucle-
ocapsid protein both encoded by the S segment may suppress
the activation of beta-interferon and NF-kB (235).

A mouse model for the pathogenesis of SFTS has been
established and showed similar pathological changes as in
humans, i.e., thrombocytopenia and leukopenia in the in-
fected mice (236). Histopathological changes and viral
RNAwere identified in several organs, the liver, kidney, and
spleen. Similarly, infection with SFTS virus in rhesus ma-
caques was characterized by fever, thrombocytopenia, leu-
kopenia, and increased levels of liver and myocardial
enzymes but less severe symptoms (237).

Clinical Manifestations
The most prevalent symptoms in SFTS are fever, myalgia,
anorexia, fatigue, nausea, and gastrointestinal symptoms
(229, 238). Common laboratory findings are thrombocyto-
penia, leukopenia, elevated levels of lactate dehydrogenase
(LDH), serum aspartate aminotransferase (AST), alanine
transaminase (ALT), and creatine kinase (238). Severe cases
may have disturbance of consciousness, acute respiratory
distress syndrome, hemorrhagic signs, coagulopathy, renal
function impairment, and arrhythmia. Disseminated intra-
vascular coagulation may lead to organ dysfunction, multi-
organ failure, and death (229, 239, 240). Patients with older
age, decreased level of consciousness, elevated levels of
lactate dehydrogenase, and creatine kinase have signifi-
cantly higher risk for fatal outcome (238). The case-fatality
rate is 12 to 30% in China (230, 231, 238, 240).

Many of the symptoms presented in SFTS are nonspecific
and there are several differential diagnoses, for instance
hantavirus, dengue, and infections caused by leptospira and
rickettsia. Therefore, an adequate case definition together
with fast and reliable diagnostic methods are important. In
South Korea, using a case definition including fever (body
temperature > 38.0°C), leukocytopenia, thrombocytopenia,
and symptoms from the gastrointestinal tract, 35 patients
were identified in a hospital-based surveillance during
2013 (241).

Laboratory Diagnosis
The diagnosis of SFTS is based on detection of specific
antibodies, viral antigen, or viral RNA by RT-PCR (241).
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The virus can be cultivated on Vero E6 and other cells, but
culture takes time and could be hazardous. The virus should
be handled at Biosafety level 3 laboratories. For detection of
contagious and potentially lethal Bunyaviruses, RT-PCR is
recommended instead of culture since the virus is killed off
during RNA extraction, providing a rapid, safe, and specific
method for diagnosis of SFTS in viremic patients with dis-
ease (242–244).

Serological testing is done by detection of specific IgM
and IgG antibodies by ELISA, using recombinant nucleo-
capsid protein of SFTS virus (229, 245, 246). Antibodies
develop after 7 days after disease onset. If only IgG is ana-
lyzed, seroconversion, or a 4-fold raise of titer, is required for
diagnosis of STFS, especially in endemic areas. In addition
to diagnosis of acute SFTS patients, an ELISA method can
also be useful to study the prevalence of the infection among
humans and animals (245, 246).

Prevention
There is no available vaccine for SFTS virus infection.
Prevention is based on avoiding ticks and tick bites in en-
demic regions. Insect repellents that are effective against
ticks may be used for prevention of several tick-borne in-
fections. When bitten, ticks should be removed as quickly as
possible. It has been recommended that patients should be
isolated during the acute and viremic phase (1). When
handling blood and other specimens, gloves and other pro-
tective clothing should be used.

Treatment
The case fatality rate may be as high as 30%, and there is no
effective antiviral treatment. Symptomatic treatment, sup-
portive care, and fluid replacement therapy can decrease the
risk for shock and fatal outcome. The antiviral ribavirin
appeared ineffective when used for SFTS patients (238,
241). In one nonrandomized, observational study of 311
SFTS patients, there was no difference in case fatality rates
(CFR) between 138 patients that received ribavirin (CFR
17.4%) compared with 164 who did not receive ribavirin
(CFR 17.1%). Furthermore, ribavirin had no significant
effect on viral loads or platelet counts (238). A promising
approach and alternative treatment may be human neu-
tralizing monoclonal antibodies toward SFTS virus, which is
inhibitory in vitro (247).

NAIROVIRUSES
There are at least 34 viruses in the genus Nairovirus, all of
which are tick-borne, which have been classified in seven
serogroups (248–250). The latter included the CCHF group,
which include the human pathogens CCHFV and Hazara
virus, and the Nairobi sheep disease (NSD) group includes
the human pathogens NSD virus (NSDV) and Ganjam vi-
rus. Ganjam virus, which has been isolated from ticks col-
lected from goats in India and has been associated with
febrile illness in humans in India, appears to be an Asian
variant of NSD virus (250). Dugbe virus infection was de-
scribed in a patient who suffered from a febrile illness with
prolonged thrombocytopenia in South Africa (251).

Crimean-Congo Hemorrhagic Fever

Epidemiology
Crimean-Congo hemorrhagic fever (CCHF) virus is dis-
tributed over the geographic range of Hyalomma ticks and
includes Africa, Eastern Europe, the Middle East, and Asia
through the western provinces of China (Figure 10) (7, 33,

248, 252). There is little evidence for subclinical infection,
and most humans are seronegative in endemic areas.

Infection occurs through tick bites or by direct contact
with infected animals or humans or their tissues. Cows,
sheep, goats, hares, and other herbivores have all been im-
plicated in transmission and amplification of CCHF virus.
While birds are not susceptible to CCHF virus infection,
many Hyalomma species feed on birds, thereby allowing the
migrating birds to play an important role in disseminating
CCHF virus–infected ticks. Antibody to CCHF virus has
been found in 28% of cattle sera and 78% of cattle herds
tested in South Africa and in 45% of cattle sera and 94% of
herds tested in Zimbabwe (252). CCHF appears to be
maintained both by transovarial and transtadial cycles in
ticks and by a tick-vertebrate cycle. In temperate climates,
peak transmission generally occurs in the spring and summer
when populations of ticks and their vertebrate hosts peak.

The risk of infection in humans after a bite from a
CCHF-infected tick is not known but is presumed to be
high. Secondary cases have occurred both in laboratory
workers and in hospital workers with direct contact with
patients or their blood and respiratory secretions (253–255).
There are multiple reports of nosocomial transmission, in-
cluding one in which infection occurred in 8.7% of
healthcare workers exposed to blood and in 33% of those
with a needlestick injury (248, 256). Viremia is highest
during the first three days of illness and may persist through
the second week (257). Tertiary cases have also been de-
scribed in family contacts of healthcare workers with CCHF.

Pathogenesis
The pathogenesis of CCHF is less well understood than for
many of the other hemorrhagic fevers, in part due to the lack
of an appropriate animal model. Viremia is present during
the illness, and titers are highest during the first three days of
illness (257). Disseminated intravascular coagulation (DIC)
is present, particularly in the more severe cases (258). Fatal
infections are also heralded by markedly elevated serum as-
partate amino transaminase, alanine amino transaminase,
and creatine kinase and, terminally, by elevated bilirubin,
creatinine, and BUN. Clinically, multiple organ failure
precedes death, with involvement of the brain, liver, kid-
neys, lungs, and heart. Haemophagocytosis, which may be
associated with high levels of Th1 cytokines, has been re-
ported in severe CCHR, and levels of pro-inflamatory cy-
tokines IL-6 and TNF alpha and DIC scores are higher in
patients with fatal versus nonfatal CCHF (259, 260). Of
note, a CCHF virus glycoprotein precursor is cleaved to
generate a novel glycoprotein that is similar to an Ebola virus
domain associated with increased vascular permeability and
development of hemorrhages (261).

At autopsy, edema and focal hemorrhage and necrosis are
present in multiple organs, including the liver and brain.
Although focal hepatic necrosis is most common, massive
hepatic necrosis has also been described (258). Focal hem-
orrhage and necrosis may be found in the brain, and her-
niation may occur. Renal lesions are characterized by focal,
tubular necrosis.

Clinical recovery is temporally associated with resolution
of viremia and with appearance of specific IgG and IgM
antibodies, generally between days 7 and 9 of illness. In
contrast, endogenous antibody production was demonstrated
in only 2 of 15 patients who died of CCHF (262). There is
little information regarding the role of cell-mediated im-
mune responses or the role of nonspecific defenses such as
natural killer cells or cytokines.
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Clinical Manifestations
The incubation period ranges from three to six days in
nosocomial transmission, whereas after exposures to animals
or ticks it ranges from two to twelve days (56, 190, 252, 253).
The illness typically begins as an acute febrile illness with
fever, chills, myalgia, headache, and nausea, with or without
abdominal pain and emesis (252, 253, 258, 262). During this
stage, patients are often flushed and have injected con-
junctivae or chemosis. After three to six days of illness, often
after a brief period of clinical improvement, most patients
develop hemorrhagic manifestations (Figure 11) (248).
These may be limited to petechiae over the trunk and limbs
or may involve large ecchymoses. Epistaxis, hematemesis,
melena, and hematuria are common during this phase. Both
hepatomegaly (20 to 40% of cases) and splenomegaly (14 to
23%) may be present (248). Patients may be somnolent, and
dizziness and mild meningeal signs are common. Beginning
at about the fifth day of illness, the most severely ill patients
develop disseminated intravascular coagulation. Some series
have emphasized hepatorenal failure, bradycardia, and hy-
potension in fatal cases, but this was not reported in recent
series in Turkey (248).

Patients who survive have rapid resolution of fever and
hemorrhagic manifestations that may be followed by a
convalescent stage characterized by persistent fatigue. Poor
prognostic indicators include overt DIC; hematemesis, me-
lena, and somnolence; AST and ALT levels > 700 and
> 900 IU/l, respectively; platelet counts below 20,000 and
low platelet counts (below 50,000 cells/ml) that fail to in-
crease over the first few days of hospitalization (248). The

case-fatality rate has averaged about 30%, but has ranged
from 10% to more than 64% (248); the case-fatality rate may
be greater in nosocomial cases. In a series from South Africa
from 1981 to 1987, 15 of 50 patients died between days 5 to
14 of illness (258, 262). The proportion of subclinical in-
fections is not known, but one model suggested that CCHF
developed in 20% of infected persons (263).

Clinical laboratory abnormalities are helpful in suggest-
ing the diagnosis, and marked elevations in hepatic trans-
aminases, thrombocytopenia, and findings consistent with
severe DIC during the first few days of illness are of prog-
nostic value. Leukopenia is usually present from the onset of
illness in nonfatal cases, whereas granulocytosis is often
present during the first week in fatal infections. Thrombo-
cytopenia is uniformly present early in the course of the
illness in fatal cases and appears to be universally present by
the end of the first week of illness. DIC occurs in both fatal
and nonfatal infections, but abnormal activated partial
thromboplastin times (APTT), thrombin times (TT), and
fibrin degradation products (FDP) occur earlier and are more
abnormal in fatal as compared to nonfatal cases (258).

Before the development of hemorrhagic manifestations,
the differential diagnosis would include any cause of febrile
illness. Many patients will have an occupational or rural
exposure history. Depending on the patient’s location and
recent travel history, the differential diagnosis could include
leptospirosis, brucellosis, septicemic plague, malaria, tulare-
mia, tick typhus, Rift Valley fever, or sandfly fever. Once
hemorrhagic manifestations develop, the differential diag-
nosis should include other hemorrhagic fevers that are

FIGURE 10 Worldwide distribution of CCHF virus. Reprinted from reference (248) with permission of the publisher.
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known to be present in the region. These may include
Kyasanur Forest disease, Omsk hemorrhagic fever, HFRS,
Lassa fever, yellow fever, Ebola, or Marburg virus infection,
and dengue hemorrhagic fever or dengue shock syndrome. If
nosocomial transmission occurs following an index case with
an undiagnosed hemorrhagic fever, the differential diagnosis
would be limited to known, regional causes of hemorrhage
and to agents that are known to be transmitted nosoco-
mially. The latter include CCHF virus, SFTS virus, Lassa
fever virus, Marburg virus, and the Ebola viruses.

Laboratory Diagnosis
CCHF virus can be easily isolated from blood during the
acute illness, particularly during the first three days when
virus titers are greatest (252, 253, 257, 258, 262), but should
only be attempted in BSL-4 facilities. After intracranial
inoculation of suckling mice, the mice die in four to eight
days, and the diagnosis can be established by CF or FA
testing of brains. Primary isolation can also be performed in
cell culture and confirmed by detection of viral antigen by
FA once cytopathic effect is seen. Comparison of primary
isolation in suckling mice and in chicken embryo related
(CER) cells or Vero E6 cells suggests that the former is
somewhat more sensitive (257).

The method of choice for rapid viral diagnosis is real-time
reverse transcriptase PCR (RT-PCR), which is highly sen-
sitive and specific (264). An antigen-capture ELISA, which
is less sensitive, in one series detected antigen in most fatal
cases and approximately half of nonfatal cases (265).

Serodiagnosis can be made using acute and convalescent
titers or by detection of IgM antibody in early convales-
cence. Serologic assays are usually negative during the
first week of illness and in persons who die from CCHF.
The relative sensitivities of serologic assays in a series of 35
survivors of CCHF (262) were ELISA, reversed passive

hemagglutination-inhibition (RPHI), IFA, fluorescent-focus
reduction, CF, and immunodiffusion in decreasing order. IgG
antibodies became detectable by IFA on days 7 to 9 in the 35
survivors; IgM antibody was present in one patient on day 5,
and was usually present one day before or after the first
detection of IgG antibody. A neutralization test is also
available in some research centers.

Prevention
The risk of tick bites can be reduced by use of permethrin-
impregnated clothing, by frequent inspection for the presence
of ticks, and by gentle removal of ticks (without crushing the
tick) if tick bites occur (266). Repellants such as DEET are
relatively ineffective against ticks, but application of acar-
acides to domestic animals may be helpful. In light of the
numerous examples of secondary transmission to healthcare
workers, and sometimes to their own family contacts, strict
isolation should be followed when caring for a patient with
known or suspected CCHF. Recommendations for veteri-
narians, abattoir workers, and others whomay acquire CCHF
from direct contact are less clear, but presumably would in-
clude avoidance of contact with blood and body tissues,
particularly with animals that appear sick.

A formalin inactivated–suckling mouse-brain-derived
vaccine has been evaluated for immunogenicity in humans
but appears to elicit only very low neutralizing antibody ti-
ters. There are no controlled data regarding antiviral che-
moprophylaxis, but limited in vitro and animal data suggest
that oral or intravenous chemoprophylaxis with ribavirin
might be effective. In a nosocomial outbreak of CCHF at the
Tygerberg hospital in South Africa, six of nine persons with
needle-stick exposure were given prophylactic ribavirin. One
of the six treated persons developed a mild clinical disease
and the remainder remained clinically well and seronegative
(256, 267). While this limited experience does not prove

FIGURE 11 Clinical and laboratory course of CCHF. Reprinted from reference (248) with permission of the publisher.
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efficacy, this approach might be considered following a high-
risk exposure in the laboratory or in a healthcare setting.
Close follow-up for 14 days with administration of ribavirin
if fever develops is another strategy (248).

Treatment
Aggressive, supportive therapy, preferably in a setting with
critical care capabilities, is essential for patients with this
serious hemorrhagic fever. Hemorrhage can lead to large
requirements for blood replacement with attendant com-
plications. Replacement of platelets and coagulation factors
with fresh frozen plasma may be indicated, and shock and
less severe intravascular volume disturbances may necessi-
tate invasive monitoring.

There is no proven, specific antiviral therapy for CCHF
in humans. Ribavirin is active in vitro and in an infant mouse
model of CCHF (268, 269). No controlled trials of ribavirin
have been reported in humans. However, several open series
have documented low mortality rates in persons with CCHF
treated with ribavirin when compared with historical con-
trols (254, 270), and nonrandomized case series also suggest
that oral ribavirin treatment reduces mortality (271, 272). If
intravenous ribavirin is available, the recommended regi-
men is a 30 mg/kg loading dose followed by 15 mg/kg every 6
hours for 4 days followed by 7.5 mg/kg every 8 hours for 6
days; we recommend maximum intravenous doses of 2 g, 1 g,
and 500 mg, respectively (179, 248). IV administration of
specific immunoglobulin for CCHF virus has also been re-
ported in uncontrolled trials (273, 274). Notably, the new
compound favipiravir (T-705) showed better efficacy than
ribavirin in a lethal mouse model for CCHF (275).
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Viruses of the Arenaviridae family (genus Arenavirus) are
zoonotic; they are maintained in nature, with a few possible
exceptions, by chronic infection in rodents of the super-
family Muroidea (1). Over 40 arenaviruses have been
identified, although less than half of these are clearly rec-
ognized as human pathogens (Table 1 and Figures 1 and 2).
Arenaviruses continue to be discovered at a quickening pace
in recent decades (2–10).

Arenaviruses are perhaps best known as agents of viral
hemorrhagic fever (VHF), an acute systemic illness classically
involving fever, a constellation of initially nonspecific systemic
signs and symptoms, and a propensity for causing bleeding and
shock (11, 12). Similar VHF syndromes are caused by mem-
bers of the virus families Bunyaviridae, Filoviridae, and Flavi-
viridae (see chapters 9, 42, 44, and 53). A few arenaviruses
have been associated with aseptic meningitis and other central
nervous system (CNS) diseases, including congenital malfor-
mations when transmitted in utero. Many arenavirus infections
are asymptomatic or result in a nonspecific febrile illness dif-
ficult to distinguish from many more common diseases.

Seven arenaviruses have been clearly established as
causative agents of VHF via natural infection (i.e., excluding
laboratory infections): Lassa and Lujo in Africa, and Junín,
Machupo, Guanarito, Sabiá, and Chapare in South America
(Table 1). Two Old World arenaviruses, lymphocytic cho-
riomeningitis virus (LCMV) and an LCMV variant named
Dandenong virus, are typically associated not with VHF but
rather with febrile illness and CNS disease (13). Whitewater
Arroyo virus has been detected in three sick persons in
California but its role as a pathogen remains to be confirmed.
Tacaribe, Pirital, and Flexal viruses have caused nonspecific
febrile illnesses after laboratory accidents but no natural
infections have been recorded. Pichinde and Pirital viruses
are frequently used in animal models (guinea pig and ham-
ster, respectively) of arenaviral hemorrhagic fever.

Because of their potentially high lethality, risk of sec-
ondary spread (although this is often overestimated), and
tendency to cause public panic and social disruption, some
VHF-causing arenaviruses are considered “Select Agents”
that could possibly be used as bioweapons. Attempts to
weaponize various arenaviruses were reportedly made by the
Soviet Union during the Cold War era (14). Many arena-
viruses have been classified as biosafety level four (BSL-4) or
“maximum containment” (15).

VIROLOGY
Classification
Arenaviruses are grouped serologically, phylogenetically, and
geographically into Old World/Lymphocytic Choriomen-
ingitis (i.e., Africa, Europe, Asia, and Oceana) and New
World/Tacaribe (i.e., the Americas) complexes (Figure 3).
As with other causes of VHF, arenaviruses are generally
named after the geographic location of the first recognized
case or place of first virus isolation. For the New World
arenaviruses, the diseases are often named after the country
where they were first detected, with the virus named after a
local geographic feature. For example, Junín virus was first
isolated from a human in the town of Junín, in northern
Argentina, and subsequently designated as the causative
virus of Argentine hemorrhagic fever.

Both Old and New World complexes are further divided
into major lineages or clades. Genetic diversity within virus
species may vary with the host and geographic region. Se-
quence diversity is generally higher among strains obtained
from rodents than from humans, reflective of chronic infec-
tion and frequent transmission among the rodents (16, 17).

The Old World complex is grouped into two monophy-
letic lineages that correlate with monophyletic genera
within the rodent family Muridae, subfamily Murinae (see
below). The most attention has been paid to characterizing
Lassa viruses, which show considerable sequence heteroge-
neity across West Africa, with 4 recognized lineages—3 in
Nigeria and 1 in the area comprising Sierra Leone, Liberia,
Guinea, and Ivory Coast (18, 19). There is also considerable
genetic heterogeneity within lineages (20). The largest
variation is in the L and Z genes, with mean differences of
26% and 20% at the nucleotide and amino acid levels, re-
spectively. The structural genes nucleoprotein (NP) and
glycoprotein (GPC) are more conserved, with mean differ-
ences of about 20% and 8% at the nucleotide and amino
acid levels, respectively (21). Phylogenetic analyses suggest
that Nigerian strains are ancestral to those found further
west in Africa (19). Migration across the region was ac-
companied by changes in genome abundance, fatality rates,
codon adaptation, and translational efficiency, with the vi-
rus evolving to evade immune-determined selection pres-
sures (22).

Field and laboratory data suggest variation in virulence
among the 4 lineages and strains of Lassa virus. In laboratory
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experiments, virulence of Lassa virus strains in guinea pigs
roughly correlates with the severity of disease in the humans
from whom the viruses were isolated (23). However, strains
isolated from pregnant women and infants, in whom disease
was often severe, were often completely benign in guinea
pigs, suggesting that host factors such as immunosuppression
play a role in human disease. Strains of Lassa virus from
Nigeria may be more virulent than those from farther West
in Africa, but data to support or refute this theory are
lacking. The virulence factors of the Lassa virus genome are
not known, although for LCMV they are suspected to map
to the L segment (24).

The New World complex is classified into 4 distinct
lineages, A, B, C, and D, that generally correlate with
monophyletic genera of the rodent family Cricetidae (see
below). All of the pathogenic New World viruses are in
lineage B. Viruses of lineage D appear to be the product of
recombination between viruses of lineages A and other ar-

enaviruses, and are thus also known as lineage A/Rec. Lin-
eage A, B, and C viruses are restricted to South America,
while lineage D is exclusively North American.

There is also considerable genetic diversity among
strains of LCMV, Guanarito, and Mopeia viruses, but no
clear relationships between strain and pathogenicity in
humans has been sought or recognized. Sequence diversity
may also exist for other arenaviruses but the matter has not
been extensively studied. Although pathogenic viruses
generally cluster phylogenetically, Lujo virus, first identi-
fied in 2008, illustrates the limitations in predicting clin-
ical syndromes based on genetic sequence alone (2); Lujo
and Lassa viruses cause almost identical VHF syndromes,
despite being genetically distinct (up to 38.1% on the
nucleotide level)(25). Lujo virus is an outlier between New
World and Old World arenaviruses but appears to be
closest to the OldWorld viruses, corresponding to its site of
isolation in Zambia.

TABLE 1 Arenaviruses known or suspected to cause human disease

Virus
Associated human

disease
Annual incidence
of human disease

Human disease-
to-infection ratio

Human-to-human
transmissibility Case fatality

Old World
Dandenong Fever with

encephalopathy
and multiorgan-system
failure

Only 3 cases
recognized

Unknown All known cases
infected
through organ
transplantation

100% of 3 known
cases

Lassa Lassa fever Poor surveillance.
Estimated
30,000–50,000

1:5–10 Moderate 20% of hospitalized
cases, but mild
or asymptomatic
infection frequent

Lujo Lujo fever Only 5 cases recognized Unknown Moderate-to-high 80% of 5 known cases
Lymphocytic
choriomeningitis

Nonspecific febrile
illness/aseptic
meningitis

Estimated 100s to 1,000s
but poor surveillance.
Incidence declining
with improved
housing
and sanitation.

Unknown
but appears
to be low

Congenital
transmission
as well as
transmission
through organ
transplantation

< 1%

New World
Chapare Chapare HF Small cluster reported

in 2003. None since.
Unknown Unknown 1 fatality reported

among small cluster
Flexal Nonspecific febrile

illness
2 laboratory infections Unknown Unknown None of 2 known cases

Guanarito Venezuelan HF < 50 1:1.5 Low 30–40%
Junín Argentine HF 50–100. Incidence

declining due
to vaccination.

1:1.5 Low 15–30%

Machupo Bolivian HF < 50 1:1.5 Low 15–30%
Pirital Nonspecific febrile

illness
1 laboratory

infection
Unknown Unknown One known case

was nonfatal
Sabiá Brazilian HF 1 natural and 2

laboratory
infections

1:1.5 Low? 33% of 3 known
cases

Tacaribe Febrile illness with
mild CNS symptoms

1 laboratory
infection

Unknown Unknown Single nonfatal
case

Whitewater
Arroyo

Pathogenic potential
unclear. 3 putative
cases with fever
and some signs
of hemorrhagic fever

Unknown Unknown Unknown Unknown

HF, hemorrhagic fever.
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Virus Composition
Arenaviruses derive their name from the Latin “arena” for
“sand,” referring to the grainy appearance of infected host
cell ribosomes seen in virions on electron microscopy (Figure
4)(26). Surface glycoproteins appear as club-shaped projec-
tions or spikes protruding from lipid envelope membrane
(26). The virions are pleomorphic, ranging from 60 to 300
nM. Arenaviruses are bisegmented with an311 kb genome
comprised of two single-stranded RNA segments denoted
small (S) and large (L) of 3.4 kb and 7.2 kb, respectively (27,
28) (Figure 5). The S RNA encodes the viral NP and a
precursor GPC that is posttranslationally cleaved into GP1
and GP2 by the cellular subtilase SK1-1/S1P. Proteolytic
processing of GPC is necessary for arenavirus infectivity. GP1
is an outer membrane protein while GP2 is transmembrane.
Both are involved in receptor binding and cell entry. The L
RNA encodes the viral polymerase (L protein) and a small
zinc-binding protein (Z), which appears to play a regulatory
role in virus replication, particle formation, and budding, as
well as having a structural function as a matrix protein. The
genes on the two RNA segments are separated by an inter-
genic region that folds into a stable secondary structure.

Replication
Arenavirus genes are oriented in both negative and posi-
tive senses on the two RNA segments, a coding strategy

called ambisense (Figure 6). Through this mechanism,
GPC and NP gene expression are independently regulated.
Viral RNA must be transcribed before GPC can be ex-
pressed, which may be fundamental to the maintenance of
persistent infection in the animal reservoir. Replication
and transcription of the genome occur in the cytoplasm
and require the association of viral proteins with the viral
RNA in the form of ribonucleoprotein (RNP) complexes.
The NP and L proteins, together with virus RNA, are the
minimal components of the RNP complex and are suffi-
cient for genome replication and transcription. Purified
RNPs are competent for RNA synthesis in vitro and can
initiate virus replication after transfection into cells. Naked
RNA is not infectious.

During genome replication, a full-length copy of the
genome is synthesized yielding the corresponding anti-
genomic S and L RNAs. Due to the ambisense cod-
ing strategy, both genomic and antigenomic RNA serve as
templates for transcription of viral mRNA. The tran-
scripts contain a cap but are not polyadenylated. The viral
RNA species that are packaged into virions are defined
as the genomic RNAs; however, smaller amounts of
antigenomic RNA and Z gene mRNA are also packaged.
In addition to viral RNA, ribosomal RNA is present with-
in virions. Virions mature by budding from the plasma
membrane.

FIGURE 1 Geographic distribution of Old World arenaviruses. The virus name and known or suspected rodent reservoir are listed.
Although the virus has been isolated from the animal listed, the status of that animal as the natural reservoir is not established in all cases.
Countries where Lassa fever, the major arenaviral disease in Africa, has been definitively shown are depicted in dark gray and the distribution of
rodents of the genus Mastomys is shown in light gray. Only Lassa, Lujo, lymphocytic choriomeningitis, and Dandenong viruses have been
definitively associated with human disease. The distribution of the virus and incidence of associated disease may vary significantly within each
country. With the exception of Lassa and lymphocytic choriomeningitis viruses, most Old World arenaviruses have been isolated on single or
very few occasions and the precise distribution of the virus beyond the place of first identification is unknown. Not shown on the map:
Lymphocytic choriomeningitis viruses (reservoir Mus musculus), which has a worldwide distribution, Dandenong virus (unknown reservoir),
which is thought to be found in Eastern Europe, and Wenzhou virus (reservoir various rodent species and Suncus murinus) found in China.
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Receptors
Arenaviruses enter cells by attachment of the GP1 to one or
more cellular receptors (29); a-dystroglycan, a protein found
ubiquitously on primate and rodent cells, is a principal re-
ceptor for Old World viruses and pathogenic viruses of the
New World clade C, while human transferrin receptor 1
protein is a receptor for the New World clade B arenaviruses
(30). The transmembrane proteins Axl, Tyro3, dendritic
cell-specific intercellular adhesion molecule 3-grabbing
nonintegrin (DC-SIGN), and liver and lymph node sinu-
soidal endothelial calcium-dependent lectin (LSECtin)
may also serve as Lassa virus receptors independent of a-
dystroglycan (31). GP2 is thought to mediate fusion of the
viral envelope with the cellular membrane, and thus entry of
the virus into the host cell. Lassa virus and other non-
pathogenic arenaviruses bind a-dystroglycan with equal af-
finity. Orthologs of transferrin receptor 1 protein appear to
be the major receptors in the respective rodent host of each
New World arenavirus and likely dictate species specific-
ity (32).

Animal Reservoirs and Host Range
Arenaviruses are generally maintained in nature by chronic
infection in rodents of the superfamily Muroidea (Figure 4)

(1). Transmission may be vertical (dam-to-progeny) or
horizontal, depending on the specific arenavirus. Infected
animals may chronically shed virus in urine, feces, and sa-
liva. Old World arenaviruses are maintained in rodents of
the family Muridae, subfamily Murinae, and New World
arenaviruses in the family Cricetidae, subfamilies Sigmo-
dontinae and Neotominae. There is a tight host-virus species
pairing, thought to be the result of long-term rodent-virus
coevolution (1)(Table 2). Occasional findings of a given
arenavirus in species other than its recognized rodent host
are usually considered to result from spillover infection (i.e.,
incidental transient infection of a nonreservoir host). These
incidental animal hosts do not play a role in long-term virus
maintenance, but may nevertheless still pass virus on to
humans who are exposed during the period of transient in-
fection in the rodent.

The endemic area of each arenaviral disease is restricted
to the geographic distribution of its rodent reservoir. Rodent
populations are usually not uniformly infected; rather, the
distribution of the virus and disease is usually restricted to a
small portion of the overall host range. The reasons for this
are unclear, but may relate to evolutionary bottlenecks in
dispersal of the virus, rodent reservoir, or both. Landscape
features are the most likely barriers to host migration. Both
rodent abundance and prevalence of infection are highly

FIGURE 2 Geographic distribution of New World arenaviruses. Above: The virus name and known or suspected rodent reservoir are
listed, with viruses associated with natural infection and disease in humans in bold. Although the virus has been isolated from the animal
listed, the status of that animal as the natural reservoir is not established in all cases. Countries with arenaviruses definitively associated with
human disease are shaded gray. The distribution of the virus and incidence of associated disease may vary significantly within each country.
Many of the New World arenaviruses have been isolated on single or very few occasions and the precise distribution of the virus beyond
the place of first identification is unknown. On next page: Closeup of administrative regions in which Venezuelan, Bolivian, Chapare,
and Argentine hemorrhagic fever have been recognized. The distribution of the viruses and incidence of disease may vary significantly within
the region.
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variable over space and time, with the prevalence of virus
infection in reservoir populations likely linked to population
density. Humans are dead-end hosts who play no role in the
natural maintenance of arenaviruses. There are generally few
human cases relative to the frequency of infected rodents.
Incidence of human infection may vary with changes in ro-
dent abundance that relate to both climatic and seasonal
weather changes and human-induced habitat alterations.
Detailed discussions of the epizoology of arenaviruses and
their animal reservoirs have been reviewed elsewhere (1, 33).

Growth in Cell Culture
Arenaviruses grow well in most mammalian cell lines, in-
cluding endothelial cells, and infect most mammals. Vero
cells are most commonly used, in which most cells are pro-
ductively infected in 4 to 9 days with peak infectivity titers
approaching 108/ml. Carrier cultures are readily established
with cyclic production of infectious virus. Although
rounding and detachment of affected cells and subsequent
cell death are occasionally seen, arenaviruses generally pro-
duce little or no cytopathic effect, so all cultures should be
harvested and examined by immunofluorescent antibody

(IFA) assay using virus-specific antiserum (34). Infected cells
from these cultures may contain large quantities of N protein
but minimal GPC. There is evidence for the presence of
defective interfering particles that can suppress replication
both in cell culture and animals but the significance of this
observation relative to natural infection is unknown (35).

Animal Models
Models for arenavirus propagation and disease have been
developed for suckling mice, hamsters, guinea pigs, and
monkeys. In addition to being a human pathogen in its own
right, LCMV has played a major role in elucidating our
concepts of viral immunopathology and of T-cell function
through experiments with laboratory strains of virus and
inbred mice (36).

Inactivation by Physical and Chemical Agents
The arenavirus lipid envelope is easily disrupted, limiting
their viability outside a living host.

Arenaviruses can be inactivated by heating to 60°C for 1
hour, use of disinfectants containing phenolic compounds,
hypochlorite, quaternary amines, acidic or basic pH, ultravi-
olet light (surface disinfection only), gamma irradiation and
surfactant nanoemulsions, and various proprietary detergent-
containing lysis buffers (37–51). Some of these inactivation
techniques, such as heat and gamma irradiation, preserve the
arenavirus proteins for serologic testing. Toxicity and corrosion
may be concerns with some of these compounds depending
upon the frequency of use and concentrations.

The transmission dynamics and viability of arenaviruses
after shedding into the environment are not well charac-
terized. However, there is generally little concern required
regarding arenaviruses seeping into groundwater or posing
any long-term risk through casual exposures in the general
environment, where harsh thermal and pH conditions
would likely readily inactivate them.When shed naturally in
animal excreta or human body fluids, which would then
usually dry, infectivity appears to last from a few hours to
days, varying with the specific virus and environmental
conditions such as temperature and light (52–54). However,
other nonarenavirus causing VHF have been isolated from
samples kept for weeks at ambient temperatures if stored
hydrated in a biological buffer, such as blood or serum. This
may hold true for arenaviruses as well. The viruses are also
stable when frozen or freeze-dried (55).

EPIDEMIOLOGY
Arenavirus infections are noted in both sexes and all age
groups. The geographic distribution and impact of arenaviral
infections vary widely by particular agent (Table 1). The
combination of the remote, geographically restricted en-
demic areas (often in resource-poor countries), nonspecific
clinical presentation (56, 57), lack of availability of reagents
and laboratories for diagnostic confirmation (58), and, in
some areas, logistical impediments presented by civil unrest
(59) and unstable governments (60) make surveillance for
arenavirus infection, and thus precise estimates of incidence,
difficult (61). One exception is Argentine hemorrhagic fe-
ver, for which intensive surveillance with supporting labo-
ratory diagnosis is applied in its circumscribed endemic area,
resulting in precise incidence estimates—usually less than
100 cases per year. Lassa virus is the most common arena-
virus infection, with upwards of 50,000 cases and an esti-
mated 10,000 deaths annually. LCMV may cause up to
several thousand infections yearly, whereas much smaller

FIGURE 2 (Continued)

45. Arenaviruses - 1093



numbers of human cases have been recognized for the other
arenaviruses.

While New World arenavirus infection usually results in
disease that can ultimately be recognized as VHF, the ma-
jority of Old World arenavirus infections, at least for LCMV
and Lassa virus, are thought to be asymptomatic or produce
milder nonspecific febrile illness (62). However, antibody
reversion (i.e., loss of antibody after infection) after Lassa
virus infection and the possibility of cross-reacting anti-
bodies from previous infection with other nonpathogenic
arenaviruses in West Africa, such as Kodoko, Gbagroube, or
Menekre viruses (Figure 1), may confound interpretation of
laboratory findings, potentially resulting in misclassification
between true first Lassa virus infections and reinfection,
which is associated with milder disease. Studies of the rate of
asymptomatic transmission as well as reinfection bear re-
peating with newer more sensitive and specific diagnostic
modalities (63, 64).

Because arenaviruses are maintained in wild animals,
factors in disease emergence and increased incidence of hu-
man disease logically often relate to anthropogenic distur-
bance of natural habitats, such as conversion of forest to
cultivated fields, resulting in loss of biodiversity and selection
for opportunistic rodent species that are frequently hosts for
zoonotic pathogens (Table 2)(65). Conversion to agriculture
also prompts incursion of reservoir rodents from the sur-
rounding bush seeking food in croplands, with resultant in-
creased human exposure to rodents, usually with recognizable
seasonal peaks (66, 67). Some reservoir species may also
enter towns and homes, further increasing risk to humans.

Rodent-to-Human Transmission
With the exception of the LCMV reservoir, all arenavirus
reservoirs occupy almost exclusively sylvatic rural habitats.
Consequently, primary arenavirus infections in humans are
seen almost exclusively in rural and often remote settings.

FIGURE 3 Phylogenetic relationships of arenaviruses inferred based on full S segment nucleotide sequences. Phylogenies were recon-
structed by neighbor-joining analysis applying the JUKES-Cantor model (1,000 replicates). The A, B, C, and D clades of the NewWorld and
Old World arenaviruses are delineated. Lujo virus (LUJV) falls between the two groups but appears to be closest to the Old World viruses,
thus corresponding to its site of isolation in Zambia. The scale bar indicates substitutions per site. Genbank accession numbers are shown after
each virus. Similar relationships are demonstrated based on L segment analysis (not shown). Abbreviations: AMAV, Ampari virus; BCNV,
Bear Canyon virus; CHPV, Chapare virus; CPXV, Cupixi virus; DANV, Dandenong virus; FLEV, Flexal virus; GTOV, Guanarito virus; IPPV,
Ippy virus; JUNV, Junín virus; LASV, Lassa virus; LATV, Latino virus; LCMV, Lymphocytic choriomeningitis virus; LUJV, Lujo virus; LUKV,
Lunk virus; LUNV, Luna virus; MACV, Machupo virus; MOBV, Mobala virus; MOPV, Mopeia virus; MORV, Morogoro virus; OLVV,
Oliveros virus; PARV, Paraná virus; PICV, Pichinde virus; PIRV, Pirital virus; SABV, Sabiá virus; TCRV, Tacaribe; TAMV, Tamiami virus;
WWAV, Whitewater Arroyo virus. Viruses not shown due to incomplete or unavailable sequence data: Allpahuayo, Big Brushy Tank,
California Academy of Sciences, Catarina, Collierville, Gairo, Gbagroube, Golden Gate, Kodoko, Lemniscomys, Mariental, Menekre,
Merino Walk, Ocozocoautla de Espinosa, Okahandja, Pinhal, Real de Catorce, Skinner Tank, Tonto Creek, and Wenzhou.
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Virus transmission to humans is believed to occur via ex-
posure to rodent excreta, either from direct inoculation on
to the mucous membranes or broken skin, or from inhalation
of aerosols produced when rodents urinate (1, 62, 68, 69).
The relative frequency of these modes of transmission is
unknown. Although the infectious dose for arenaviruses is
thought to be low, rodent-to-human transmission appears to
be inefficient, occurring infrequently even where infected
rodents are common (70). Transmission by aerosolized ro-
dent urine or virus-contaminated dust particles is often
mentioned in the scientific literature, but there are few data
to support or refute its occurrence (71). Although household
clusters of VHF due to arenaviruses occasionally occur, sin-
gle cases are much more common, suggesting that aerosol
transmission to humans is not common, since it would logi-
cally often simultaneously infect multiple people in proximity
to the aerosol source (72). Secondary aerosol generation,

such as what might be produced through sweeping an area
contaminated by rodent urine, is inefficient and is thus a less
likely mechanism of infection. However, infectious and
moderately stable aerosols of Lassa, LCMV, and Junín viruses
have been artificially produced in the laboratory, and a lab-
oratory infection with Sabiá virus resulted from a centrifuge
accident (73) so the possibility of aerosol infection is not zero
(74, 75). Regardless of their role in natural infection, the
artificial production of infectious aerosols has obvious im-
plications for the potential use of arenaviruses as bioweapons
(15, 76).

Experiments in mice and monkeys show that arenavirus
infection may also occur by the oral route, perhaps through a
gastric portal (77, 78). In a monkey model using LCMV,
hemorrhagic fever was produced with intravenous (IV) but
not intragastric inoculation (78). Lassa virus has been con-
tracted when rodents are trapped and prepared for con-
sumption, a common practice in some parts of West Africa,
although it is usually impossible to determine whether in-
fection resulted from exposure during preparation or con-
sumption (79). LCMV has been identified in wild rodent
feces by reverse transcriptase polymerase chain reaction (RT-
PCR) (80). Since arenaviruses are easily inactivated by
heating, eating cooked rodent meat should pose no danger
(1). Various arenaviruses have been found in rodent saliva,
although reports of human infection from rodent bites
are rare (81, 82). Although the primary reservoir for LCMV
is the common house mouse (Mus musculus), spillover

FIGURE 4 Electron micrograph of Lassa virus. The typical sandy
appearance of arenaviruses from the internal ribosomes is evident,
as well as the surface glycoprotein spikes. Magnification approxi-
mately · 55,000. Micrograph courtesy of F. A. Murphy, University
of Texas Medical Branch, Galveston, Texas.

FIGURE 5 Replication strategy of arenaviruses. See text for
details. (Prepared by A. Sanchez.)

FIGURE 6 Transmission cycle of arenaviruses illustrating
chronic infection in rodents. Transmission between rodents may
be vertical or horizontal depending upon the specific arenavirus.
Humans are incidental hosts who play no role in virus mainte-
nance in nature. (Adapted from reference 13 with permission of the
publisher.)
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TABLE 2 Natural reservoirs of the arenaviruses

Virus

Primary
reservoir-species
(common name)

Mode of virus
maintenance in animals Typical habitat

Known geographic
distribution of infected

rodents

Seasonal trends
and risk factors

for human exposure

Dandenong Unknown Unknown Unknown Balkan Peninsula? Unknown. All known cases
infected through organ
transplantation in Australia

Lassa Mastomys natalensis (natal
mastomys or multimammate rat)

Vertical Peridomestic and surrounding
cultivated fields and grasslands.
Rural areas only

West Africa, especially
Nigeria, Sierra Leone,
Liberia, and Guinea

Peak transmission in dry season
(November–April). Rodent
consumption, poor quality
housing, open food storage and
closed shutters during the day,
favoring prolonged foraging

Lujo Unknown Unknown Unknown Zambia? Unknown
Lymphocytic
choriomeningitis

Mus musculus (house mouse) Vertical Peridomestic. Rural and urban
areas. Most infections inside
homes

Worldwide Peak transmission in fall and winter
in northern temperate zones due
to seasonal invasion of homes by
house mice. Also risk among
rural dwellers and low-income
groups

Infections documented from
infected laboratory mice and pet
mice and hamsters

Chapare Unknown Unknown Unknown Chapare region of
Cochabamba, Bolivia

Unknown

Flexal Unknown Unknown Unknown Unknown Only known cases through
laboratory infection

Guanarito Zygodontomys brevicauda (short-
tailed zygodont mouse or cane
mouse)

Split horizontal/vertical
response

Crop fields, borders, and roadside
habitats in rural areas. Rarely
peridomestic

Plains of western
Venezuela, especially
Portuguesa and
Barinas States

Peak incidence during peak
agricultural activity (November–
January). Agricultural workers
highest risk. Often 4–5 year
cyclical pattern
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Junín Calomys musculinus (drylands
vesper mouse or corn mouse)

Split horizontal/vertical
response

Stable linear border habitats
(roadsides, fence lines, and
railroad rights of way) in rural
areas. Movement into mature
and postharvest crop fields in
summer and early fall

Central and
northwestern
Argentina

Peak incidence during peak
agriculture activity (March–
June). Agricultural workers
highest risk

Machupo Calomys callosus-Beni Department
clade (big laucha or large vesper
mouse)

Split horizontal/vertical
response

Peridomestic and disturbed habitats
where forest and grasslands meet.
Seeks higher ground with
seasonal inundations. Rural
areas

El Beni Department of
Bolivia

Peak incidence during peak
agricultural activity (June–
August). Agricultural workers at
highest risk but family and
community clusters occasionally
noted

Pirital Sigmodon alstoni (Alston’s cotton
rat)

Unknown Crop fields, borders, and roadside
habitats in rural areas. Rarely
peridomestic

Plains of northwestern
Venezuela

Only known cases through
laboratory infection

Sabiá Unknown Unknown Unknown Rural area near Sao
Paulo, Brazil?

Only known case outside of
laboratory infections occurred
during dry season (January)

Tacaribe Artibeus bat* Unknown Unknown Trinidad Only known cases through
laboratory infection

Whitewater Arroyo Related viruses found in various
species of Neotoma genus,
including N. micropus (southern
plains woodrat), N. Mexicana
(Mexican woodrat), (N.
stephensi (Stephen’s woodrat),
and N. cinerea (bushy-tailed
woodrat)

Unknown Rural areas Southwestern United
States

Unknown

* Tacaribe virus has been isolated from mammals only once, from bats from the genus Artibeus, but the definitive role of this animal as the natural reservoir is uncertain. The virus has also been isolated from ticks in the state of Florida
in the United States (202).
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infection can occur in a variety of pet animals, such as Syrian
hamsters (Mesocricetus auratus) and guinea pigs (Cavia
porcellus), and laboratory mice, and have resulted in human
infection (83).

Human-to-Human Transmission
With the exception of LCMV, and perhaps Dandenong vi-
rus, arenaviruses can be transmitted between sick humans
through direct contact with infected blood or bodily fluids.
However, contrary to popular concept, secondary attack
rates are generally low, probably of the order of 5% or less as
long as strict barrier nursing practices are observed (Table 1).
Tertiary transmission is unusual. Large outbreaks are al-
most always fueled by nosocomial transmission, usually in
resource-poor regions where sound infection control and
barrier nursing practices may not be maintained (84–87).
Nosocomial outbreaks of Lassa fever have been associated
with reuse of nonsterilized needles and use of contaminated
multiuse antibiotic vials (84).

Viremia and infectivity of persons infected with arena-
viruses generally parallel the clinical state, with highest in-
fectivity late in the course of severe disease, especially when
bleeding is present. Data on the precise modes of human-to-
human transmission are lacking, but infection presumably
results from oral or mucous membrane exposure, most often
in the context of providing care to a sick family member
(community) or patient (nosocomial transmission). Al-
though aerosol spread of Lassa virus was speculated in the
first recognized outbreaks in Nigeria, extensive field expe-
rience since then has not suggested aerosol transmission of
arenaviruses between humans in natural settings (86). Fu-
neral rituals that entail the touching of the corpse prior to
burial may also result in transmission of hemorrhagic fever
viruses, although this has not been specifically recognized
with arenaviruses (88). Although a few anecdotal reports
exist of transmission during convalescence disease (62, 89),
presumably from virus persistence in the semen as noted in
some other VHFs, there are no reports of virus isolation from
the semen. However, intermittent shedding of Lassa virus in
the urine has been documented up to 67 days after the onset
of illness (90, 91). Transmission during the incubation pe-
riod has not been noted.

New World arenaviruses appear to be less transmissible
between humans than their Old World counterparts, al-
though human-to-human transmission of Machupo virus has
been reported in both community and nosocomial settings
(92, 93). Only one family cluster of Argentine hemorrhagic
fever is described, with the index case presenting with
atypical skin lesions that may have facilitated transmission.
Person-to-person transmission or nosocomial infection has
not been observed with Guanarito virus despite the fact that
patients with Venezuelan hemorrhagic fever are usually ad-
mitted to open wards with minimal isolation precautions. It
is unknown whether the perceived differences in transmis-
sibility between the arenaviruses reflect true biological
properties or varied cultural and infection control practices
in the endemic areas of each virus.

Contrary to popular misconceptions, the risk of imported
arenavirus infections initiating outbreaks in industrialized
countries, where barrier nursing techniques are usually
maintained, is generally low. Because of the considerable
travel between the United Kingdom and their former West
African colonies, which also often happen to be the hyper-
endemic areas, Lassa fever is the most frequently exported
arenavirus infection. Foreign military personnel, peace-
keepers, aid workers, and tourists in rural settings are occa-

sionally infected, sometimes importing Lassa virus back to
their countries of origin, most commonly the United King-
dom and Europe, but occasionally as far away as Japan (94).
In over 25 imported cases of Lassa fever reported since 1969
with at least 1,500 cumulative identified contacts, only a
single putative and asymptomatic instance of secondary
transmission has been noted (95, 96). Although 3 secondary
cases and 1 tertiary case occurred in South Africa after the
arrival of a traveler from Zambia infected with Lujo virus,
transmission occurred in settings in which proper infection
control practices may not have been maintained (2, 97).

Small clusters of severe neurologic disease and organ
failure have been reported in the United States among
persons who were transplanted solid organs from persons
unknowingly recently infected with LCMV (98, 99). A
similar transplant-related cluster of 3 fatal cases occurred in
Australia in 2009, leading to the discovery of the LCMV
variant Dandenong virus (100). The donor died of cerebral
hemorrhage 10 days after returning to Australia from a
3-month visit to the Balkan Peninsula, where he had trav-
eled in rural areas. None of the donors in these outbreaks
had a recent history of acute febrile disease and no virus
could be identified in them, although the presence of IgG
and IgM antibodies in the Australian donor confirmed re-
cent infection. One donor in the United States had been
exposed to a pet hamster from which LCMV was isolated
and corresponded to the virus detected in the transplant
recipients. With the exception of congenital transmission
and through transplanted organs, there is no human-to-hu-
man transmission of LCMV.

PATHOGENESIS
Incubation Period
The incubation period for arenavirus infection is typically
between 8 and 13 days, with a range of 3 to 21 days. Direct
percutaneous inoculations, such as needlesticks, are thought
to be associated with shorter incubation periods.

Pathology
A recurring question with the arenavirus infections is how
the virus causes disease. The histologic lesions observed do
not usually provide an obvious cause of death; overt cell
damage by arenaviruses is minimal or modest. Rather, are-
naviruses are thought to alter cell function and through direct
infection or indirectly through immunopathologic mecha-
nisms. Extensive macrophage and lymphoreticular infection
are thought to be the basis for local and systemic release of
physiologically active soluble mediators leading to many of
the abnormalities observed (101). Findings at necropsy are
often composed of petechial and mucosal hemorrhages,
vascular dilatation and congestion, and small foci of necrosis
in organs such as the liver, adrenals, and kidneys, with a mild
or absent inflammatory response (155). The pathogenesis of
LCMVand Dandenong viruses causing CNS disease appears
to be distinct from that of the arenaviruses that cause VHF.

Patterns of Virus Replication and Immune
Responses

Central Nervous System Disease
Laboratory studies show arenavirus tropism for Schwann
cells (though not neurons), which abundantly express a-
dystroglycan (102). Immune cell activation, particularly
CD8+ lymphocytes, is thought to be the fundamental process
in the pathogenesis of LCMV, although without the same
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effects on endothelial cell function and hemostasis as in VHF
(see below) (13). CNS involvement typically occurs a week
or two after disease onset, after the virus has cleared from the
blood, and is thus thought to be immune mediated, although
virus can still be recovered from the CSF at this time.

Arenaviral Hemorrhagic Fever
As with all VHFs, microvascular instability and impaired
hemostasis are the hallmarks of arenaviral hemorrhagic fe-
ver. Unchecked viremia appears to be central to the path-
ogenesis (103, 104). While both Old and NewWorld viruses
cause disruption of the vascular endothelium, the immune
responses of these two groups appear to be distinct.

Abnormal platelet aggregation has been noted in Lassa
fever and is thought to be the primary functional defect
resulting in bleeding when it occurs (105). Old World vi-
ruses generally result in suppression of the innate immune
response (106–108), while New World viruses elicit a strong
inflammatory response consistent with cytokine storm (109,
110). Tumor necrosis factor alpha and alpha/beta inter-
feron are among the candidates for such mediators; both
have been found at high concentrations in the blood that
correlate with mortality in patients with Argentine hemor-
rhagic fever (111). In animal models, leukotrienes, platelet-
activating factor, and endorphins appear to contribute (74).
Apoptosis has also been reported from experiments with
New World viruses in cell and animal models (112). Im-
mune complexes, disseminated intravascular coagulation,
and complement activation by other means appear to have
no important role in arenaviral hemorrhagic fever.

Viremia is usually present at patient presentation (pre-
sumably starting with disease onset, although patients are
rarely available for testing at this time), peaking between days
4 and 9 and clearing within 2 to 3 weeks in survivors. Cell
mediated immunity is thought to be primarily responsible for
clearance of Old World arenavirus infection, while the hu-
moral arm is important in disease caused by New World vi-
ruses (113–115). Antibody titers are significantly lower in
fatal cases relative to survivors (63, 103, 116). Neutralizing
antibodies may be produced in Old World arenavirus infec-
tion, but usually months after recovery and often at a low
titer. The continued increase in antibody titer to Lassa virus
months after infection suggests a sustained B-cell response
that might be attributable to low-level virus persistence in
immunologically protected sites; in vaccine experiments in
monkeys, replication-competent virus was cleared within 14
days after Lassa virus challenge, but detection of RNA up to
112 days suggested low-level viral persistence or the presence
of defective interfering particles (117).

A long-standing mystery of arenavirus infection, espe-
cially Lassa fever, is the apparent extreme range of clinical
severity (28). The reasons for this variation are unknown, but
may relate to heterogeneity in the virulence of infecting Lassa
virus strains, route and dose of inoculation, genetic predis-
position, underlying coinfections or premorbid conditions
(e.g., malaria, malnutrition, or diabetes), or misclassification
of reinfection as new infection due to waning of antibody.
Unfortunately, since most studies in nonhuman primates use
viral challenge doses designed to produce uniformly fatal
disease in order to evaluate the efficacy of therapeutics and
vaccines, they shed little light on any clinical spectrum re-
lated to inoculum size. Route of exposure appears to be one
important variable; in a monkey model of Lassa fever using
theWE strain of LCMV, IV inoculation resulted in fatal VHF
while monkeys inoculated via the gastric route mostly had an
attenuated infection with no disease (78, 113). Human genes

encoding “like glycosyltransferase” (LARGE), dystrophin
(DMD), and IL-21 have apparently undergone positive se-
lection in populations in endemic areas for Lassa fever in
Nigeria, suggesting a protective effect (118, 119).

CLINICAL MANIFESTATIONS
Central Nervous System Disease
Despite the name, a minority of patients infected with
LCMV develop meningitis or CNS disease. Rather, most
LCMV infections are asymptomatic or result in a nonspecific
febrile illness (120). After 7 to 14 days of nonspecific illness
(fever, headache, malaise), and often with a brief period of
deffervescence, CNS manifestations may ensue in a minority
of patients. These encompass a spectrum ranging from aseptic
meningitis (the most common) with headache, stiff neck,
and photophobia to fulminant encephalitis with cranial
nerve palsies, abnormal reflexes, focal seizures, polyneuritis,
flaccid paralysis, and papilledema. CNS symptoms can also
occur without recognized febrile illness. Rarer manifestations
and complications of LCMV infection include hydrocepha-
lus, transverse myelitis, Guillain-Barré syndrome, hearing
loss, arthritis, parotitis, orchitis, myocarditis, mucosal bleed-
ing, and pneumonia. Congenital infection has been associ-
ated with spontaneous abortion in early pregnancy and,
when occurring later in pregnancy, a variety of neurological
deficits, including psychomotor retardation, microcephaly
and macrocephaly, hydrocephalus, chorioretinitis with visual
loss, and seizures. LCMV and Dandenong virus infection in
immunosuppressed organ transplant recipients has resulted in
a fatal syndrome with graft dysfunction, CNS symptoms, and
multiorgan system involvement, in some cases resembling
VHF, within three weeks after transplantation, with case-
fatality approaching 90% (98).

Arenaviral Hemorrhagic Fever
Disease severity generally correlates directly with the level of
viremia, and thus infectivity. Although there are differences
in the pathogenesis and clinical manifestations produced by
the various arenaviruses, they are usually too subtle to allow
for distinction on clinical grounds, at least in the early stages
of disease. Nevertheless, some notable distinctions can be
made between the syndromes caused by Old World and New
World viruses. The disease caused by the various NewWorld
arenaviruses is usually referred to simply as “South American
hemorrhagic fever.”

The spectrum of disease due to arenavirus infection
ranges from mild to shock, multiorgan system failure, and
death. Most patients present with nonspecific signs and
symptoms difficult to distinguish from many other more
common febrile illnesses. The incubation period is usually
about 1 week (range 3 to 21 days). Illness typically begins
with the gradual onset of fever and constitutional symptoms,
including general malaise, anorexia, headache, chest or
retrosternal pain, sore throat, myalgia, arthralgia, lumbosa-
cral pain, and dizziness (56, 57). The pharynx may be ery-
thematous or even exudative in Lassa fever, a finding that
has at times led to misdiagnosis of streptococcal pharyngitis
(56). Gastrointestinal signs and symptoms occur early in the
course of disease and may include nausea, vomiting, epi-
gastric and abdominal pain and tenderness, and diarrhea.
Lassa fever has sometimes been mistaken for acute appen-
dicitis or other abdominal emergencies. A morbilliform,
maculopapular, or petechial skin rash is very frequent in
South American hemorrhagic fevers (Figure 7A). Although
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rash almost always occurs in fair-skinned persons with Lassa
and Lujo fever, it is rarely recognized in native black Afri-
cans (Figure 7B). The reasons for this observation are un-
known, but prior infection with partial immunity and
genetic differences have been postulated. Conjunctival in-
jection or hemorrhage (Figure 7C) is frequent but is not
accompanied by itching, discharge, or rhinitis. A dry cough,
sometimes accompanied by a few scattered rales on auscul-
tation may be noted, but prominent pulmonary symptoms
are uncommon early in the course of the disease. Jaundice is
not typical and should suggest another diagnosis.

In severe cases, patients progress to vascular instability,
which may be manifested by subconjunctival hemorrhage,
facial flushing, edema, bleeding, hypotension, shock, and
proteinuria. Swelling in the face and neck and bleeding are
particularly specific but not sensitive signs in Lassa and Lujo
fevers—seen in less than 20% of cases (56) (Figure 7D). De-
spite the term “VHF,” clinically discernible hemorrhage is not
always seen, being less frequent in disease produced by Old
World thanNewWorld arenaviruses, and never in the first few
days of illness (56, 57). Hematemesis, melena, hematochezia,
metrorrhagia, petechiae, epistaxis, and bleeding from the gums
(Figures 7D and 7E) and venipuncture sites may develop, but
hemoptysis and hematuria are infrequent. Significant internal
bleeding from the gastrointestinal tract may occur even in the
absence of external hemorrhage.

Neurological complications are more common in the
South American hemorrhagic fevers and include disorien-
tation, tremor, ataxia, seizures, and coma, particularly in the
late stages, and usually portend a fatal outcome (121). The
cellular and chemistry profile in CSF is often normal. Lassa
virus can be isolated from the CSF of some, but not all,
patients with neurological manifestations, without apparent
correlation between disease severity and detection of virus
(103, 122). In one unusual case, Lassa virus was isolated from
the CSF, but not the blood, of a patient with encephalop-

athy after the febrile stage of disease—a finding consistent
with virus persistence in the immunologically protected
CNS (123).

Pregnant women with arenaviral hemorrhagic fever often
present with spontaneous abortion and vaginal bleeding,
with maternal and fetal mortality rates approaching 100% in
the third trimester (124). Anasarca has been described in a
single report of four children with Lassa fever (termed the
“swollen baby syndrome”) but may have been related to
aggressive rehydration (125). One instance of polyserositis
with pleural and pericardial effusions and ascites 6 months
after infection was reported (126). Lassa virus could not be
recovered from the effusion fluid, but lymphocytes and high
levels of antibody were noted, suggesting an immune-
mediated mechanism. Various clinical manifestations of
arenaviral hemorrhagic fever are shown in Figure 6.

Typical clinical laboratory findings in arenaviral hemor-
rhagic fever include early leukopenia and lymphocytopenia,
sometimes with atypical lymphocytes, followed later by
leukocytosis with a left shift; mild-to-moderate thrombocy-
topenia, hemoconcentration; elevated aspartate amino-
transferase (AST), alanine aminotransferase (ALT), and
amylase; electrolyte perturbations; and proteinuria (103,
127). Unlike classic viral hepatitides, but similar to filoviral
disease, the AST is typically much higher than the ALT in
arenaviral hemorrhagic fever, suggesting that its source is not
exclusively the liver. Since a broad range of tissues can re-
lease AST, it should be considered a marker of systemic
organ damage (103). Radiographic and electrocardiographic
findings are generally nonspecific and correlate with the
physical examination (128, 129).

Prognosis
Death in fatal cases of arenaviral hemorrhagic fever usually
occurs within 2 to 3 weeks after the onset of disease. Case
fatality proportions vary according to the specific infecting

FIGURE 7 Clinical manifestations of arenaviral hemorrhagic fever. (A) Petechial rash in Argentine hemorrhagic fever. (B) Mac-
ulopapular rash in Lujo hemorrhagic fever (photo by T. H. Dinh). (C) Conjunctival injection in Lassa fever (photo by Donald Grant). (D)
Facial swelling and mild gum bleeding in Lassa fever (photo by Donald Grant). (E) Gum bleeding in Argentine hemorrhagic fever. Photos
used with permission from Blumberg L, Enria D, and Bausch DG. Viral Haemorrhagic Fevers. In J Farrar et al. (ed):Manson’s Tropical Diseases,
23rd Edition, Elsevier Publishing, 2013.
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virus (Table 1). Hospital mortality data generally represent
an overestimate considering the mild and asymptomatic
infections that are thought to frequently occur in the com-
munity with some arenaviral hemorrhagic fevers, especially
Lassa fever (62). Common indicators of a poor progno-
sis include shock, bleeding, neurological manifestations,
viremia > 108 TCID50/ml (or viral RNA copy number or
enzyme-linked immunosorbent assay (ELISA) antigen as
surrogates), AST > 150 IU/l, and pregnancy, especially
during the third trimester when maternal and fetal mortality
approach 100% (56, 130).

Convalescence and Sequelae
Convalescence from arenaviral hemorrhagic fever may be
prolonged, with persistent myalgia, arthralgia, anorexia, weight
loss, and alopecia up to a year after infection. Cerebellar ataxia
has also been occasionally reported (131). The psychological
effects of the disease may also be significant and are often
overlooked, with some patients experiencing depression or
posttraumatic stress, as well as social stigmatization.

Sensorineural deafness is a well-recognized sequela spe-
cific to Lassa fever. It is reported to occur in as many as 25%
of cases, although this seems like a significant overestimate
from experience in Sierra Leone and Guinea over the last 20
years (132). Deafness typically presents during convales-
cence and is not associated with the severity of the acute
illness or level of viremia, suggesting an immune-mediated
pathogenesis (132). It may be uni- or bilateral, and is per-
manent in approximately two-thirds of cases. Auditory
patterns resemble idiopathic nerve deafness (133).

Differential Diagnosis
Difficulties in diagnosing arenavirus infection, both clini-
cally and in the laboratory, pose a major impediment to
surveillance and control. Even if more clearly recognized
VHF or neurologic syndromes eventually develop, most
patients present with a nonspecific febrile syndrome difficult
to distinguish from many other diseases that are usually more
common in the area. The differential diagnosis of arenaviral
hemorrhagic fever includes a broad array of febrile illnesses,
including malaria, typhoid fever, leptospirosis, bacterial
septicemia, rickettsial infections, dengue fever, and other
VHF syndromes, depending upon the specific geographic
region and patient history of exposures (127).

The classic presentation of LCMV infection is aseptic
meningitis, particularly if an initial prodromal period of fe-
ver, perhaps with a remission, occurs before the CNS phase.
The differential diagnosis includes the arboviral meningiti-
des, herpes encephalitis and, for congenital manifestations,
the classic TORCH organisms (toxoplasma, rubella, cyto-
megalovirus, and herpes virus). The presence of thrombo-
cytopenia and leukopenia should enhance suspicion of
arenavirus infection.

A diagnosis of arenavirus infection should be considered
in patients with a clinically compatible syndrome who,
within 3 weeks prior to disease onset, (i) lived in or travelled
to an endemic area (Figures 1 and 2), (ii) had potential
direct contact with blood or bodily fluids of a person with
arenaviral hemorrhagic fever during their acute illness (this
group most often is comprised of health care workers or
persons caring for family members at home), (iii) worked in a
laboratory or animal facility where arenaviruses are handled,
or (iv) had sex with someone recovering from arenaviral
hemorrhagic fever in the last 3 months. Even persons who
meet the above criteria most commonly have a disease other
than arenaviral hemorrhagic fever, so alternative diagnoses

should always be aggressively sought, especially malaria.
Recognized direct contact with rodents in endemic areas,
including laboratory mice and pet hamsters and guinea pigs
if LCMV infection is suspected (83), should heighten sus-
picion but is rarely noted even among confirmed cases.

LABORATORY DIAGNOSIS
The difficulty in clinical diagnosis makes prompt laboratory
testing imperative, especially when arenaviral hemorrhagic
fever is suspected. Unfortunately, no commercial assays are
available, a situation further complicated by the BSL-4
designation and Select Agent status of many arenaviruses
that limit access and research potential even to many le-
gitimate scientists. Various “in-house” assays are performed
in a few specialized laboratories. Common diagnostic mo-
dalities include cell culture (restricted to BSL-4 laboratories
for most pathogenic arenaviruses), the reverse transcriptase
polymerase chain reaction, serologic testing by enzyme-
linked immunosorbent assay or immunofluorescent antibody
assay, and postmortem immunohistochemistry, each with its
unique advantages and disadvantages (134). Although ex-
tensive standardization and validation of these assays have
not been conducted, they generally appear to have high
sensitivities and specificities when performed in experienced
laboratories (63, 135).

Virus Isolation
The most definitive and perhaps sensitive diagnostic tech-
nique is cell culture. Serum is the most reliable sample to
test, but virus can be variably isolated from throat washings,
urine, CSF, breast milk, and various other tissues (103, 136–
140). A particular advantage of cell culture is that, with
appropriate antiserum, it enables detection of virtually any
strain of virus. However, the time required for virus propa-
gation and the need for a BSL-4 laboratory render cell cul-
ture more of a confirmatory test and research tool. Cell
culture at higher dilutions may yield a positive result from a
specimen found negative at lower dilutions.

Nucleic Acid Detection
RT-PCR has become an increasingly valuable tool for the
VHFs, capable of detecting Lassa virus in over 80% of cases in
the first 10 days of illness (18, 141, 142). The technique can
be performed in hours, appears to be at least as sensitive as cell
culture, and has the significant advantage of not requiring any
reagent that must be produced in a BSL-4 laboratory. Since
high viremia (or viral RNA copy number or ELISA antigen as
surrogates) correlate with death, quantitative RT-PCR also
provides prognostic value (56, 63). Sequence heterogeneity of
Lassa viruses across West Africa has traditionally posed a
challenge to PCR-based diagnostics due to primer-target
mismatch but recent development of assays targeting con-
served portions of the Lassa virus GPC or arenavirus L genes
may have resolved this problem (142, 143). Real time and
multiplex PCR assays have been developed that may vastly
improve the rapidity and ease of diagnosis of Lassa fever and
the many diseases in its differential diagnosis (144–147).

Due to the extreme sensitivity of RT-PCR, contamina-
tion and false-positive results are a real concern, especially
when the assay is performed in more rudimentary facilities in
resource-poor areas where separate spaces for pre- and post-
PCR procedures and the routine use of positive and negative
controls are not always possible. In the worst case, outbreaks
or even bioterrorism could be falsely suspected. The use of
one-step assays, sequencing of PCR products to distinguish
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them from reference strains, targeting different portions of
the genome, and use of multiple supporting diagnostic
methods can minimize the risk of false positives (146). False-
negative RT-PCR results in VHF are also a concern, which
may be due to inhibition by substances circulating in blood,
perhaps released by tissue damage or during the RNA ex-
traction process (143, 148). Appropriate inhibition controls
must be included in all assays. False-negative results may also
occur when patients are tested very early in the course of
disease before viremia reaches the threshold of detection for
the assay. In this case, if arenavirus infection is still suspected
on clinical grounds, the patient should be managed empir-
ically as for VHF and retested in 48 hours when viremia
should logically have risen above the detection threshold.
Serologic detection of IgM antibody (see below) is also of use
in these cases.

Serologic Assays
In-house ELISA and IFA assays for arenaviral antigen and
IgM and IgG antibody have been developed over the years
and have been a mainstay of diagnosis, although now the
antigen assay is increasingly replaced by RT-PCR (63). Since
antigen and IgM antibody detected by ELISA are not typi-
cally seen at the same time in the course of the disease, both
components are necessary. ELISA assays are high throughput
and can be performed with inactivated specimens using
standard equipment present in many diagnostic laboratories.
ELISA testing for Lassa fever appears to have a sensitivity
and specificity over 90% when antigen and IgM antibody
assays are conducted in tandem (63, 135). Detection of
antibody through IFA can also be a valuable tool, but it is
not as routinely sensitive or specific and is more subjective in
its interpretation, varying with the experience of the tech-
nician (63, 64).

In survivors, IgM antibodies begin to appear about a week
after disease onset and progressively increase as virus clears,
lasting at least some months (63). There are conflicting re-
ports regarding the timing of IgM antibody appearance; this
discrepancy may reflect differences in the production of re-
agents and their target epitopes, variations in assay sensi-
tivity and specificity, and experience of the persons
conducting the assay (63, 103, 149). IgG antibody begins to
appear 2 to 3 weeks after onset and recovery and lasts for
years. Antibody has been found in persons who left the Lassa
fever endemic area over 40 years earlier and had no oppor-
tunity for reexposure (150).

Although ELISA assays have the advantage of being high
throughput and less prone to false positives due to contami-
nation than RT-PCR, the lack of commercially available re-
agents is a major drawback to their development; both ELISA
and IFA traditionally rely on antigen produced through virus
propagation in cell culture in BSL-4 laboratories, which poses
a major barrier to production given the scarcity of such lab-
oratories. Cross reactions between antigenically similar are-
naviruses may also pose a problem with the serologic assays,
although sometimes can be resolved by neutralization testing
(74). Various recombinant-protein and virus-like particle-
based assays are being developed that may eventually relieve
the diagnostic bottleneck, as well as improve sensitivity and
specificity, although interpretation and validation of these
assays is proving challenging (151, 152).

Immunohistochemistry
Postmortem diagnosis of some VHFs may be established by
pathology examination with immunohistochemical staining
of formalin-fixed tissue, but the assay does not appear to be

as reliable for arenavirus infection as for some of the other
VHFs (153).

PREVENTION
Patient Isolation and Infection
Prevention and Control
All patients with a clinically compatible syndrome should be
presumed infectious and kept under “VHF isolation pre-
cautions” (including use of mask, double gloves, gown,
protective apron, face shield or goggles, and boots or shoe
covers) until a specific diagnosis is made (154, 155). Pow-
ered air-purifying respirators and other small particle aerosol
precautions should be used when performing procedures that
may generate aerosols, such as endotracheal intubation and
sample centrifugation. If available, placement in a negative
airflow room is prudent, but hermetically sealed isolation
chambers are not required and may have severe adverse
psychological effects on both patient and staff. Access to the
patient should be limited to a small number of designated
staff and family members with specific instructions and
training on the implementation of VHF isolation precau-
tions. Protective measures for agricultural workers, field bi-
ologists, pest control and pet store workers, and pet owners
who may face occupational exposure to rodents and their
excreta are reviewed elsewhere (1, 33, 156).

Disinfection
When contamination is suspected, such as in homes or
hospitals treating persons with VHF, disinfection is effective.
Sodium hypochlorite (i.e., household bleach) is the most
readily available effective inactivation method (154).
Bleach solutions should be prepared daily; starting with the
usual 5% chlorine concentration, a 1:100 (1%) solution
should be used for reusable items, such as medical equip-
ment, patient bedding, and reusable protective clothing
before laundering. A 1:10 (10%) bleach solution should be
used to disinfect excreta, corpses, and items to be discarded.
Workers cleaning areas potentially contaminated by the
excreta of small mammals should let the area aerate before
entering, then spray the area with the 10% bleach solution
and let it sit on the surface for at least 15 minutes before
mopping or wet sweeping (157). A site with appropriate
security should be dedicated for waste disposal if routine
autoclaving is not available.

Specific guidelines exist regarding handling and burial of
corpses of victims of VHF (154). The question of the safety
of exhuming remains of persons who died of arenaviral
hemorrhagic fever overseas for transport to their native
home occasionally arises. No data regarding the viability of
arenaviruses under these circumstances are available, but it is
unlikely that the viruses would survive long under the harsh
pH conditions of a decomposing corpse unless the ambient
temperature is below freezing, which is unlikely in the en-
demic areas of most arenaviral diseases. If corpses are to be
exhumed, the same protective measures used for burial of
victims of VHF, including placing the cadaver in a sealed
body bag, should be used.

Vaccines
In Argentina, use of a live attenuated vaccine called
“Candid #1” began in 1991, decreasing the incidence of
Argentine hemorrhagic fever from 837 cases that year to an
average of 122 cases yearly from 1992 to 2009 (158). The
vaccine may also protect against Bolivian hemorrhagic fever,
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although it does not appear to cross-protect against other
arenaviruses (159). However, “Candid #1” is generally not
available or approved outside of Argentina, and even within
Argentina supplies are insufficient to cover the population at
risk. Furthermore, despite the efficacy and generally excel-
lent safety profile of “Candid #1” for Argentine hemorrhagic
fever, fear of reversion to virulence with live-virus vaccines is
a major disincentive to exploring its application to other
arenavirus infections.

Other arenavirus vaccines are in developmental stages. A
number of vaccine platforms have been explored in animal
models of arenaviral hemorrhagic fever, primarily aimed at
preventing Lassa fever. Approaches include inactivated or
attenuated viruses (160, 161), recombinant vaccinia viruses
(117), RNA replicon vectors derived from an attenuated
strain of Venezuelan equine encephalitis virus (162), re-
combinant salmonella typhimurium (163), arenavirus pro-
tein subunits (164), naked DNA (165), chimeric viruses
using the yellow fever 17D vaccine strain (166, 167), re-
assortant Lassa/Mopeia viruses (168–170), virus-like parti-
cles (171), and recombinant vesicular stomatitis virus
(VSV) (172, 173). The arenavirus GP1 appears to be the
most important immunogenic protein.

The recombinant VSV platform is perhaps the most
promising candidate, providing 100% protection after a
single dose in a monkey model of Lassa fever (174). This
vaccine may be effective when given by the nasal or oral
route, potentially facilitating its use in epidemics or as
postexposure prophylaxis (175). A vaccine for Ebola virus
using this same platform has recently been shown to be safe
and effective (176). However, the social, economic, and
political barriers to development of arenavirus vaccines are
perhaps at least as formidable as the scientific ones, con-
sidering that most arenavirus diseases exist in geographically
restricted areas with resource-poor populations.

Postexposure prophylaxis
Although data from clinical trials are sparse, most arenavi-
ruses show in vitro and in vivo sensitivity to the nucleoside
analogue antiviral drug ribavirin. However, given the low
secondary attack rate of arenaviruses, postexposure prophy-
laxis is rarely indicated (177–179). Furthermore, there are
no data on the efficacy, dose, or duration of administration of
ribavirin for this purpose. Postexposure prophylaxis with oral
ribavirin should be considered only in cases of direct un-
protected contact with blood or bodily fluids from a person
with confirmed or highly suspected arenaviral hemorrhagic
fever (Table 3). Persons who develop manifestations of VHF
should be immediately converted to the IV form. Prophy-
laxis should not be given if the only exposure was during the
incubation period. Specific guidelines have been published
(180).

Outbreak Management
Control of most VHFs relies on classic public health prin-
ciples of identification and isolation of cases and monitoring
of their contacts. However, the early nonspecific presenta-
tion of arenavirus infection poses a serious challenge to case
identification. Fortunately, the low secondary attack rate
affords a measure of reassurance even when cases go unrec-
ognized as long as proper barrier nursing is maintained.
Furthermore, since mild cases are not very infectious, missed
or delayed diagnosis of these patients is unlikely to pose a
problem from an infection control standpoint.

Persons with unprotected direct contact with a patient
during the symptomatic phase of arenaviral hemorrhagic
fever should be monitored daily for evidence of disease for
three weeks (the longest known incubation period) after
their last contact. Contacts should check their temperature
daily and record the results in a log. Despite the lack of
evidence for transmission during the incubation period,
exposed persons should avoid close contact or activities
with household members that might result in exposure to
bodily fluids, such as sexual contact, kissing, and sharing of
utensils. Hospitalization or other confinement of asymp-
tomatic persons is not warranted, but persons who develop
fever or other signs and symptoms consistent with VHF
should immediately be isolated until the diagnosis can be
excluded.

Rodent Control
In the absence of effective vaccines for most arenavirus in-
fections, effective and sustainable control relies on avoid-
ance of known reservoir host habitats or, when this is not
feasible, implementation of measures to prevent direct
contact with rodents and their excreta. Most successful
control programs entail principles of integrated pest man-
agement, combining biological and chemical control mea-
sures with education or regulation to change human
behaviors that put them at risk (181, 182). Structural im-
provements to homes may be important for arenaviruses
whose rodent hosts invade houses (183).

For LCMV, Lassa, and Machupo viruses, whose hosts
often colonize human dwellings, measures to improve “vil-
lage hygiene” are advocated to discourage rodent invasion,
including assuring proper waste disposal, eliminating un-
protected storage of garbage and foodstuffs, reducing clutter
and vegetation around houses that give rodents shelter, and
plugging holes that allow entry into homes (184). These
measures may not always be possible with the rudimentary
construction of houses in some regions, especially with re-
gard to Lassa fever in areas of West Africa that have been
ravaged by war or civil unrest.

Although complete elimination of rodents from the en-
vironment through trapping or poisoning is not feasible or

TABLE 3 Ribavirin therapy for Lassa fever

Indication Route Dose Interval

Treatment IV* 30 mg/Kg (maximum 2 g)** Loading dose, followed by:
IV* 15 mg/Kg (maximum 1 g)** Every 6 hrs for 4 days, followed by:
IV* 7.5 mg/Kg (maximum 500 mg)** Every 8 hrs for 6 days

Prophylaxis PO 35 mg/Kg (maximum 2.5 g)** Loading dose, followed by:
PO 15 mg/Kg (maximum 1 g)** Every 8 hrs for 10 days

IV, intravenous; PO, oral administration.
* The drug should be diluted in 150 ml of 0.9% saline and infused slowly.
** Reduce the dose in persons known to have significant renal insufficiency (creatinine clearance of less than 50 ml/min).
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desirable, considering their importance to overall healthy
ecosystems, short-term intensive rodent elimination in de-
fined areas may occasionally be useful to control outbreaks.
One outbreak of Bolivian hemorrhagic fever in 1963 to 1964
in the village of San Joaquin ended abruptly after 2 weeks of
continuous trapping in homes during which 3,000 big laucha
were captured (185, 186). However, a single trapping session
in houses in Sierra Leone did not diminish the incidence of
human Lassa virus infection (184). A sustained elimination
program would be necessary for effective long-term control
because rodents from surrounding fields and forests may
quickly recolonize villages and homes. Rodent elimination
programs are unlikely to control transmission of Junín and
Guanarito viruses to humans because their reservoir hosts
are widespread in agricultural fields, although targeting the
linear habitats preferred by drylands vesper mice might be
plausible (1). Crop replacement or periodic burning of tall
grassy areas that are in close proximity to agricultural fields
and human habitation have been recommended to control
these viruses, although the measures are untested (187).

TREATMENT
General supportive measures
When possible, patients with VHF should generally be
treated in intensive care units since severe microvascular
instability, often complicated by vomiting, diarrhea, and
decreased fluid intake require continuous hemodynamic and
electrolyte monitoring and aggressive fluid replacement
(188). Overaggressive and unmonitored rehydration may
lead to significant third-spacing and pulmonary edema. Fluid
and blood pressure management guidelines for septic shock
are recommended for VHF, although there are no efficacy
data on their use for this condition (127). IV fluids, blood
products, and vasopressors may be indicated. Although dis-
seminated intravascular coagulopathy is not frequently
noted in arenavirus infection, the possibility merits moni-
toring the relevant laboratory parameters if bleeding and
thrombocytopenia persist, requiring transfusion of platelets
or fresh frozen plasma. Vitamin K (10 mg on 2 consecutive
days) may be given, especially if underlying malnutrition or
liver disease is suspected. Until the diagnosis of arenavirus
infection is confirmed, patients should be immediately
treated with appropriate broad spectrum antibacterial or
antiparasitic therapy, with specific consideration of anti-
malarial agents for malaria and doxycycline for tick-borne
rickettsial diseases. Secondary bacterial infection should be
suspected if patients have persistent or new fever after about
two weeks of illness.

Acetaminophen (500 to 1,000 mg q4 to 6 hr), tramadol
(50 to 100 mg q4 to 6 hr), opiates, or other analgesics should
be used for pain control, but salicylates and nonsteroidal
anti-inflammatory drugs should be avoided due to the risk of
bleeding. Prophylactic therapy for stress ulcers with H2 re-
ceptor antagonists (e.g., ranitidine 50 mg IV every 8 hr) is
appropriate. Seizures can usually be managed with benzodi-
azepines or phenytoin, with careful attention to possible
respiratory depression. The use of sedatives and neuromus-
cular blocking agents should be minimized, but haloperidol
(0.5 to 5 mg two or three times daily) or a benzodiazepine
(e.g., lorazepam 1 to 10 mg orally daily in 2 to 3 divided
doses) may be used. Impaired gas exchange is not typically a
prominent feature of arenavirus infection, especially in the
absence of iatrogenic pulmonary edema. Intubation and
mechanical ventilation should be avoided if possible because

of the risk of barotrauma and pleural and pulmonary hem-
orrhage. Uterine evacuation appears to lower maternal
mortality and should be considered in pregnant patients,
although performed with extreme caution as this can be
considered a high-risk procedure with regard to potential
nosocomial transmission (130).

Antiviral therapy

Ribavirin
Ribavirin should be considered in all cases of arenaviral
hemorrhagic fever. In Lassa fever, IV ribavirin has been
shown to decrease mortality of severe disease from 55% to
5% when begun within the first 6 days of illness (Table 3)
(178). The mechanism of action is unknown, although le-
thal mutagenesis has been proposed (180). Although few
data are available, oral ribavirin may also be effective in
some cases, but less so than the IV form, most likely because
the serum concentration achieved through oral administra-
tion is on the borderline of the mean inhibitory concen-
tration of ribavirin for most arenaviruses (178, 179, 189).
Absorption of oral ribavirin from the gut may also pose a
barrier given the vomiting and diarrhea often present in
VHF. Until more data are available on the efficacy of oral
ribavirin, the entire treatment course of ribavirin should be
administered IV (Table 3).

Major adverse effects due to short-term ribavirin are rare.
The primary adverse effect is a dose-dependent, mild-to-
moderate hemolytic anemia that infrequently necessitates
transfusion and disappears with cessation of treatment (95,
178, 190, 191). Rigors may occur when ribavirin is infused
too rapidly. Relative contraindications include severe ane-
mia or hemoglobinopathy, coronary artery disease, renal
insufficiency, decompensated liver disease, breast feeding,
and known hypersensitivity. Although findings of teratoge-
nicity and fetal loss in laboratory animals have rendered
ribavirin technically contraindicated in pregnancy (preg-
nancy category X), its use must still be considered as a life-
saving measure given the extremely high maternal and fetal
mortality associated with arenaviral hemorrhagic fever in
pregnancy.

Hemoglobin, hematocrit, and bilirubin levels should be
checked at initiation of ribavirin therapy and then every few
days, with consideration of transfusion of packed red blood
cells if significant anemia develops. Because of the long ter-
minal half-life (324 hours) and large volume of distribution,
ribavirin may still have effect for a time even after cessation,
particularly in red blood cells where it accumulates.

Convalescent Plasma
Convalescent plasma is efficacious inArgentine hemorrhagic
fever and may be indicated, when available, in other New
World arenavirus infections. However, in Argentine hem-
orrhagic fever it has been associated with a convalescent-
phase neurologic syndrome characterized by fever, cerebellar
signs, and cranial nerve palsies in 10% of treated patients.
The complication has not been seen in other arenavirus in-
fections. Limited observations in humans and animal studies
suggest that convalescent plasma is also efficacious for Lassa
fever, but only if the plasma contains a high titer of neutral-
izing antibody, which is not always the case even in survivors,
and there is a close antigenic match between the infecting
viruses of the donor and recipient. The late neurologic syn-
drome has not been reported in patients with Lassa fever,
although opportunities for observation and possible detec-
tion of this syndrome have been limited. Given the logistical
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challenges inherent in the use of immune plasma, including
risk of concomitant transmission of other blood-borne
pathogens and lack of an existing bank of immune plasma for
this purpose, this therapy should be reserved for severe and
refractory cases unresponsive to ribavirin or when ribavirin is
not available.

Experimental Therapies

Antivirals
A number of experimental antiviral therapies for arenavirus
have shown activity in vitro and in vivo, including small
molecules (192–194), nucleoside analogs (195, 196), in-
hibitors of S-adenosyl-l-homocysteine hydrolase, and tyro-
sine kinase inhibitors, but are not yet ready for clinical
application (197). Transcriptome profiles from monkey
models of arenavirus infection may aid in identifying key
genes, some of which are the targets of drugs already in
clinical use, and thus could potentially be used “off-label” for
arenavirus infection, perhaps, depending on the mechanism
of action, in combination with ribavirin (198, 199). Rib-
avirin combined with IFN alfacon-1, a consensus IFN, di-
minished mortality and disease severity in a hamster
arenavirus model (200). Although approved for clinical use
in humans, IFN aflacon-1 has not been tested in human
arenavirus infection, perhaps in part due to its high cost,
systemic toxicity, and need for repeated doses.

Host-Directed Therapies
Interest is increasing in approaches that would mediate the
underlying pathogenesis of VHF and thus have efficacy re-
gardless of the specific etiologic virus. These include immune
and coagulation modulators. However, although yet to be sys-
tematically tested in humans with arenaviral hemorrhagic fever,
trials of various immune modulators in septic shock, including
ibuprofen, corticosteroids, anti-TNF-a, nitric oxide inhibitors,
statins (HMG-CoA reductase inhibitors), and interleukins,
have not shown conclusive benefit. Other immunomodulating
approaches being explored include enhancing immune recog-
nition of infected cells and dampening immune responses
through the blockage of toll-like receptors (197).

An experimental recombinant inhibitor of the tissue factor/
factor VIIa coagulation pathway, rNAPc2, decreased mortality
in Ebola virus–infected monkeys and has completed a Phase I
trial in humans, but has not yet been tried in arenavirus in-
fection. Data on the use of other anticoagulants, such as hep-
arin sulfate, antithrombin III, recombinant factor VIIa, and
tissue-factor pathway inhibitor to treat VHF are either non-
existent or inconclusive. Until more efficacy and safety data are
available, neither immune nor coagulation modulating drugs
can be recommended for arenavirus infection.

Criteria for Hospital Discharge
In the past few years the relative widespread availability and
ease of RT-PCR testing has prompted the use of laboratory, as
opposed to clinical, discharge criteria for many VHFs (201).
Common criteria are to require two RT-PCR negative blood
tests at least 72 hours apart. However, the matter remains up
for debate; for almost half a century before the availability of
RT-PCR testing in West Africa, patients with Lassa fever
were routinely discharged when considered to be clinically
recovered, with no reports of further virus transmission with
the exception of rare cases of presumed male-to-female
sexual transmission. This empiric observation is not sur-
prising, considering the well-established direct relationship
between level of viremia (and thus infectivity), and the

clinical status of the patient. Furthermore, due to logistical
and biosafety concerns, most RT-PCR results are usually not
confirmed with cell culture, making it difficult to determine
whether a positive RT-PCR indicates the presence of in-
fectious virus, especially when cycle thresholds (which are
inversely related to level of viremia) are high. Furthermore,
swabs of other body fluids and surfaces of VHF survivors may
continue to test RT-PCR positive even after the virus has
been cleared from the blood. More thought and research is
clearly needed to develop evidence-based discharge criteria
that incorporate both laboratory results as well as knowledge
gained from decades of empiric observation.

Management of Convalescence
Clinical management during convalescence includes the use
of warm packs, acetaminophen, nonsteroidal anti-inflammatory
drugs, cosmetics, hair-growth stimulants, anxiolytics, an-
tidepressants, nutritional supplements, and nutritional and
psychological counseling as indicated.

Because of the potential delayed clearance of virus from
the urine and semen, abstinence or condom use is recom-
mended for 3 months after acute illness. Transmission
through exposure to urine or feces during convalescence has
not been noted, but simple precautions to avoid contact
with potential excretions in this setting are prudent, in-
cluding separate toilet facilities and regular hand washing.
Breastfeeding should be avoided during convalescence un-
less the breast milk can be tested and determined to be
negative or there is no other way to support the baby.
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VIROLOGY
Taxonomy
The genus Enterovirus (EV) was so designated because its
members replicate primarily in the human gastrointestinal
(GI) tract. The original taxonomic classification of the EVs
recognized 64 prototype serotypes within the family Picor-
naviridae (“pico” meaning small, “rna” for ribonucleic acid
genome) (Table 1) (1, 2). Additional serotypes continue to
be discovered, and the original genus currently has more
than 100 confirmed serotypes (3, 4). The “traditional” spe-
cies designation within the genus includes the polioviruses
(PV), coxsackieviruses A and B (CV-A and CV-B, respec-
tively), echoviruses (E), and the “numbered” EVs (Table 1).
The original speciation of the EVs was based on the ability of
individual serotypes to grow in various cell cultures and
produce disease in animal systems (1).

More than a century ago the PVs were the first of the EVs
identified as a result of their pathogenicity in humans (5). In
animal models they could produce flaccid paralysis in
monkeys but failed to induce disease in murine systems.
With the advent of tissue culture, they were found to rep-
licate prolifically in cells of human and simian origin. The
coxsackieviruses followed as the next species within the
genus to be identified. The CV-A serotypes characteristically
were capable of replication in suckling mice, resulting in a
diffuse myositis and flaccid paralysis (6). They did not
readily replicate in cultured simian- or human-derived cells.
In contrast, CV-Bs grew readily in tissue cultures of both
simian and human origin as well as in suckling mice (7).
Their pathology in suckling mice differed from type A se-
rotypes in that the myositis was more focal, and direct in-
fection of brain, myocardium, pancreas, and liver also
occurred. Neither the CV-As nor CV-Bs were pathogenic for
monkeys. The echoviruses (enteric cytopathic human
orphan viruses), so designated because of their initial ap-
parent lack of association with human disease, were defined
by their ability to grow well in simian-derived tissue culture
cells but not at all in suckling mice and monkeys (8). The
original distinctions based on cell culture and animal systems
became significantly blurred as new strains were identified
and as use of new cell lines resulted in crossover patterns of
EV growth. For that reason, serotypes reported from 1973 to
date have been designated as “numbered” EVs (enteroviruses
68, 69, etc.) (9).

Assigning a new serotype within each of the EV species
was based on generating antisera against the new serotype
and reciprocal cross-neutralization testing using a complete
panel of prototype strains and antisera (10). Even using such
an approach misclassification occurred, requiring reclassifi-
cation of several of the original EV serotypes. Coxsackievirus
A23 and E-8 were found to be identical to E-9 and E-1,
respectively. Echovirus 10 and E-28 have been reclassified as
reovirus 1 and human rhinovirus 1A, respectively.

The advent of molecular virology opened the way for
further refinement of definition of the genus Enterovirus, its
species and constituent serotypes (3, 4). Hepatitis A virus
(previously EV 72) was moved into a new genus, Hepato-
virus. Sequence analysis of echoviruses 22 and 23 has dem-
onstrated them to be genotypically distinct from other
members of the genus (11) and has led to their reclassifi-
cation into a genus unto themselves, designated Parechovirus
(12). Phylogenetic analysis using the complete or partial
coding sequence of VP1, the major EV capsid protein, has
been found to be extremely useful in defining EV taxonomy
at the species and serotype levels (3, 13, 14). Using this
approach, it was recognized that several EVs originally ac-
cepted as individual serotypes were, in fact, strains of one
another (CV- A11 [prototype strain Belgium-1] and CV-
A15 [prototype strain G-9], CV-A13 [prototype strain
Flores], and CV-A18 [prototype strain G-13]) (13).

Criteria for species demarcation within the genus Enter-
ovirus, based on molecular and biologic characteristics, have
been issued by the International Committee on Taxonomy
of Viruses (3). Criteria currently in use for species demar-
cation of the EV require that members of an EV species share
a amino acid identity of > 70% in the polyprotein, 60% in
the capsid P1 coding region, and 70% nonstructural proteins
2C plus 3CD; share a limited range of natural hosts and host
receptors; possess a genome base composition of guanine and
cytosine that varies by no more than 2.5%; and share a
significant degree of compatibility in proteolytic processing,
replication, encapsidation, and genetic recombination.
Based on these criteria, EVs that infect humans are now
classified into four species, EnterovirusA through D. This has
resulted in a redistribution of the original EV into these new
groupings (Table 1). Another result of the use of molecular
phylogeny for the classification of the EVs has been the
reassignment of the rhinoviruses as species within the genus
Enterovirus (Rhinovirus A–D) rather than an independent
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genus (3, 4). The genus Enterovirus currently is comprised of
seven species that infect humans (Enterovirus A-D, Rhino-
virus A-C) and five that infect bovine, porcine, ovine, and
simian hosts (Enterovirus E-H, J). The Rhinoviruses will be
discussed in a separate chapter.

The use of oral polio vaccine (OPV) strains of PV (Sabin
strains types 1–3) has resulted in the emergence of geneti-
cally divergent vaccine-derived PVs (VDPV) (15, 16). OPV
types 1 and 3 isolates with > 1% divergence or type 2 isolates
with > 0.6% divergence in the nucleotide sequence of VP1
from their respective parental strains are considered VDPVs.
Depending on type, VDPVs may diverge 0.6%–16.7% from
their parental Sabin strains in the VP1 coding region. Fur-
ther characterization of the VDPV is based on epidemiologic
or clinical characteristics. If community evidence of person-
to-person transmission exists they are designated circulating
VDPVs (cVDPVs). The cVDPVs arise from recombina-
tion between OPV stains and the nonpolio EVs, generally
C-species EVs, in nature. Circulating VDPVs (cVDPVs)
emerge in areas with inadequate OPV coverage. Strains
isolated from individuals with primary immunodeficiencies
as a result of exposure to one of the Sabin strains of PV,
usually from vaccination, are designated immunodeficiency
associated-VDPVs (iVDPVs). VDPV strains isolated from
individuals without an immunodeficiency and without evi-
dence of transmission or isolates from the environment in
whom the ultimate source was not identified are designated
ambiguous VDPVs (aVDPVs).

Viral Structure
As with other members of the family Picornaviridae, the EVs
are small (30 nm in diameter), consisting of a nonenveloped
protein capsid and a single strand of positive (message)
sense RNA (17). The encapsulated RNA of the human EVs
constitutes approximately 30% of the virion mass (17). The
buoyant density of the EVs in CsCl is 1.34 g/cm3 (3, 17).
Because of their lack of a lipid envelope the EV are insen-
sitive to organic solvents. They are insensitive to nonionic

detergents. The EVs are stable at an acid pH of 3.0 or lower,
a characteristic that allows them to traverse the stomach
and gain access to the intestine where they replicate. The
EVs are inactivated by heat ( > 56°C), UV light, chlorina-
tion, and formaldehyde. These physical and chemical
characteristics confer environmental stability to the EVs,
permitting them to survive for days to weeks in water and
sewage.

The capsid is comprised of four proteins, VP1, VP2, VP3,
and VP4. The amino acid chains that comprise proteins
VP1, VP2, and VP3 arrange themselves to form eight-
stranded antiparallel b-sheet structures in what has been
playfully designated a “b-barrel jelly-roll” (18) (Fig. 1). The
amino acids that connect the b-strands and that make up the
N- and C-terminal sequences extending from the b-barrel
domain provide each EV serotype with its surface topogra-
phy and unique antigenicity. The amino acid loops that
connect the b-strands and C-terminal sequences determine
the EV serotype (2). The four capsid proteins assemble to
yield a protomer with proteins VP1, VP2, and VP3 exposed
on the surface of the virion and VP4 beneath them lacking a
surface exposure (Fig. 1). Five protomeric units assemble to
form a pentamer. In turn, 12 pentamers assemble to form the
mature virion. Thus, each virion is comprised of 60 repeat-
ing protomeric units consisting of equimolar amounts of
each of the capsid proteins. For all PV serotypes neutrali-
zation sites are most densely clustered on VP1, the largest of
the capsid proteins and which has the most surface exposed
(19).

The atomic structures of several EVs have been resolved
and reveal multiple common structural motifs (18, 20, 21).
The apex of each pentameric unit (i.e., five-fold axis of
symmetry) forms a “star-shaped” promontory or “plateau”
surrounded by a deep cleft or “canyon” (Fig. 1). The canyon
serves as the viral receptor-binding site for some but not
all EVs. At the floor of the canyon is a hydrophobic
“pocket” that tunnels toward the five-fold axis. The pocket
is occupied by lipids of cellular origin designated “pocket

TABLE 1 The Genus Enterovirus- Species Infecting Humans (3,4)

Traditional Classificationa Revised Classificationa,b

� Poliovirus (3 serotypes) � Enterovirus A (21 serotypes)
Poliovirus 1–3 Coxsackievirus A2-A8, A10, A12, A14, A16

� Coxsackievirus Group A (23 serotypes) Enterovirus A71, A76, A89-A92, A114, A119, A120, A121
Coxsackievirus A1-A22, A24 � Enterovirus B (63 serotypes)

� Coxsackievirus Group B (6 serotypes) Coxsackievirus A9
Coxsackievirus B1-B6 Coxsackievirus B1-B6

� Echovirus (28 serotypes) Echovirus 1–7, 9, 11–21, 24–27, 29–33
Echovirus 1–7, 9, 11–21, 24–27, 29–33 Enterovirus B69, B73-B93, B97, B98, B100, B101, B106, B107, B110-B113

� Numbered Enteroviruses (4 serotypes) � Enterovirus C (23 serotypes)
Enterovirus 68–71 Poliovirus 1–3

Coxsackievirus A1, A11, A13, A17, A19-A22, A24
Enterovirus C95, C96, C99, C102, C104, C105, C109, C113, C116-C118

� Enterovirus D (5 serotypes)
Enterovirus D68, D70, D94, D111, D112

� Rhinovirus A (80 serotypes)
� Rhinovirus B (32 serotypes)
� Rhinovirus C (55 serotypes)

aCoxsackieviruses A15, A18, A23, echoviruses 8, 10, 22, 23, 28, 34, and enterovirus 72 have been reclassified.
bThe Enterovirus E-H and J species infect bovine, porcine, ovine, and simian hosts. No Enterovirus I species exists due to concern that “I” could be confused with “1.”
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factors.” At the three-fold axis of symmetry the surface to-
pography of the EV resembles that of a “propeller.”

Viral Genome
The RNA genome of the EVs is approximately 7.4 kilobases
in length (Fig. 2). At the 5¢ end of the genome is a virally
coded, covalently linked polypeptide, VPg (3B) (2). A long
5¢ non-translated region (NTR), approximately one-tenth
the length of the total genome, precedes a single open
reading frame (ORF) that spans from approximately nucle-
otides 740 to 7370. The ORF is followed by a short 3¢NTR
and a terminal polyadenylated (polyA) tail.

The 5¢NTR possesses regions of high nucleotide identity
in which nucleotide sequences with absolute (or nearly ab-
solute) conservation exist among the EVs (22). These re-
gions have been exploited for the design of primers and
probes used for the detection of the EV through nucleic acid
amplification (NAA) techniques (i.e., reverse transcrip-
tion polymerase chain reaction [RT-PCR] and nucleic acid
sequence-based amplification [NASBA]) (23). Additionally,
internal RNA-RNA interactions within this region result
in higher order structures that have essential functions in
replication and translation (24–27) of the EV genome. A
cloverleaf-like RNA secondary structure formed by the ini-
tial 108 nucleotides of the viral genome, designated stem-
loop I, is involved in RNA replication (24). A discontinuous
region upstream of stem-loop I approximately 450 nucleo-
tides long, designated the internal ribosome entry site

(IRES), is essential for translation of the EV RNA genome
(25, 26). Lastly, the 5¢NTR contains virulence determinants
for PV and possibly other EVs (28, 29).

The EV ORF can be subdivided into three regions that
code for the viral proteins designated P1-3 (2). The P1 re-
gion codes for the four structural proteins (VP1-4) that form
the viral capsid. The capsid protein coding sequences are
contiguous to one another and are organized 5¢ to 3¢ as VP4
(1A), VP2 (1B), VP3 (1C), and VP1 (1D) without inter-
vening stop codons (Fig. 2). VP4 and VP2 exist as the
precursor VP0 until encapsidation of the viral RNA genome
yields the two mature capsid proteins after cleaving of VPO.
The largest capsid protein and the one with the most surface
exposed is VP1. It contains type-specific epitopes correlating
with PV serotypes (3, 13, 30, 31). For all PV serotypes,
neutralization sites are most densely clustered on VP1.
Additional major neutralizing epitopes have been identified
on VP2 and VP3. It is probable that immunodominant
epitopes also exist on the VP1 proteins of other EVs. VP1
coding sequences serve as the target for “molecular serotyp-
ing” of the EVs (14). Destabilization of VP4, as a result of
viral binding to its receptor, results in virus uncoating (32).

The P2 and P3 regions code for seven mature nonstruc-
tural proteins (5¢- 2Apro, 2B, 2C, 3A, 3BVPg, 3Cpro, and
3D -3¢) as well as three uncleaved precursor proteins (2BC,
3AB, and 3CDpro) required for viral protein processing and
genome replication (Fig. 2) (2). The proteases 2Apro, 3Cpro,
and 3CDpro are required for cleavage of the EV polyprotein.

FIGURE 1 A. Schematic representation of the icosahedral viral capsid structure of the enteroviruses, as represented by poliovirus. The
five-fold (5x), three-fold (3x), and two-fold (2x) axes of symmetry are indicated. The position of one of the 60 repeating protomeric units,
each comprised of the surface exposed proteins VP1, VP2, and VP3. B. Computer model of poliovirus. The five-fold (5x), three-fold (3x),
and two-fold (2x) axes of symmetry are indicated. The canyon is indicated by an arrow. C. Schematic representation of the poliovirus
proteins. a) Diagram of the structurally conserved core of the 3 major capsid proteins (VP1-3) comprised by an eight-stranded, wedge shaped,
antiparallel beta-barrel core. The ribbon diagrams of b) VP1, c) VP2, and d) VP3 are shown with the locations of the major neutralizing
antigenic sites (N-Ags) of poliovirus type 1. (Reprinted from Jiang P, Liu Y, Ma HC, Paul AV,Wimmer E. 2014. Picornavirus morphogenesis.
Microbiol Mol Biol Rev 78:418–437 with permission.)
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The 2Apro also plays a role in RNA replication by stimu-
lating initiation of negative strand synthesis (33). The 2B
protein plays a role at an early, as of yet not clearly eluci-
dated, step in viral RNA synthesis. Its synthesis results in
inhibition of protein synthesis from the Golgi apparatus and
permeabilization of cell membranes. It causes proliferation of
membrane vesicles, the site of RNA replication. Protein 2C
may have two functions, one as an NTPase and the other
directing replication complexes to the cell membranes. It
also causes disassembly of the Golgi apparatus as well as the
endoplasmic reticulum and formation of vesicles. The 2BC
causes membrane permeabilization as well as the formation
of vesicles. The protein 3A or VPg is essential for viral
replication by acting as the primer for synthesis of the viral
RNA genome. Protein 3AB is believed to anchor VPg (3B)
to membranes for priming of RNA synthesis. It also interacts
with 3Dpol and 3CDpro and may stimulate the polymerase
and proteolytic activity of each, respectively. Enteroviruses
encode a viral RNA-dependent RNA polymerase designated
3Dpol.

Viral Replication
The viral life cycle begins with attachment of EV to its
cellular receptor. Multiple cell-surface molecules have been
identified that serve as receptors or coreceptors for the EV

(2). For the PV a single protein, CD155, or PVr (PV re-
ceptor) is sufficient for cell entry (34). The PV receptor maps
to chromosome 19. CD155 is an adhesion molecule and a
member of the immunoglobin superfamily that helps to form
adherens junctions and is a recognition molecule for natural
killer (NK) cells. PVs interact with CD155 via the canyon
that surrounds the five-fold axis of symmetry of the virion,
where domain 1 of PVr inserts itself.

In the case of other EVs (i.e., CV-B3, CV-A21), inter-
action with two cell-surface proteins (receptor and co-
receptor) may be required for access to the cell cytoplasm.
For CV-B3 interaction with CD55, decay-accelerating factor
(DAF) (a protein of the complement cascade), is required in
order to transport the virus from the apical surface of the cell
to the tight junction of the cell (35) where it can interact,
via the canyon, with its primary receptor, the coxsackievirus
and adenovirus receptor (CAR) (36). Coxsackievirus A21
binds to CD55 but requires ICAM-1 for infection (37). For
both CV-B3 and CV-A21, interaction with the primary
cellular receptor also occurs at the level of the canyon (38).
Coreceptors are believed to be required for several CV-Bs
and Es (2).

For CV-A9, interaction with its cellular receptor occurs
at a 3-amino-acid stretch (Arg-Gly-Asp) located in a 17-
amino-acid extension of the C-terminus of the capsid

FIGURE 2 Genome organization and translation products of the enteroviruses, as represented by poliovirus A. The poliovirus genome. 5¢
NTR, 5¢ nontranslated region. IRES, internal ribosome entry site. Numerals I–VI represent stem-loop structures within the 5¢NTR. 3¢NTR,
3¢ nontranslated region. The poly-A tail at the 3¢ end of the RNA is indicated by “AAAn-. B. Proteins of poliovirus. Arrows designate site of
cleavage and protease involved. (Reprinted from De Jesus NH. 2007. Epidemics to eradication: the modern history of poliovirus. Virol J 4:70,
Open access article.)
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protein VP1 (39). However, altering the Arg-Gly-Asp motif
does not completely nullify viral infection of cells, indicating
that a secondary receptor may be used (40).

Lastly, some EVsmay have two ormore receptors. EV-A71
has been shown to interact with several cellular proteins:
scavenger receptor B2 (SCARB2), P-selectin glycoprotein
ligand-1 (PSGL-1), sialylated glycan, heparan sulfate, and
annexin II (41, 42). However, binding only to SCARB2 will
lead to viral internalization and viral uncoating (42).

The effect of binding of the cellular receptor to the EV
canyon has been extensively studied in PV and has led to
several models for creation of transmembrane pores that
could be used for translocation of the viral RNA across the
cell membrane into the cellular cytoplasm (32, 43).
Receptor binding to the canyon results in shifts of the capsid
proteins VP1, VP2, and VP3 that would allow for extrusion
of VP4 and the hydrophobic N-terminus of VP1. Depending
on the model, 1) the hydrophobic N-termini of VP1 form a
pore traversing the cell membrane, 2) the hydrophobic N-
termini of VP1 serve as a membrane anchor while VP4 plays
a major role in forming a transmembrane pore, or 3) the
hydrophobic N-termini of VP1 act together with VP4 to
form a transmembrane pore.

Upon entry into the cell the VPg protein (3BVPg) co-
valently linked to the 5¢ end of the viral genome is removed
by a cellular protein. The EV 5¢- and 3¢-NTRs play critical
roles in viral regulatory activities such as translation and
replication (2). The EVs subvert host cell protein synthesis
by inhibiting the formation of the cap (m7G(5¢)ppp(5¢)N)
binding complex eIF4F (eIF4E + eIF4G + eIF4A) essential
for translation of the majority of cellular messenger RNAs
(27). The eIF4G is the scaffolding protein with which other
proteins or protein complexes (e.g., eIF4A, PAPB, eIF3)
interact to form the initiation complex for protein synthesis.
The EV protease 2Apro cleaves eIF4G so that it cannot in-
teract with the cap-binding protein, eIF4E, and recruit the
eIF3-40S ribosomal complex to the mRNA. Within as little
as 2 hours after infection nearly all host-cell protein syn-
thesis has been shut down by the EV. In addition to cleavage
of eIF4G, 2Apro as well 3Cpro and 3CDpro cleave multiple
other cellular proteins in order to subvert normal cellular
functions for EV translation and replication (44).

Translation of the viral genome is carried out in a non-
canonical cap-independent manner and is mediated by the
IRES (25, 27). This highly structured region promotes
binding of the 40S ribosomal subunit, which then scans to
the initiation codon located at approximately nucleotide
740. The model for 40S ribosomal subunit binding to the
IRES proposes that EV protease-cleaved eIF4G binds to
the IRES. The C-terminal domain of the cleaved eIF4G
interacts with the eIF3-40S ribosomal complex, recruiting
it to the IRES (27). Additional cellular proteins (La, poly-
pyrimidine tract-binding protein, unr, poly r(C)-binding
protein 2 [PCBP2], SRp20) have been shown to be impor-
tant for IRES function and either bind directly to the
IRES or are part of protein complexes bound to the IRES (2,
27, 44).

Translation of the EV genome results in the generation of
a single, large polyprotein (Fig. 2) that is immediately
posttranslationally processed by the three virally encoded
proteases: 2Apro, 3Cpro, and 3CDpro. The 2Apro and 3Cpro

are active in the polyprotein and release themselves from it
autocatalytically. The 3CDpro also self-releases from the
polyprotein. The primary cleavage between the P1 and P2
regions is carried out by 2Apro. In addition, it cleaves cellular
proteins eIF4GI, eIF4GII, poly A binding protein, dystro-

phin, and nucleoporins. The 3Cpro is responsible for the
cleavage between 2C and 3A as well as secondary cleavages
of the P1 and P2 precursors. The 3CDpro is more efficient
than 3Cpro in the cleavage of the capsid proteins contained
in the P1 precursor.

Genomic RNA replicates itself tens of thousands of times
within each infected cell via the virally encoded RNA-
dependent RNA polymerase 3Dpol (Fig. 2). Synthesis of
viral RNA is asymmetric, resulting in a 30- to 70-fold excess
of positive sense RNA. Viral proteins 2Apro, 2BC, 2B, 2C,
3AB, and 3B (VPg) (Fig. 2) are also involved in RNA
replication (45). Viral RNA exists in three forms in an EV
infection: 1) Single-strand, positive-sense (plus strand)
RNA is the most abundant form; 2) Replicative interme-
diate (RI) RNA consists of full-length plus-strand RNA
from which six to eight nascent minus-RNA strands are
attached. 3) The replicative form (RF) is double-stranded
and composed of one strand each of full-length plus- and
negative-RNA strands. EV infection of a host cell results in
cytoplasmic accumulation of smooth membrane vesicles as a
result of viral proteins, the surfaces of which serve as a
platform for viral RNA replication. A ribonucleoprotein
complex formed by the binding of PCBP2 and 3CDpro to the
cloverleaf domain located at the extreme upstream portion
of the 5¢NTR interacts with polyA binding protein (PABP)
bound to the terminal polyA tail of the viral genome (45).
This results in circularization of the viral genome tem-
plate. Binding of 3Dpol, 3Cpro/3CDpro, and VPg to a specific
viral genomic element (cis-binding RNA element or cre el-
ement) within the 2C protein coding results in uridylylat-
ion of VPg (i.e., VPgpUpU). The uridylylated VPg is
transferred to the viral genome’s polyA tail where it serves as
the primer for 3Dpol to synthesize the minus strand from the
plus-strand template. The resultant RNA, known as the RF,
is a double-stranded molecule composed of the plus-RNA
template and the newly synthesized minus strand. In order to
initiate the synthesis of the plus-RNA strand, the RF must
be unwound so that the 5¢ end of the plus strand can refold
into the cloverleaf domain and interact with a protein
complex composed of 3CDpro, PABP, and PCBP2. How this
occurs is not yet understood but may involve binding
of either 2C/2BCATPase, the cellular protein hnRNP C, or
3AB to one or both of the RNA strands of the RI (45).
Uridylylated VPg again serves as the primer for 3Dpol to
initiate RNA synthesis of the plus stand of the viral ge-
nome. From each minus strand arise several (six to eight)
RNA plus strands that create the RI. The nascent plus
strands eventually give rise to the full-length plus-strand
RNA viral genomes.

Morphogenesis of the virion begins with cleavage of
capsid precursor protein P1 from P2 by 2Apro (46). The
protein 3CDpro further cleaves P1 to yield capsid proteins
VP0 (the precursor of VP4 and VP2), VP3, and VP1. These
proteins self-assemble into a protomer that sediments at 5S
in sucrose gradients. Five protomers, in turn, self-assemble to
yield a 14S pentamer. Twelve pentamers can assemble to
form the 75S empty capsid. One model for encapsidation
proposes that positive-sense viral RNA threads itself into the
80S capsid to yield a 150S provirion. In another, more ac-
cepted model, the 4S pentamers assemble around the RNA
to yield the 150S provirion. In this scenario, the empty 80S
capsid may serve as a depot for pentamers. For both models,
maturation of the virion occurs with cleavage of VP0 to VP2
and VP4, resulting in an infectious 160S virion, and be-
lieved to be mediated by the viral RNA. Cleavage of VP0
stabilizes the virion structure.
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Infectious virions are released by cell lysis. The cytopathic
effect of the EVs in tissue culture cells has been well de-
scribed (47) and remains an important diagnostic tool. Light
microscopy reveals a characteristic rounding of cells and
ultimately detachment from the tissue culture dish (Fig. 3).
As seen under electron microscopy, a series of changes oc-
curs, beginning with alteration of nucleus morphology and
margination of the chromatin (48). Ribosomes aggregate in

the cytoplasm and many clusters of membranous vesicles
form; ultimately, the rounded and detached cells lyse.

EPIDEMIOLOGY
Humans are the only natural reservoir for the EVs. The
nonpolio EVs are worldwide in their distribution (49–51).
With the introduction of polio vaccines, indigenous

FIGURE 3 Cytopathic effect of poliovirus type 1 infection of tissue culture cells Panel 1: Uninfected Rhesus monkey kidney cells. Panel
2: Poliovirus-infected Rhesus monkey kidney cells 24 hours after infection. Panel 3: Uninfected HEp-2 cells. Panel 4: Poliovirus-infected
HEp-2 cells 24 hours after infection. (Reprinted from reference 47 with permission.)
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transmission of PVs has ceased in all but three countries of the
world (Pakistan, Afghanistan, Nigeria) (52, 53). In temper-
ate climates, EV infections appear to have a marked summer/
fall seasonality (50). This being said, winter outbreaks of EV
disease are well documented (54–56). A high year-round
incidence occurs in tropical and subtropical areas with higher
incidence during the rainy season (17). The nonpolio EVs
are estimated to cause between 10 to 15 million symptomatic
infections in the United States each year (57).

The fecal-oral spread of these agents appears to be facil-
itated, particularly among children, during periods of warm
weather. In addition to transmission by direct person-to-
person contact, EVs may be recovered from bivalves,
houseflies, wastewater, and sewage (58–62). While the role
of houseflies in outbreaks has not been established, sewage-
and water-associated EV outbreaks have been documented
(63–65). The EVs have also been shown to be vertically
transmitted from mother to infant congenitally and/or
perinatally (2). Rarer routes of transmission include through
breast milk and organ transplantation (66–68).

Wild-type PVs, once major contributors to the epide-
miologic profile of the EVs in the United States, are no
longer causes of acute flaccid paralysis (AFP). However,
occasional imported cases of VDPV infection and vaccine-
associated paralytic poliomyelitis (VAPP) do occur (69,
70), stressing the need for maintaining immunization against
the PVs. Although efforts toward the global eradication of
PV infections resulted in the elimination of wild-type in-
fections from the Western Hemisphere in 1991, efforts
continue elsewhere in the world (52, 53).

In developing countries the prevalence of paralytic dis-
ease remained high (2 to 11 cases/1000 population)
throughout the 1970s. In 1988, the World Health Assembly
resolved to eradicate poliomyelitis worldwide (52). In 1988,
PV was endemic to 125 countries, and in the early 1990s as
many as 15,000 cases of paralytic disease were estimated to
occur worldwide annually. Despite setbacks (52), continued
progress towards total elimination of PV transmission
worldwide continues. Transmission of wild-type PV 2 has
not been detected anywhere in the world since October
1999 (71). Similarly, there has been an apparent disruption
of wild-type PV 3 transmission in Nigeria with no detected
cases of AFP since November 2012 (52, 53, 72).

All but two of the six World Health Organization regions
(African and Eastern Mediterranean Regions) have been
certified polio free. By 2014 indigenous PV transmission had
been interrupted in all but three countries, Pakistan, Af-
ghanistan, and Nigeria (52, 53). Encouragingly, no new
cases have been identified in Nigeria since July of 2014,
suggesting that possible interruption of transmission has
occurred (53). The number of cases of AFP due to wild-type
PV dropped to 359 worldwide in 2014, with 85% of cases
occurring in Pakistan (52). Cases of AFP due to importation
of polio to countries previously polio free continue to occur
but have decreased as a result of control of disease in en-
demic countries (53).

An issue encountered as a result of vaccination efforts
directed toward global eradication of PV has been the ap-
pearance of cVDPVs (15). Factors favoring their develop-
ment include low OVP coverage and dense populations
(73). The public health threat posed by these strains is
analogous to that of the wild-type PVs and results in disease
indistinguishable from them. The first reported outbreak of
poliomyelitis secondary to cVDPV occurred in 2000 on the
island of Hispaniola (73). Since then, outbreaks have been
reported in 19 countries (15, 16). Approximately 90% of

cVDPVoutbreaks have been due to strains derived from the
type-2 Sabin strain, while type-1 cVDPVs account for ap-
proximately 10%. Outbreaks due to type 3-derived cVDPVs
are rare (15). In 2014 only four countries reported cVDPV-
related AFP cases (74).

Approximately 80 persons with primary immuno-
deficiencies excreting iVDPVs have been identified world-
wide since 1961 when OPV was introduced (15, 16). Type-2
iVDPVs account for 64% of cases, and types 1 and 3 are
responsible for the remaining 21% and 15%, respectively.
Excretion of iVDPV strains may persist for greater than a
decade. From January 2014 through March 2015 aVDPVs
were isolated from 16 countries (16).

For the nonpolio EVs, each EV season in each part of the
world is dominated by only a few serotypes and, in any given
year, multiple EV serotypes may circulate within a commu-
nity or geographic region (50, 75–81). During the years 1970
to 2008, the predominant nonpolio EV isolates identified
in the United States, listed in descending order, were E-9,
-11, -30, CV-B5, E-6, CV-B2, CV-A9, E-4, CV-B3, E-7, CV-
B4, E-18, CV-B1, E-3, and E-5 (50, 82). These 15 serotypes
account for approximately 80% of all EVs reported during
that period. The annual determination of predominant se-
rotypes may be influenced by reporting bias, the inability to
readily grow certain serotypes in cell culture, particularly the
CV-As and the newer EVs, as well as by a skew toward those
serotypes causing more serious disease (and hence prompting
more laboratory investigation). The predominant serotypes
cycle with varying periodicity (75–82), a reflection of the
availability of new susceptible host populations, especially
children, within a community. Children are the primary
victims of EV infections. Data derived from a number of
sources spanning the latter half of the 20th and early part of
the 21st centuries document that the overall incidence of
infections with CVs and Es were highest among children
(50, 51, 76, 83).

Because central nervous system (CNS) infections gen-
erate the most medical attention among the many mani-
festations of the EVs, much of the age-related incidence data
come from surveys of meningitis and encephalitis. In a
Finnish cohort (84), an annual incidence of viral meningitis
of 219/100,000 children < 1 year of age was noted, versus 19/
100,000 in children between the ages of 1 and 4 years. The
vast majority of identified viral pathogens were EVs. In
England and Wales the nationwide incidence of EV me-
ningoencephalitis was 313/100,000 in infants < 3 months of
age (85). In both reports the incidence dropped with in-
creased age. In Athens, Greece, the annual incidence of EV
meningitis was estimated to be 17/100,000 in children < 14
years of age (86). The highest incidence, 26/100,000, was in
children 1 to 5 years of age, followed by 24/100,000 in in-
fants < 1 year of age. Past and recent surveys of meningitis
and encephalitis have revealed a similar skew toward young
infants (51, 87, 88); an incidence peak among young school
age children, ages 5 to 10 years of age, has also been reported
in several studies (89–91). Occasional outbreaks of EV CNS
infections involving predominantly adults occur (54, 92,
93). A surveillance report on causes of viral meningitis
among active and reserve U.S. military personnel over a 10-
year period documented that the EVs accounted for 86.4%
of all confirmed cases. The incidence among active duty
members demonstrated lower rates among younger and
older personnel ( < 20 years of age: 13.1/100,000 person-
years; > 40 years of age: 11.7/100,000 person-years) and
highest among 25- to 29-year-olds (20.9/100,000 person-
years) (94).
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A possible explanation for the incidence findings in older
children and adults may lie in the recent history of particular
serotypes in the geographic area studied. Serotypes with
“endemic” patterns, i.e., occurring with significant incidence
every year, are most likely to affect only the youngest chil-
dren (50). They are the most susceptible to these serotypes
due to the absence of previous exposure and immunity.
Older children and adults are more likely to predominate in
an outbreak of a serotype that has not been present in a
community for several years, creating a reservoir of suscep-
tible people among children born since the last appearance
of that serotype. Although EVs are the most common cause
of aseptic meningitis among adults as well, the lower inci-
dence and the greater ease of physical assessment in adults,
compared with young infants, reduces the vigor with which a
specific viral etiology is sought. When a serotype is intro-
duced into a community that has many susceptible adults,
perhaps after a period of absence or because an antigenic
variant of a common serotype has emerged, the large number
of affected adults will spark renewed interest and increased
efforts toward specific diagnosis (51, 92, 93). EV infections
other than meningitis and encephalitis are also more com-
monly identified in children than adults (51, 95, 96), but
because of the benign nature of many of these infections,
investigations of these other diseases are less commonly
performed.

While infection incidence is higher in children, severity
of infection as a function of age varies from disease to disease
and sometimes from serotype to serotype. Traditional
teaching has been that adults suffer the most severe infec-
tions with the PVs, manifesting paralytic disease much more
commonly than children, in whom asymptomatic infection,
aseptic meningitis, or abortive infection are the more com-
mon presentations (97, 98). A re-examination of the epi-
demiology of poliomyelitis, however, finds that the apparent
increase in paralytic case:infection ratios with age may ac-
tually be the result of increasing immunity within a popu-
lation following initial introduction of the viruses (99). In
PV-naïve populations where poliomyelitis had never
appeared, the highest rate of paralysis occurred in the
youngest infants (99). Only subsequent to the introduction
of PVs, as immunity and hygiene increase in parallel, does
the incidence of paralysis appear to increase with increasing
age, probably because the actual incidence of susceptible
individuals increases with increasing age (99). Similarly,
neonates are more likely to suffer severe complications of
infections with the Es and CVs than are older children or
adults (66, 100, 101). Comparison of case series of adults
versus children with aseptic meningitis due the EVs suggests
a more severe disease in adults (102, 103); the same is true
for pleurodynia (51), an illness usually due to CV-Bs.
Myocarditis is most common and most severe in infants < 6
months of age and in young adults; patients from 10 to 19
years of age account for 10% of cases while patients between
the ages of 20 to 39 years constitute 52% of cases; the in-
cidence then decreases so that patients over 60 years of age
comprise only 5% of all cases of EV myocarditis (104).

Host factors that predispose to or increase the severity of
EV infections, other than age and immunodeficiency, have
been difficult to identify. Similarly, tonsillectomy and ade-
noidectomy around the time of PV infection predispose to
bulbar poliomyelitis. Perhaps by the same mechanism,
physical exercise is an established risk factor for paralytic
poliomyelitis (105–107) and a hypothesized one for EV
myocarditis (108). A male-to-female incidence ratio for EV
infections of 1.4:1 is seen in individuals < 20 years of age

(109). The male predominance in cases is not observed in
older individuals and may be a reflection of more female
caregivers being exposed to the EV. Infection rates with the
nonpolio EVs are higher among persons of lower socioeco-
nomic status and in areas of crowding (110). In contrast,
poliomyelitis incidence transiently increases with improved
societal hygiene as the age of first PV infection is shifted to
an older age group. Pregnancy may increase the severity of
PV infection and myocarditis (104).

PATHOLOGY
The pathogenesis of EV infections has been studied at mo-
lecular, cellular, and organ-system levels (2, 111, 112) and,
while much has been learned, much more remains unex-
plained. The majority of what is known about the patho-
genesis of the EV infections in humans has been based on
the study of the PVs, the prototypic members of the genus, in
experimental infections using chimpanzees more than seven
decades ago, and, most recently, from transgenic mice
expressing the PV receptor CD155 (112–114). Observations
in humans have supplemented these findings.

Pathophysiology
The EVs are transmitted by the fecal-oral route and less
commonly by respiratory droplets and transplacentally. The
virus may be shed for up to 4 weeks from the nasopharynx
and for several weeks to months in the feces. While some
replication occurs in the nasopharynx, with spread to upper
respiratory tract lymphatics (PV can be isolated from the
tonsillar tissue in infected humans), most of the virus in-
oculum is swallowed (115). The characteristic stability of
the EVs at acid pH allows them to traverse the stomach en
route to the site of primary infection in the lower GI tract.
The site of PV replication in the GI tract is yet to be iden-
tified. In human infection, PV has been identified within
the ileal wall within Peyer’s patches and mesenteric lymph
nodes (115). It is believed that the EVs may infect enter-
ocytes of the follicle-associated epithelium (FAE) or M cells
within it in the lower GI tract. Supporting this is the finding
that CD155 protein has been identified on the surface of
FAE, M cells, and in the germinal centers of Peyer’s patches
(116). Alternatively, M cells have been shown to bind and
endocytose PVs, suggesting a similar role in in-vivo infection
(117). The M cells could thus transport PV from the gut
lumen to cells in Peyer’s patch where they then replicate.

A minor (primary) viremia follows replication in the
lower GI tract and possibly the nasopharynx, seeding nu-
merous organ systems including the CNS, liver, lungs, and
heart. More significant replication at these sites results in a
major (secondary) viremia associated with the signs and
symptoms of viral infection. If the CNS has not been seeded
with the initial viremic episode, spread there may occur with
the major viremia. The exact route by which PVs and other
EVs gain entry to the CNS is still unclear, but two routes
have been proposed and supported by observational and
experimental data.

Viremia has been shown to be essential for development
of paralytic disease in chimpanzees and supports this route as
a mode of entry to the CNS (113). Further support for this
mode of access to the CNS comes from studies comparing
PVaccumulation in the CNS of CD155 transgenic mice and
nontransgenic mice (118). Pharmacokinetic analysis of PV
injected into these two mice strains indicates that PV is
delivered to the brain in significantly greater amounts than
would be expected from the vascular concentration. The
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mechanism by which the virus gains entrance to the CNS is
not known. The mechanism by which EVs leave the blood
and enter the CNS is also unknown.

Evidence for access to the CNS via a neural route is
available from simian, murine, and human studies. Sciatic
nerve inoculation of PV in monkeys results in spread of virus
along the nerve and the spinal cord (119). In monkeys and
CD155 transgenic mice the initial limb to develop paralysis
following inoculation of PV is the one injected (120, 121).
Freezing or transsection of the sciatic nerve prevents the
development of paralysis of the limb of monkeys or CD155
transgenic mice inoculated intramuscularly with PV (119,
121). Historically, a significant number of children inad-
vertently inoculated with an incompletely inactivated polio
vaccine developed initial paralysis in the limb receiving the
vaccine (122). Trauma to a limb is associated with paralysis
of that limb following PV infection. This so-called “provo-
cation poliomyelitis” is well described following intramus-
cular injections into the leg or arm of a patient incubating
wild-type PV or those that receive live attenuated PV vac-
cines (123, 124). Using the CD155 transgenic mice model,
it was discovered that the mechanism of provocation po-
liomyelitis appears to be the induction of retrograde axonal
transport (121, 125, 126). Poliovirus may gain access to
neurons at the level of the neuromuscular junction, which
had been shown to contain CD155 protein (127). Recent
evidence also suggests that a CD155-independent uptake
mechanism may exist (126). Experimental evidence indi-
cates that intact poliovirions (160S) are transported in
endocytic vesicles along the axon by fast retrograde transport
(121). Upon arrival at the neuronal body, viral RNA is
released and replication ensues (112).

The ability of the EV to replicate in different tissues is not
determined solely by the presence of a viral receptor on the
cell surface. In humans and CD155 transgenic mice, CD155
expression has been documented in tissues that are not sites
of PV replication (34, 128, 129). Although it was initially
suggested that the IRES was a determinant of cell tropism for
PVs, subsequent experiments failed to support this hypoth-
esis (112). However, the same may not hold true for all the
EVs. A chimera containing the 5¢NTR of E-12 (Travis
strain) in the background of a full-length infectious clone of
CV-B3 failed to replicate in murine cells that normally
supported the replication of CV-B3 (130). Because the
chimera contained the capsid of CV-B3 and its nonstructural
proteins, viral entry was eliminated as a replication-limiting
factor. This was supported by the finding that the chimera
replicated with equal efficiency to that of CV-B3 in HeLa
cells. Using reverse genetics, the block to replication in
murine cells was localized to a specific stem-loop structure
within the 5¢NTR, indicating that for the nonpolio EV the
5¢NTR may be a determinant of tissue tropism.

Experimental evidence indicates that for the PVs alpha/
beta interferon (INF a/b) response may determine cell tro-
pism (131). PV infection of CD155 transgenic mice lacking
the INF a/b receptor resulted in viral replication in the liver,
spleen, pancreas, and CNS, all of which expressed CD155.
Infection of CD155 transgenic mice expressing the INF a/b
receptor yielded viral replication in the brain and spinal cord
only. In the latter mice, PV infection of extraneural tissues
led to rapid and robust production of INF-stimulated genes
that limited viral replication in those tissues. In both groups
of mice INF-stimulated gene expression in neural tissue was
low in the noninfected state and a robust response after
infection was not observed. Thus, INF a/bmay function as a
determinant of cell tropism in CD155 transgenic mice.

Further support for this hypothesis was found by doc-
umenting that PV-susceptible monkey and mouse kidney
cells in culture, as well as primate cell lines, failed to provide
a rapid INF response upon infection (132).

The finding that INF a/b is a determinant of PV tissue
tropism may provide a long-sought explanation for the rel-
atively rare occurrence of paralytic disease as a result of PV
infection (112). In the majority of individuals infected with
PV, the INF a/b response limits the replication of PV in
extraneural tissues, thereby preventing extension of infec-
tion into the CNS. In the < 1% of individuals infected with
PV who develop paralytic disease, the INF a/b response may
be defective, allowing for significant replication of PV in
extraneural tissues that permits CNS infection.

Molecular determinants of pathogenesis are being in-
vestigated to understand the clinical phenotypes of specific
EV serotypes and subgroups. While all three serotypes of
wild-type PVs are known to be neurotropic and neuroviru-
lent, specific tissue tropisms and virulence patterns vary
widely among the nonpolio EVs, with certain serotypes
consistently reported as causes of specific organ-system dis-
ease and others only rarely so. Worldwide, members of the B
species of EV are almost uniformly the principal causes of
viral meningitis (50, 86, 133). In the United States the
serotypes most frequently encountered are, in descending
order of frequency, E-9, E-11, E-30, CV-B5, E-6, CV-B2,
CV-A9, E-4, CV-B4, E-7, E-18, and E-5 (50). CV-Bs are the
most frequent EVs implicated in heart infection (104).
Echovirus 11, followed by several other E and CV-B sero-
types, are the most important pathogens of neonatal EV
sepsis (66, 109); E-11 is also the most common serotype
causing chronic meningoencephalitis in antibody-deficient
patients (134). Confounding the analysis of genotype-
phenotype correlation is the observation that while certain
serotypes are more commonly associated with certain dis-
eases, virtually every EV serotype has been associated with
virtually every EV disease manifestation.

The determinants of neurotropism and neurovirulence
have been investigated extensively for the PVs. Following
vaccination with attenuated vaccine strains, reversion to
virulence has been observed in the fecally shed virions re-
covered from normal children (135). The viral RNA of both
wild-type and attenuated vaccine strains has been se-
quenced, and only a few differences exist between them.
Comparison of wild-type, vaccine, and revertant PV strains
has been extremely useful in identifying neuroattenuating
regions of the PV genomes. For the PVs the 5¢NTR has been
documented to be a major determinant of virulence phe-
notype (i.e., the ability to cause paralysis) (28). For all three
PV Sabin strains the major neurovirulence attenuating sites
are clustered within a 10-nucleotide region of the 5¢NTR
(nucleotides 472–484 relative to type-3 Sabin strain of PV).
Additional determinants of virulence are also found in the
amino acids encoded in the P1 and P3 coding regions.
Neurovirulence-determining genomic regions have yet to be
identified for the nonpolio EV.

The search for determinants of virulence in other EVs has
been less conclusive. CV-B4 strains with murine pancreatic
tropism and virulence are distinguished from avirulent CV-
B4 strains by a single amino acid residue in the VPI capsid
protein. The extension of this finding to humans has yet to
be established. Genotypic determinants of myocarditis re-
main to be conclusively identified. One mechanism of CV-
induced cardiomyopathy may involve the ability of that
virus 2A protease molecule to cleave dystrophin, a cyto-
skeletal protein found in the heart (136). Using a series of
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intratypic capsid and 5¢NTR chimeras derived from labora-
tory and clinical strains of CV-B3 with cardiovirulent and
noncardiovirulent phenotypes in mice, a genomic determi-
nant was mapped to the 5¢NTR (137). Subsequent evalua-
tion revealed that a higher order RNA structure (stem loop
II) within the 5¢ portion of the 5¢NTR was a major deter-
minant of cardiovirulence in mice (29).

Immune Responses
As with other viral infections, the host immune response to
EV infection has both humoral and cell-mediated compo-
nents (reviewed in 1); the humoral response appears to be
the most important. The importance of antibody formation
in the clearance and recovery from EV infections is illus-
trated by the severity and chronicity of EV infections in
agammaglobulinemic individuals (134). Similarly, the se-
verity and timing of neonatal EV infections likely reflects
antibody deficiency. Poliovirus vaccination has demon-
strated the protective benefits of humoral immunity. Anti-
EV IgM antibodies are rapidly produced and persist for up to
6 months; IgA and IgG antibodies to the EVs may be de-
tectable for decades following infection. There are four pri-
mary antigenic sites on the PVs to which neutralizing
antibodies attach (2). Chimeric viruses derived from PVs
and CV-B serotypes have been used to show that the BC
loop of VP1 (Fig. 1) is an important neutralizing epitope of
PV 1 and CV-B4 (31). Epitopes for the nonpolio EVs remain
to be determined.

Evidence continues to mount for the important role of
innate immunity in EV infections. As discussed previously,
INF a/b plays a role in PV infection of mice (131). Toll-like
receptor (TLR) 3, which senses double-stranded RNA
(dsRNA), was demonstrated to be nearly essential for mu-
rine innate response to CV-B3. TLR3-deficient mice had
more severe myocarditis and increased mortality when
infected with CV-B3 (138). The TLR-3-mediated response
may be important in protection of EV myocarditis in hu-
mans. Two TLR-3 sequence variants, shown to have reduced
responsiveness to dsRNA, have been found in patients di-
agnosed with EV myocarditis or dilated cardiomyopathy
(39). Evidence suggests that increased expression of TLR-8
may be associated with adverse outcomes (heart failure and
death) in patients with dilated cardiomyopathy (140).

The study of cell-mediated immune responses to the EVs
has been much more limited and the importance of the
cellular response in preventing or clearing infection is un-
clear. T-cell epitopes have been identified on the capsid,
near previously discussed B-cell antigens, as well as on
nonstructural proteins of CVs and PVs. These studies have
been conducted in murine models, and the relevance of
T-cell epitopes and lymphocyte responses to human EV in-
fections is still debated. Similarly, EVs and the T-cell re-
sponses to them have been implicated in the actual
pathogenesis of chronic diseases. Myocarditis, for example,
appears to represent an intricate interplay between virus and
host genetics/immunity in which direct viral injury (e.g., by
dystrophin injury as noted above) and innocent-bystander
damage due to the immune response both probably affect the
ultimate outcome of disease (1, 136).

Histopathology
The benign nature of the majority of EV infections has re-
sulted in somewhat sparse human pathological data. In pa-
tients dying of acute poliomyelitis, mixed inflammatory
infiltrates (neutrophils, microglia, and lymphocytes), ini-
tially perivascular in location and later in the gray matter, as

well as neuronal necrosis and neuronophagia are found from
the spinal cord’s anterior horn to as far anterior as the hy-
pothalamus, thalamus, and the motor area of the precentral
gyrus (141). Outside of the spinal cord the three areas most
often severely affected are the reticular formation, vestibular
nuclei, and the roof nuclei of the cerebellum. Small hem-
orrhages and edema are associated with the inflammation.
Involvement of the cerebellum, cerebrum, and midbrain
may also be found.

Occasional pathologic descriptions of nonpolio EV
meningitis, meningoencephalitis, or encephalitis have been
reported (142–147). The pachy- and leptomeninges may be
edematous with lymphohistiocytic infiltration. In severe
cases, there may be edema of the parenchyma and inflam-
mation of the choroid plexus. Perivascular lymphocytic or
neutrophilic infiltrates may be present in the meninges or
parenchyma. With encephalitis, especially that due to EV-
A71, neuronal necrosis, neuronophagia, and microglial
nodules may be present. Microscopic hemorrhage, micro-
abscesses, or tissue softening have been reported. In the case
of encephalitis due to EV-A71 inflammation of the entire
medulla is present to greater or lesser degree. Inflammation
in the nuclei of the brainstem and spinal cord is often more
severe than that seen in the cerebral cortex or cerebellum.

Histopathological evaluation of the myocardium in cases
of acute myocarditis reveals predominantly lymphocytic
interstitial infiltrates; however, polymorphonuclear infil-
trates of varying degree may also be present (147, 148). The
infiltrates may be focal, patchy, or diffuse. Interstitial edema
and varying degrees of cardiomyocyte necrosis are common.
With resolution, fibrosis may replace most inflammatory
changes.

In addition to the findings listed above, infants with se-
vere neonatal EV disease may have involvement of multiple
other organs (147, 149). Hepatocellular necrosis, which may
range frommultifocal to extensive, and hemorrhage are com-
monly present. Hemorrhagic necrosis of the adrenal glands,
renal medullary hemorrhages, pancreatitis, and hemorrhagic
pneumonitis may be seen.

Biopsy of the vesicular lesions seen in hand-foot-and-
mouth disease (HFMD) demonstrates loose strands of fibrin,
lymphocytes, monocytes, and neutrophils within the vesic-
ular fluid (150). The overlying epidermis has extensive
acantholysis with reticular degeneration. Edema, perivas-
cular foci of lymphocytes, monocytes, and neutrophils are
seen in the upper dermis.

CLINICAL SYNDROMES
Neurologic Illnesses

Poliomyelitis
A total of 90% to 95% percent of wild-type PV infections are
asymptomatic. Only 1% to 2% of PV infections during ep-
idemics and <0.1% of infections under nonepidemic con-
ditions result in paralysis. The remaining 4% to 8% of
infections result in a flu-like illness termed “abortive polio-
myelitis” or the “minor illness.” In these patients, fever, fa-
tigue, headache, anorexia, myalgias, and sore throat may last
2 to 3 days followed by complete recovery. Symptoms sug-
gestive of an upper respiratory tract infection (fever, sore
throat) are more commonly reported in children (98). Older
adolescents and adults may report a “grippe”-like prodrome
characterized by fever and generalized aching (98).

The onset of the major illness (i.e., CNS involvement)
may be more abrupt in children than in adults (151) and

1122 - THE AGENTS—PART B: RNA VIRUSES



may follow rather than accompany the flu-like “minor ill-
ness.” The illness may take on a biphasic appearance, par-
ticularly in young infants and children, with “minor illness”
preceding “major illness” (98, 151). A biphasic or “drome-
dary” pattern of fever may occur and is commonly seen in
approximately one-third of children. The onset of the major
illness in adults may be more gradual and may occur up to 2
weeks from the onset of nonspecific signs and symptoms.
Approximately one-third of patients with CNS involve-
ment develop aseptic meningitis (“non-paralytic poliomy-
elitis”) that is indistinguishable from that due to the
nonpolio EVs.

Paralysis is often preceded by severe myalgias, more so in
adults (98). The pain is most commonly localized to the
lower back and the involved limb(s). Meningismus may be
prominent. Hyperesthesias and paresthesias may be observed
in the same affected muscle groups. Exercise relieves the
muscle aches, resulting in anxious movement by affected
patients. Loss of superficial and deep tendon reflexes pre-
cedes the development of weakness or paralysis. Paresis or
paralysis typically appears within 1 to 2 days of onset of
myalgias. The risk of onset of paralysis or of its progression
continues until the fever subsides.

The paralytic manifestations of PV infection reflect the
regions of the CNS most severely affected (98, 151–153).
The distribution of the paralysis is characteristically asym-
metric with proximal muscles more affected than distal ones
and legs more than arms. Single-limb involvement is most
common, but quadriplegia may occur. Paralysis of the mus-
cles of the diaphragm may also occur and result in respiratory
failure. Paralysis of the bladder and intestinal atony are
common.

Cranial nerve involvement may result in so-called “bul-
bar paralysis” with resultant difficulties in any or all speech,
swallowing, breathing, eye movement, and facial muscle
movements. Medullary centers controlling respiration and
vasomotor function can become involved, with potentially
fatal outcome (152). Similarly, involvement of the cranial
nerves IX, X, and XII can result in paralysis of the tongue,
pharynx, and larynx leading to airway obstruction from
secretions.

The natural history of the illness is highly variable,
ranging from transient paresis with complete resolution, to
rapid progression with complete and permanent paralysis.
The short-term outcome, i.e., resolution or paralysis, is evi-
dent within several days. The long-term outcome of para-
lytic poliomyelitis appears to be determined during the first 6
months after onset; absence of improvement during that
time period usually suggests permanent paralysis, ultimately,
with concomitant limb atrophy and deformity. If improve-
ment occurs, the greatest strength gains occur during the first
6 months (154) and may continue for up to 9 months. The
overall mortality of spinal poliomyelitis is approximately 5%.
Bulbar and medullary poliomyelitis had high mortality (50%
or greater) during the epidemic years in the United States
when modern respiratory support techniques were not
available (152).

As many as 25% of individuals who recover from para-
lytic disease may develop the syndrome of post-poliomyelitis
muscular atrophy (155). Characterized by recurrent weak-
ness, pain, and atrophy 25 to 30 years after the initial in-
fection, the clinical course is usually a gradual one that
seldom results in total disability of the affected areas but
does negatively affect quality of life. While viral persistence
or reactivation has been postulated, the predominant theory
is that the syndrome is a result of aging and neuronal drop-

out in already compromised neuromuscular connections
(156, 157).

Aseptic Meningitis
The clinical disease observed during EV meningitis varies
with the host’s age and immune status. Neonates are at risk
for severe systemic illness, of which meningitis or menin-
goencephalitis is commonly a part (100, 101, 158, 203).
Group B coxsackieviruses were associated with aseptic
meningitis in 62% of infants < 3 months of age in one study
(100). Echoviruses identified in infants < 2 weeks of age
were associated with meningitis or meningoencephalitis in
27% of cases (101). In a prospective study of neonates ( < 2
weeks of age) with proven EV infection, 75% had clinical or
laboratory evidence of meningitis (158).

The natural history of typical EV meningitis is shown
in Fig. 4 (159). Onset is usually sudden, and fever of 38 to
40º C is the most consistent clinical finding, occurring in
76% to 100% of patients (86, 100, 160–164). The fever
pattern may be biphasic (100, 159), appearing first with
nonspecific constitutional symptoms, followed by resolution
and reappearance with the onset of meningeal signs. Nuchal
rigidity is found in more than half of the patients, particu-
larly in children older than 1 to 2 years of age (103, 160, 161,
162), but may be less common in infants (160). Headache is
nearly always present in adults and children old enough to
report it, and photophobia is also common. Non-specific and
constitutional signs and symptoms of viral infection, in de-
creasing order of occurrence, include vomiting, anorexia,
rash, diarrhea, cough and upper respiratory findings (par-
ticularly pharyngitis), and myalgias (86, 100, 159, 161, 162,
163). Symptoms other than fever may also be biphasic, a
presentation observed more often in adults than children.

Aseptic meningitis with certain EV serotypes is associ-
ated with particular clinical stigmata, e.g., HFMD frequently
occurs with EV-A71 meningitis (164) and rashes are espe-
cially common with E-9 meningitis (165), although both
incidental findings can occur with numerous other serotypes
as well. A history of concomitant family illness, rashes, upper
respiratory or GI symptoms, and, occasionally, meningitis, is
often obtained (166).

Neurologic abnormalities are unusual; the literature on
EV meningitis rarely includes more than 10% of patients
with abnormal neurologic examinations. Febrile seizures are
among those neurologic “abnormalities” that may compli-
cate aseptic meningitis without implicating parenchymal
brain involvement. The syndrome of inappropriate anti-
diuretic hormone has been reported (167). Additional
complications include seizures, coma, increased intracranial
pressure (167, 160).

Cytochemical examination of the cerebrospinal fluid
(CSF) of patients with EV meningitis usually reveals a
modest monocytic pleocytosis (100–1000 cells/mm3) with
normal or slightly depressed glucose levels and normal to
slightly increased protein. However, wide variations in these
findings have been reported (168), with cell counts ranging
from 0 to several thousand, marked hypoglycorrhachia, and
markedly elevated CSF protein concentration. Absence of
CSF pleocytosis is common in infants (169, 170). Neu-
trophils may be the predominant cell type in early EV
meningitis with a shift to monocyte predominance within 24
to 48 hours (168). Interestingly, CSF eosinophilia has been
reported with meningitis due to CV-B4 (171).

The duration of illness due to EV meningitis is usually
about 1 week (172), with many patients feeling better im-
mediately after the lumbar puncture (173), presumably due

46. Enteroviruses - 1123



to the transient reduction of intracranial pressure with CSF
removal. Adult patients often have symptoms that persist for
several weeks (162). Comparison of case series of adult EV
meningitis (54, 93, 162) with similar series in children (87,
89, 91) suggests that the disease is more severe in adults.
Difficulties in eliciting symptoms from young infants may
contribute to this impression, in contrast to adults who
readily attest to prolonged headaches, dizziness, photopho-
bia, etc.

EV meningitis outside of the immediate ( < 2 weeks of
age) neonatal period is rarely associated with severe disease
or poor outcome. The short-term prognosis of young chil-
dren with EV meningitis early in life appears to be good;
however, there has been some controversy as to possible
later sequelae. Uncontrolled studies found numerous subtle
long-term behavioral and neurologic abnormalities (174).
Neurologic, cognitive, and developmental/language abnor-
malities have been reported in controlled studies of long-
term outcome in children with EV meningitis during infancy
(175–180). In the largest and most meticulously controlled
study, however, no differences between patients and controls
could be demonstrated in any of the neurodevelopmental
parameters studied (181). However, the outcomes following
EV-A71 CNS infection appear to be different. A study ex-
amining the neurodevelopmental outcomes of children with
EV-A71 CNS disease found that 5% of children with severe
CNS involvement without cardiovascular failure had
delayed neurodevelopment (182). In a second study, chil-
dren with EV-A71 CNS disease exhibited an elevated
attention-deficit/hyperactivity disorder-related symptoms,
20% vs. 3% for matched controls (183). Less well studied are
the ultimate outcomes of aseptic meningitis in older children
and adolescents; preliminary data suggest possible school and
learning difficulties, but control patients were not studied
(184).

Encephalitis
Encephalitis due to the EVs is well known (185). An 8-year
study of 1571 cases of encephalitis identified EVs as the
confirmed or possible cause in 4.6% of all cases. EVs com-
prised 36.5% of viral causes and 29.4% of all etiologies
identified (186). Eighty-five percent of isolates serotyped
belonged to the Enterovirus B species, 10% to A species, and
5% to C species. In a Spanish study, the EV accounted for
nearly 10% of all identified viral causes of encephalitis
(133). Children and adolescents accounted for 73%, with a
median age of 12 years among confirmed cases. However, in
other studies adults accounted for approximately 40% (186).

In contrast to the typical focal disease seen with herpes
simplex virus (HSV) encephalitis, EVs have been more
commonly associated with global encephalitis and general-
ized neurologic depression (89, 162, 187, 188). The illness
usually begins like aseptic meningitis with a prodrome of
fever, myalgias, and upper respiratory symptoms. Onset of
CNS signs and symptoms is often abrupt, with confusion,
weakness, lethargy, drowsiness, or irritability. Progression to
coma or generalized seizures may occur. When meningeal
signs and CSF pleocytosis accompany these findings, me-
ningoencephalitis is the appropriate term. Unusual but occa-
sional findings include blurred optic discs and other signs of
increased intracranial pressure, multifocal encephalomyelo-
pathy, apnea, truncal ataxia, abnormalities of cranial nerves,
and paralysis; the latter sign is usually a manifestation of
spinal cord involvement and, when accompanying central
signs and symptoms, is appropriately termed encephalomyelitis.

Focal EV encephalitis is less commonly reported than
global disease but may be underappreciated. EVs are de-
monstrable by brain biopsy in 13% of patients suspected of
having HSV encephalitis (189, 190). In a case series and
literature review of focal EV encephalitis (191), a variety of
focal neurologic findings were seen as well as abnormalities

FIGURE 4 The natural history of enteroviral aseptic meningitis. Comp. Fix., complement fixation. (Reprinted from reference 159 with
permission.)

1124 - THE AGENTS—PART B: RNA VIRUSES



by imaging studies. Only 28.5% of patients grew EV from
cultures of the CSF, reinforcing the insensitivity of cell
culture for detection of the EV.

Enterovirus A71-associated rhombencephalitis merits
special mention (192) due to its unique epidemiology,
clinical presentation, and sequelae. The prevalence of EV-
A71 is particularly high in countries of the Asia-Pacific rim
where large epidemics, involving hundreds of thousands to
millions of individuals, have been reported (165, 193). The
syndrome affects principally infants and toddlers. The use of
glucocorticoids and/or pyrazolones may be factors for the
development of rhombencephalitis (194).

The onset of the rhombencephalitis may follow a bi-
phasic course, during which the onset of the principal neu-
rologic manifestation, myoclonus, is preceded by either
hand-foot-and-mouth disease (HFMD) or herpangina (192).
Myoclonus associated with tremor and/or ataxia (Grade I
rhombencephalitis) comprises the majority of cases. Grade II
rhombencephalitis, myoclonus plus cranial nerve involve-
ment, which may include ocular disturbances, or rapidly
progressive cardiopulmonary failure following a brief period
of myoclonus (Grade III rhombencephalitis) may occur in
the remainder of cases. In addition to EV-A71, rhomben-
cephalitis has also been associated with infections due to
E-7, CV-A16, CV-B1, and EV-D68 (146, 194a, 195, 196).

Encephalitis due to the EV, and in particular EV-A71,
may have more profound acute disease and long-term se-
quelae. With EV-A71 infections, CNS involvement and
brainstem involvement are associated with neurologic se-
quelae, delayed neurodevelopment, and reduced cognitive
functioning (182, 192, 197). However, those with CNS
involvement without cardiopulmonary failure did well on
neurodevelopment tests.

Individuals with a congenital or acquired absence or
deficiency of humoral immunity are at risk for development
of chronic CNS or severe disease if infected by EV. Unlike
other viruses that are largely controlled by cellular immune
mechanisms, the EVs are cleared from the host by antibody-
mediated mechanisms. Agammaglobulinemic individuals
infected with the EVs may develop chronic meningitis or
meningoencephalitis lasting many years, often with fatal
outcome (134). This syndrome can also occur in patients
with mixed humoral and cellular immune deficiencies such
as common variable immunodeficiency and hyperIgM syn-
drome (198, 199). Although CSF culture-negative periods
occur, more consistent evidence of persistent virus has been
obtained using PCR (185). Approximately 50% of these
infected patients also develop a rheumatologic syndrome,
most often dermatomyositis, which is also felt to be a direct
result of EV infection of the affected tissues (134). Treat-
ment with antibody preparations intravenously and intra-
thecally or intraventricularly has resulted in stabilization of
some of these patients; however, virus persistence has been
documented during therapy (134, 185). With the avail-
ability of intravenous and subcutaneous preparations of
immune globulin and the early recognition of this illness,
fewer patients appear to be progressing to the classic de-
scription of this disease, and atypical neurologic presenta-
tions have appeared, including emotional lability, dementia,
ataxia, paresthesias, deafness, memory loss, and dysarthria
(162, 200). The expanded clinical spectrum of chronic EV
meningoencephalitis has been revealed by PCR studies of
CSF from patients with these atypical manifestations (200).

Anit-CD20 monoclonal antibody therapy with rituximab
or obinutuzumab has been shown to predispose individuals to
severe or fatal EV infection (201–204). Cases of myocarditis,

meningoencephalitis, and hepatitis have been reported.
Similarly, patients receiving chemotherapy for malignancies
may also be at risk for severe EV disease (205, 206).

Acute flaccid paralysis
Although AFP has been traditionally linked to the PVs,
many nonpolio EVs can also cause this syndrome. In regions
of the world where the PVs have been eradicated, the
nonpolio EVs and cVDPVs are now the principal causes of
AFP. Several nonpolio EVs have been associated with out-
breaks of AFP, including CV-A7 (207), EV-D70 (208), and
EV-A71 (192). Sporadic cases of paralysis have been
reported in association with isolation of an EV from the
CNS or stool. In the latter situation, causality is difficult to
establish due to the known prolonged fecal shedding period
of the EVs. Reported nonpolio EV serotypes associated with
AFP include CV-A4, -A7, -A21, -A24; CV-B2, -B3, -B5;
E-3, -7, -9, -18, -19, -33; EV-D68, -A71, -B93, -D94, and
-B107 and are mostly from the B species EV (50, 51, 207, 209–
214). Acute flaccid paralysis due to the nonpolio EVs tends to
differ from that observed with PV infection. Fever is not
uniformly present at the time of onset of paralysis. It affects the
upper extremities and face more frequently, is associated with a
more rapid recovery, and is less likely to result in residual
paralysis and atrophy. Interestingly, AFP due to the nonpolio
EVs tends to be more severe in infants (209, 215).

A recent nationwide outbreak of EV-D68 respiratory
disease coincided with the appearance of over 100 cases of
AFP (216–219). Although EV-D68 was not isolated from
the CSF in any cases, it was identified in upper respiratory
tract or throat specimens of 45% of patients in one series
(218), leading to presumption of its role in causality. The
median age of patients was 11.5 years old (218). All had a
preceding febrile illness that was accompanied by cough,
nasal congestion, or a sore throat in > 90%. Fever at the
onset of neurologic symptoms was observed in nearly all, as
were meningeal signs. Limb weakness was predominantly
flaccid and asymmetric, without alterations of sensation.
Unlike the AFP associated with PVs, the upper extremities
were frequently involved as were the cranial nerves (VI, VII,
IX, X). Pleocytosis was noted in all who had CSF drawn
within 7 days of onset of neurologic symptoms. The CSF
protein concentration was elevated in more than half but
CSF glucose was normal in all. Magnetic resonance imaging
demonstrated spinal cord abnormalities involving the ante-
rior horns at multiple vertebral levels. Three-quarters of the
cases had brainstem lesions. Neurologic sequelae were noted
in all patients for whom the information was available.

Other neurologic syndromes associated with EV
infections
Febrile seizures in association with RT-PCR detection of EV
genome in CSF have been reported (220). Cerebellar ataxia
has occasionally been associated with EV infections, as have
Guillain-Barré syndrome and transverse myelitis (221, 222).
All such associations suffer from the same difficulty in dis-
tinguishing pathogenicity of a throat or stool isolate from
coincidental shedding.

Infections of the Neonate and Young Infant

Neonatal enteroviral infection and sepsis
The infected neonate appears to be at greatest risk for severe
morbidity and mortality when signs and symptoms develop
in the first days of life, consistent with either intrapartum or
perinatal acquisition (66, 100, 101, 158). The timing of
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maternal infection versus delivery of the infant appears to be
critical; when enough time for antibody formation in the
mother has elapsed, passive protection of the baby occurs. If,
however, delivery occurs during maximal viremia and prior
to adequate maternal antibody formation, the prognosis for
the neonate is worse (66, 101, 158). An additional risk
factor for disease severity may be EV serotype. A 20-year
evaluation of the epidemiology of neonatal EV infections
identified case fatality that ranged from approximately 17%
to 20% for infants < 1 month of age infected with E-6, -11,
-20, -30, and CV-B4 (109). However, only CV-B4 was as-
sociated with a higher risk of death than other EV.

The onset of clinical illness within the first 2 weeks of life
is associated with a greater risk of development of severe
disease (101, 158). A history of maternal illness in the form
of fever, abdominal pain, or a respiratory syndrome has been
reported in 59 to 68% of infected neonates (66, 100, 101,
158). Even in the youngest patients, fever is generally
present. In some, hypothermia or temperature instability
may occur. Nonspecific signs such as irritability, lethargy,
anorexia, emesis, abdominal distention, and jaundice are
common (100, 158, 223). An exanthem may be present and
has been variously described as macular, maculopapular, and
on occasion, papulovesicular, nodular, or bullous (Figure 5)
(66). Upper respiratory findings may be present and consist
of apnea, tachypnea, grunting, retractions, cough, or
wheezing (100, 158, 223, 224). Diarrhea, sometimes asso-
ciated with blood, may occur (223).

In the majority of neonates the infection is benign and
self-limited with fever resolving in an average of 3 days and
other signs and symptoms in about a week (100, 158, 223).
In some, a biphasic course may occur with a mild nonspecific
febrile illness preceding the onset of more severe disease
(100). As the neonatal disease progresses, major systemic
manifestations such as hepatic necrosis, myocarditis, and
meningoencephalitis may develop (66). Severe neonatal EV
disease is a multisystem organ syndrome comprised by mul-
tiple combinations of hepatitis, meningoencephalitis, myo-
carditis, coagulopathy, sepsis, and pneumonia. Two major
clinical presentations are generally encountered: encepha-
lomyocarditis syndrome (severe myocarditis in association
with heart failure and meningoencephalitis) and hepatitis-
hemorrhage syndrome (severe hepatitis with hepatic failure
and disseminated intravascular coagulopathy) (109). The
former syndrome is predominantly associated with infections
due to CV-B serotypes, while the latter is often associated
with E-11 infection (100, 101). Neurologic involvement
may be variably associated with signs of meningeal inflam-
mation, including nuchal rigidity and bulging anterior
fontanelle. The CNS disease may progress to a more
encephalitic picture with lethargy, seizures, and focal neu-
rologic findings suggestive of HSV. Cardiomegaly, hepato-
megaly, poor perfusion, cyanosis, congestive heart failure,
and arrhythmias are indicative of myocarditis. The se-
vere nature of the hepatitis is evidenced by hepatomegaly,
jaundice, increased serum transaminases, and hyperbili-
rubinemia. Disseminated intravascular coagulation and other
findings of “sepsis” can occur in a patient with illness that
may be indistinguishable from that due to overwhelming
bacterial infection. The pneumonia may require mechanical
ventilation. Renal failure, intracranial hemorrhage, adrenal
hemorrhage, necrotizing enterocolitis, and inappropriate se-
cretion of antidiuretic hormone have been reported (66).

The reported incidences of morbidity andmortality due to
perinatal EV infections are not precisely known but may be as
high as 80% and 10%, respectively (100, 101, 158, 223, 225).

Although a more recent report indicated that fatal outcome
among EV infected neonates was found to be 3.3%, neonates
had higher risk of death than persons ‡ 1 month of age (11.5
vs. 2.5%) infected with EV (109). When death occurs in
neonates with EV infection it is typically due to hepatic
failure with Es or myocarditis with CVs.

Nonspecific febrile illnesses of infancy
It is estimated that between 10 and 15 million people in the
United States annually develop minor EV infections char-
acterized by fever and nonspecific symptoms, with or with-
out rashes (57, 226). These illnesses are of significance
mainly for other diseases that they mimic including bacterial
sepsis, other viral exanthematous diseases, and HSV infec-
tions; also, their age distribution makes them of great prac-
tical concern to the clinician. EVs are a major cause of
hospitalization of young infants for suspected sepsis during
the summer and fall months (227). Most affected patients
are younger infants ( < 1 year of age) in whom differentiation
of viral illness from the more alarming causes of nonspecific
fevers and rashes is extremely difficult. In a recent study, EVs
were detected in the blood of 16% of infants < 36 months of
age evaluated for fever of unknown origin who underwent
NAA testing (228). In a prospective study of newborn in-
fants, as many as 13% of infants born in the summer months
were infected with EVs during the first month of life; 21% of
those infected were hospitalized with suspected bacterial
sepsis and received antibiotics or antiviral therapy (225).
During the months of seasonal prevalence, about 7/1000 live
births required hospitalization for neonatal EV infection.
Clinical manifestations include abrupt onset of fever, usually
> 39º C, with accompanying irritability; the fever may be
biphasic (229). Additional symptoms, in order of decreasing
frequency, include lethargy, anorexia, diarrhea, vomiting,
rash (23% of patients), and respiratory symptoms. Signs and
symptoms do not differ in this age group between the Es and
CVs (229). Aseptic meningitis may accompany the non-
specific symptoms of EV infection in infants and there are no
clinical features that distinguish between those EV-infected
infants with and without meningitis (229). The systemic,
global nature of this illness results in hospitalization of many
of these infants to exclude bacterial sepsis. The duration of
symptomatic illness in young infants beyond the neonatal
period is usually 4 to 5 days.

Respiratory Illnesses
Many EV infections are accompanied by nonspecific respi-
ratory signs and symptoms that are usually mild in nature.
The summer cold, pharyngitis, tonsillitis, and laryngo-
tracheobronchitis (croup) have been frequently reported
(229). Bronchiolitis, pneumonia, and influenza-like illness
are less common (229, 230, 231). Most EV respiratory illness
is benign, but symptoms may persist for many days and the
resultant disruption in school and workdays may be sub-
stantial. The EVs are responsible for approximately 15% of
upper respiratory infections (URIs) for which an etiology is
identified (232). In a 10-year review of EV-associated re-
spiratory illnesses, 46% of patients presented with URIs,
13% with respiratory distress/apnea, 13% with pneumonia,
12% with otitis media, and fewer with bronchiolitis, croup,
and pharyngotonsillitis (232). Using NAA detection, EVs
have been identified in up to 18% of children with lower
respiratory tract infections and in 25% with acute wheezing
(233, 234). Many EV serotypes are identified in respira-
tory infections, approximately equally divided among the
major subgroups (51, 226). The clinical manifestations of
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EV-associated upper respiratory infections (URIs), otitis
media, wheezing, and pharyngotonsillitis are indistinguish-
able from those due to other respiratory viruses. Pneumonia
due to the EVs has been associated with numerous serotypes
in infants and children (235, 236), including several of the
newer Enterovirus C types (EV-C104, -C109, -C117) (237,
238). The clinical manifestations include fever, hyperpnea,
and cyanosis. The laboratory findings usually include a
normal leukocyte count, although extreme leukocytosis is
occasionally encountered. Chest X-ray may reveal perihilar
infiltrates. Fatalities have occurred in infants and young
children. Histopathologic study of the lungs reveals thick-
ening and infiltration of the alveolar septa but no necrosis or
giant cells.

EV-D68 has recently emerged as a significant cause of
respiratory disease. Originally identified in 1962 from four
children with pneumonia and bronchiolitis (239), in the last
5 years it has been associated with clusters of respiratory
infections or epidemics (236, 238, 240–243). Phylogenetic
analysis of isolates obtained worldwide over the past 20 years
indicates that multiple clades have emerged and spread
rapidly (243), possibly accounting for the increase in
reported clusters and epidemics worldwide. Because EV-D68
is acid labile and replicates poorly at 37° C, characteristics
commonly found among the rhinoviruses, it is phenotypi-
cally anomalous among the EV species A-D (50, 245–247).

Clinically significant lower respiratory tract disease oc-
curs primarily in young children and infants (236, 240–243,
248, 249). Some studies have reported asthma or wheezing
as pre-existing conditions in approximately 70% to 80% of
cases (240, 243). Pneumonia, bronchiolitis, asthmatic
bronchitis, asthma exacerbation, and wheezing have been
reported with EV-D68 infection (236, 240, 242, 243, 248,
249). Fever is seen only in approximately one-quarter to
one-half of children. Hypoxia is very common. Chest ra-
diographs may show infiltrates and atelectasis. The severity
of the illness may require admission to an intensive care unit
and assisted ventilation or extracorporeal membrane oxy-
genation. Deaths have been reported.

Syndromes Involving the Mucous Membranes
and Integumentary System

Herpangina
CV-As are the most common causes of herpangina, but the
syndrome has been reported with the CV-Bs, Es, and num-
bered EVs as well (250, 165). The highest incidence is
among children 1 to 7 years old (172), but has also been
described in neonates and adults. Onset is usually abrupt
with high fever associated with sore throat, dysphagia, sia-
lorrhea, and malaise. One-fourth of patients may have
vomiting and abdominal pain. Early in the illness an oral
exanthem appears as grayish-white vesicles measuring 1 to 4
mm in diameter. The lesions are located primarily on anterior
pillars of the tonsillar fauces but may involve the posterior
portion of the palate, uvula, and occasionally the oropharynx
(Figure 6). The vesicles are discrete, surrounded by ery-
thema, and usually number fewer than 20. Over 2 to 3 days
the vesicles usually rupture, leaving punched-out ulcers that
may enlarge slightly, while new vesicles may appear. There
may also be mild cervical adenopathy, headache, myalgia,
arthralgia, and, rarely, parotitis or aseptic meningitis. Clin-
ical laboratory studies are usually normal. The fever lasts 1 to
4 days; local and systemic symptoms begin to improve in 4 to
5 days, and recovery is usually complete within 7 to 10 days
of onset (172, 250, 251).

Hand-foot-and-mouth disease
Although HFMD is one of the more common and unique
syndromes typically associated with CV-A16, multiple other
CV and EV serotypes (in particular EV-A71 and CV-A6)
may be isolated (165). In outbreaks, the highest attack rates
are among children < 4 years of age but adults are also fre-
quently affected (252, 253). The disease is usually mild and
the onset is associated with a sore throat with or without a
low-grade fever. Scattered vesicular lesions occur randomly
on the oral structures, the pharynx, and the lips; these
ulcerate readily, leaving shallow lesions with red areolae.
Approximately 85% of patients also develop sparse grayish
vesicles (3 to 5 mm in diameter, surrounded by erythematous
areolae) on the dorsum of the fingers, particularly in periun-
gual areas, and on the margins of heels (Figure 7). Occasion-
ally, palmar, plantar, and groin lesions may appear, particularly
in young children. Resolution is usually complete within 1
week (172). Neurologic complications have been associated
with HFMD due to EV-A71 (165).

An atypical, more severe presentation of HFMD associ-
ated with a novel CV-A6 genotype has been observed since

FIGURE 5 Newborn with overwhelming sepsis due to echovirus
11. Note typical enteroviral exanthem. This child’s illness began
within the first week of life and ended with her death due to hepatic
failure at approximately 1 month of age.

FIGURE 6 Herpangina due to Coxsackie A viruses. Small, dis-
crete vesicles surrounded by erythema are seen on the palate, uvula,
and elsewhere in the posterior oropharynx.
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2008. The syndrome is associated with higher fever and a
wider distribution of lesions involving the extremities, face,
lips and perioral area, buttocks, groin, and perineum. The
lesions tend to be vesiculobullous in character and can form
large bullae. Skin erosions, ulcerations, and eschar formation
are commonly seen. Individuals with active or dormant ec-
zema may develop lesions concentrated in these areas known
as “eczema coxsackium.” The duration of illness is longer
(mean 12 days) than with “typical” HFMD. Palmar and
plantar desquamation or nail dystrophies (transverse ridges
of the nail plate [Beau lines], shedding of the nail [ony-
chomadesis]) may be observed 1 to 3 weeks and 1 to 2
months, respectively, after the illness (254–258).

Hemorrhagic Conjunctivitis
Acute hemorrhagic conjunctivitis (AHC) is associated
with EV-D70 and CV-A24 variant (CV-A24v) and have
both been associated with pandemics of AHC (110). Epi-
demics and pandemics of EV-D70 AHC first arose in 1969.
Molecular fingerprinting has indicated that the common
origin for all EV-D70 strains was West Africa approxi-
mately 2 to 3 years prior to the first known pandemic.
Recently, enterovirus D70 was responsible for an outbreak
in Florida (259).

Outbreaks of CV-A24v have also been widespread (110).
Although originally confined to Southeast Asia and the
Indian subcontinent, in 1985 it spread to Japan, Taiwan,
Oceania, South America, and Africa. Phylogenetic analysis
of CV-A24v isolates from outbreaks in Japan, Taiwan, and
China indicate that the AHC outbreaks in these countries
were the result of three successive waves of genetically dis-
tinct CV-A24v strains. Outbreaks continue into the present.
A 2012 outbreak affected several islands in the Indian
Ocean including the Union of Comoros, Mayotte, Mada-
gascar, and Mauritius, with spread to France (260, 261).

The illnesses caused by the two serotypes are indistin-
guishable from each other, although CV-A24v-associated
ACH cases may be more commonly accompanied by upper
respiratory and systemic symptoms and may have less severe
conjunctival hemorrhage (262). After an incubation period
of about 1 to 2 days, rapid onset of swelling of the eyelids
with congestion, lacrimation, and severe ocular pain occurs.
Photophobia and blurring of vision are common. Sub-
conjunctival hemorrhages vary from petechiae to large
blotches. Epithelial keratitis is common, transient, and sel-
dom followed by subepithelial opacities. Fever is an un-

common accompaniment. Preauricular adenopathy is
frequent. Occasionally, a mucopurulent discharge from the
eyes is found. The illness is generally nonsystemic, although
transient lumbar radiculomyelopathy and a poliomyelitis-
like illness was described in some cases (208, 263). Recovery
is usually complete within 1 to 2 weeks of onset. High sec-
ondary attack rates within households are common.

Other EV serotypes have been known to cause outbreaks
of keratoconjunctivitis, usually without hemorrhagic mani-
festations (264).

Muscular Syndromes

Pleurodynia
Pleurodynia is a misnomer for a clinical condition that is, in
actuality, primarily a disease of muscle with clinical mani-
festations that suggest a pleuritic origin. The disease was fully
characterized in 1934 by Sylvest, who also provided its
geographically linked eponym, Bornholm disease (265). It is
known by other descriptive designations: epidemic myalgia,
devil’s grip, etc. Various CV-B serotypes are the usual causes
of sporadic and epidemic pleurodynia. However, it may also
be caused by other EV serotypes (266).

An incubation period of approximately 4 days precedes
the onset of illness, which is abrupt in about three-fourths of
patients; the remainder first develop prodromal symptoms of
headache, malaise, anorexia, and vague myalgia lasting 1 to
10 days. The major symptom is severe paroxysmal pain re-
ferred to the lower ribs or the sternum (51, 266, 267). Deep
breathing, coughing, sneezing, or other movement accen-
tuates the pain, which is described as knife-like stabbing,
smothering, or catching; it may radiate to the shoulders,
neck, or scapula and is characteristically absent between
paroxysms. Abdominal pain occurs concomitantly in about
half of patients but may occur alone. Abdominal pain may be
more commonly seen in children (268). Other symptoms
include fever, headache, cough, anorexia, nausea, vomiting,
and diarrhea. Fever is usually about 38° C but ranges to 40° C
and may be biphasic. The mean duration of the illness is 3.5
days, varying from 1 to 14 days. Muscle tenderness is ordi-
narily not prominent, nor is frank myositis or muscle
swelling, but some patients experience marked cutaneous
hyperesthesia over the affected areas. A pleural friction rub
may be heard in 25% of patients. There may be splinting and
tenderness on abdominal examination especially in the
upper quadrants and periumbilical area. The chest X-ray is
typically normal.

Inflammatory Myositis
It is known that EVs can cause inflammatory muscle disease
because about 50% of agammaglobulinemia patients with
chronic EV CNS infections also develop myositis (134). In
these patients, cultivable virus is recovered from muscle
tissue. An occasional patient with myositis and normal im-
munoglobulin concentrations has responded to gammaglob-
ulin therapy, with improvement or resolution of the disease.

An autoimmune response to a triggering EV infection is
thought to be a possible mechanism in polymyositis and
dermatomyositis. Evidence for associating these rheumato-
logic diseases with EVs include serologic studies (269), vi-
sualization of EV-like particles by electron microscopy (270),
as well as in situ and dot blot hybridization and NAA studies
suggesting the presence of EV RNA in muscle tissue of these
patients (271, 272). However, other investigators failed to
find evidence of EV genome in affected muscles from myo-
sitis patients.

FIGURE 7 Characteristic lesions of enteroviral hand-foot-
mouth disease involving the dorsum of the hand and fingers
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Cardiovascular Illnesses

Acute Myocarditis
The EVs are the second most commonly identified etiologies
of myocarditis, although most cases of that disease may be
undiagnosed or, if diagnosed, have no identifiable cause. EVs
may cause between 25% to 35% of cases of myocarditis for
which a cause is found based on serologic, nucleic acid hy-
bridization, and PCR-based studies of endomyocardial bi-
opsies and autopsy specimens (104, 273). Conversely, it is
estimated that only 1% to 2% of all symptomatic EV infec-
tions have associated signs or symptoms of myocardial in-
volvement (51), with the latter more common during CV-B
infections than with other serotypes. Bias in the estimation
of frequency of myocarditis during EV infection is possible in
both directions; the subclinical nature of some cardiac in-
volvement may result in an underestimate of the true car-
diopathogenicity of the EVs, but the study of patients
presenting with EV infections probably selects for the sickest
patients and may overestimate the cardiac impact of the EVs.

Neonates and young infants ( < 6 months of age) are
particularly susceptible to CV-B-associated myocarditis ac-
companying systemic infection with those serotypes (100).
Most cases occur in young adults between the ages of 20 to
39 years. Males are more affected than females (male:female
ratio approximately 1.5:1). Rigorous exercise is anecdotally
reported as a precedent to many cases of myocarditis; in
animal models, exercise increases the incidence and severity
of myocarditis during EV infections (108).

Clinical manifestations reflect the regions and extent of
the cardiac involvement. Symptoms include palpitations
and chest pain, often with accompanying fever or a history
of recent viral respiratory illness. Arrhythmias and sudden
death reflect a prominent involvement of the conduction
system, which may be of very recent onset; congestive heart
failure or myocardial infarction-like presentation suggest
more significant necrosis of myocytes and likely longer-
standing disease. Pericardial friction rub indicates myoperi-
carditis. Electrocardiographic findings include an evolution
from early stage S-Tsegment elevation and T-wave inversion
to intermediate stage normalization to late stage recurrence
of T-wave inversion (104). Myocardial enzyme elevations
are detected in the blood. Magnetic resonance imaging and
nuclear imaging may be of ancillary help in establishing a
diagnosis of myocarditis, but endomyocardial biopsy remains
the “criterion standard” technique for confirming the his-
topathologic diagnosis of myocarditis (104).

While most patients recover uneventfully from clinically
apparent myocarditis, many have residual electrocardio-
graphic or echocardiographic abnormalities for months to
years. Smaller percentages of patients develop congestive
heart failure, chronic myocarditis, or dilated cardiomyopathy.

Chronic Dilated Cardiomyopathy
Evidence suggests that some cases of acute myocarditis
progress to chronic dilated cardiomyopathy. The latter syn-
drome is characterized by dilation and dysfunction of the
cardiac ventricles. The incidence of this chronic illness is
estimated at between 1 to 10/100,000 population, and the
contribution of preceding EV myocarditis to those figures is
highly disputed. Some serologic, nucleic acid hybridization,
and NAA studies suggest ongoing EV involvement in 15%
to 30% of cases, less than that in acute myocarditis but still
substantial (104, 273). Other studies fail to find evidence of
persistent EVs in patients with chronic cardiomyopathy
(274–277).

Like acute myocarditis, heart failure, chest pain, or ar-
rhythmias may herald the onset of recognizable disease in
patients with dilated cardiomyopathy. Ventricular dilation
and its concomitant physical findings of mitral insufficiency,
cardiomegaly, and congestive failure dominate the physical
examination, electrocardiographic and echocardiographic
findings.

Gastrointestinal Illnesses
EVs derive their name from their site of replication and
shedding in the GI tract; however, enteric illness (vomiting
and diarrhea) is usually a minor manifestation of EV infec-
tions. Neither CVs nor Es have been epidemiologically
implicated as important primary causes of acute gastroen-
teritis. Isolation of an EV from the feces of a patient with
gastroenteritis must be interpreted with caution because it
may represent asymptomatic shedding in a patient made ill
by a noncultivable agent. The CV-Bs have been rarely as-
sociated with acute abdominal pain and mesenteric adeni-
tis syndromes, which may mimic acute appendicitis. EVs
have been associated with hepatitis in neonates (discussed
above) and older children and on rare occasions in adults
(206, 278, 279).

Possible Enterovirus-Associated Diseases

Type 1 Diabetes Mellitus (T1DM)
For nearly 50 years investigators have sought to establish a
causal link between EV infection and the development of
T1DM (280, 281). Fifteen EV serotypes have been reported
to be associated with T1DM, all but one from the B species,
and most heavily favoring the CV-Bs (282). Diabetes has
been shown to occur with an increased incidence in the
months following EV season, consistent with a postinfectious
autoimmune disease mechanism (79). An increased inci-
dence of T1DM has been demonstrated following commu-
nity outbreaks of CV-B5 (283).

Although multiple serologic studies found higher anti-
body titers to CV-Bs in children with T1DM than in con-
trols (284), others failed to do so (285, 286). A review of 26
case-controlled studies failed to provide evidence in support
of or contrary to an association between CV-B infection and
T1DM (287).

Occasional patients have developed anti-islet cell anti-
bodies in proximity to acute EV infection (288). However,
a nested matched case-control study of incident cases of
beta-cell autoimmunity within two prospective cohorts of
genetically high-risk children found no evidence that EV
infections were a risk factor for the development of beta-cell
autoimmunity (289).

An occasional diabetic patient has had CV isolated from
the pancreas and elsewhere at autopsy (290). With the de-
velopment of modern molecular techniques, investigators
have searched for the presence of the EV genome or capsid
protein (VP1) in serum, plasma, peripheral blood mono-
nuclear cells, pancreatic tissue, and GI tissue of prediabetic
and diabetic patients. A meta-analysis of 26 reports pub-
lished from 1994 to 2010 demonstrated a clinically signifi-
cant association between EV infection and T1DM (281).
However, the authors noted that larger prospective studies
were needed to clearly establish a temporal relation between
EV infection and the development of T1DM.

A 2015 report supports the possibility of EV persistence
in T1DM (291). Six recently diagnosed adults with T1DM
who underwent pancreatic biopsy 3 to 9 weeks after diag-
nosis were studied. EV genome was detected in the medium
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of cultured islet cells by RT-PCR in four patients. The EV
VP1 was detected immunohistochemically in the pancreatic
islets of all patients. However, only 1.7% of islets contained
intensely staining VP1 cells. While promising, the report
contained several weaknesses. The antibody used to detect
VP1 was known to cross-react with tissue proteins. EV ge-
nome was detected in only one patient using biopsy tissue.
The authors were not able to identify the EV serotype(s)
responsible due to low viral titer.

Laboratory Diagnosis

Nucleic Acid Amplification
The most significant development in rapid, direct detection
of the EVs has been the development of NAA tests (e.g.,
PCR and NASBA) (22, 23). NAA tests have become the
standard for the clinical detection of the EVs. RT-PCR-
based EV detection has provided a sensitive, specific, rapid,
versatile, and clinically useful (22, 292, 293) method for the
detection of the EVs. They have been employed for uni-
versal detection of all EV serotypes; species-, serotype-, and
strain-specific EV detection; and strain-specific detection
within a single serotype (22, 23, 294–299). For general di-
agnostic purposes universal detection of the EV is the most
useful. Species- and strain-specific approaches to RT-PCR
diagnosis may be useful for the screening of uncharacterized
EV isolates, discrimination of wild-type PVs from nonpolio
EV isolates or from vaccine strains, and for the detection of
specific serotypes such as EV 71 (294, 295, 297, 298).

The first reports of sets of primers and probes for universal
amplification of the EVs appeared in 1989 and 1990; all
were broadly reactive among many EV serotypes and had
high specificity for the EVs (300–302). All are directed at
highly conserved regions of the EV 5¢NTR (22). The sen-
sitivity and specificity of RT-PCR for the detection of the
EVs in CSF compared to the traditional criterion standard of
cell culture has been shown to range form 86% to 100% and
from 92% to 100%, respectively (23, 303). The sensitivity
and specificity of EV detection using RT-PCR in serum is
similarly high ranging from 81% to 92% and 98% to 100%,
respectively (22). Commercial, FDA-approved assays are
available for the clinical detection of the EV from CSF and
have similar sensitivity and specificity to in-house developed
tests (304–306).

No cross-amplification has been found with myriad
nonrelated viruses, bacteria, fungi, and yeast (22). This
being said, some primer pairings may amplify a limited
number of rhinoviruses (307), a finding that is not surprising
given that the rhinoviruses are members of the same genus
(4, 3) and share 5¢NTR sequence motifs. This should be of
minor importance when samples such as CSF, serum, or
nonrespiratory tract tissues are being tested. However, for
commercially available multiplex NAA assays for the de-
tection of respiratory pathogens that lack the ability to dif-
ferentiate between EV and rhinoviruses, this may be
problematic.

In the clinical setting RT-PCR is extremely sensitive for
the detection of EV in CSF specimens. Paired analysis (i.e.,
cell culture and RT-PCR testing) of RT-PCR detection of
EV from CSF specimens demonstrated it to be consistently
and substantially more sensitive than cell culture (22).
Using RT-PCR, it is possible to detect EV CNS infection in
agammaglobulinemic patients with associated meningoen-
cephalitis or encephalopathy in the absence of cell culture
recovery of viruses (23, 200). RT-PCR results can be avail-
able in hours, a substantial time saving when compared with

detection by cell culture. This reduction in time to positive
detection has been documented to shorten hospital stays,
reduce antibiotic use, and affect patient management (292,
293, 308). Testing of CSF for EVs should not be determined
by the presence or absence of pleocytosis. Multiple studies
have documented a high proportion of young infants with
EV CNS infection but without pleocytosis (169, 170).

Virus Isolation
Dr. John Enders and colleagues received the Nobel Prize in
1954 for successfully propagating PV in a cell culture system
(309). Isolation of EVs in cell culture and recognition of
cytopathic effect require a high level of expertise and are labor
intensive. Some serotypes, particularly within the CV-A, do
not grow in cell culture (310, 311). Of greater significance,
25% to 35% of specimens from patients with characteristic
EV infections will be negative by cell culture (312) because of
antibody neutralization; inadequate collection, handling, and
processing of the samples; or intrinsic insensitivity to the cell
lines used. EVs that do grow in cell culture may do so slowly.
Mean isolation times for EVs from CSF range from 3.7 to 8.2
days (313); EVs from other sites, where viral titers are higher,
often grow more rapidly (312, 314, 315). Shell vial culture
may shorten detection time to 2 to 3 days.

For reasons listed previously, isolation of EVs by cell
culture has been replaced by NAA testing as the method by
which the majority of clinical laboratories attempt detection
of the EVs. Monkey kidney cell lines have good sensitivity
for PV, CV-B, and E. RD cells and HuT 292 cells, derived
from a human rhabdomyosarcoma and pooled human saliva,
respectively, are the most sensitive for detection of CV-As
(310). Even with the addition of newer cell lines as well as
those genetically engineered to express the PV receptor or
decay-accelerating factor, L20B and BGMK-bDAF, respec-
tively, no single cell line is optimal for all EV serotypes (23).
Most laboratories use a combination of a primary monkey
kidney cell line with a human diploid fibroblast line.
Commercially available mixtures of cell lines may be useful
in attempting to achieve maximum sensitivity (23). Cell
culture continues to be important in the detection and
surveillance efforts by the World Health Organization for
control and surveillance of wild-type PV strains and VDPVs
(290).

Although isolation using suckling mice inoculation is the
most sensitive method for laboratory diagnosis of CV-A in-
fections (310), it is rarely performed any longer because of
the difficulty of the technique and need for animal main-
tenance.

Serologic Assays
Serologic testing has a limited role, if any, in EV diagnosis
because of the great diversity of EV serotypes and the failure
to identify a single common EV antigen, lack of sensitivity,
and cross-reaction with non-EV members of the Picornavir-
idae family. The sensitivities of hetero- and homotypic im-
munoassays for the diagnosis of EV infections pale in
comparison to that of RT-PCR, ranging from 34% to 75%
in patients with RT-PCR-confirmed EV meningitis and 46%
in patients in whom EV was detected in stool by RT-PCR
(271, 316).

If the specific serotype of an infecting EV is known or
suspected, confirmatory homotypic serology can be per-
formed on individual patients to document a rise in antibody
titer from the acute to the convalescent phase of infection,
thus providing useful epidemiologic information. In a situ-
ation where an EV is recovered from feces or throat of a
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patient with unusual clinical manifestations, the etiologic
role of the EV may be more firmly established by doc-
umenting a four-fold rise in antibody titer to that serotype in
paired acute and convalescent sera. In the usual scenario
when a patient presents with meningitis or other acute
manifestations of illness and an EV is suspected, serology is
not a practical option. A recent report further supports this,
concluding that virus serology had no relevance for the di-
agnosis of myocarditis (317).

Specific Identification of the EVs
The traditional method for determination of EV serotype is
the use of intersecting pools of equine antisera, as established
by Lim and Benyesh-Melnick (LBM pools) (318–320). Two
sets of antibody pools are available, eight pools (A to H) of
antisera that identify 42 EV and seven pools (J to P) of
antisera that identify 19 strains of CV-As. A checkerboard
analysis localizes the isolate to a single serotype designation
on the basis of the pattern of neutralization with the inter-
secting serum pools. The LBM pools are available in limited
supplies from the World Health Organization.

Limitations exist with this methodology (321, 322).
Principally, the LBM pools fail to identify the newly iden-
tified EV. Because the LBM pools were developed over 50
years ago, genetic drift has given rise to antigenic variants of
the prototypic strains that may be difficult to conclusively
serotype. Additionally, viral aggregation may negatively af-
fect the performance of the pools, the procedure is labor
intensive and time consuming, and the supply of LBM pools
is limited.

Broadly reactive and serotype-specific EV monoclonal
antibodies in conjunction with cell culture have been used.
However, this approach should best be used as a preliminary
screen for species or serotype identification due to lack of
sensitivity and cross-reactivity with the rhinoviruses (323).

Nucleic acid amplification technology has provided the
means to “molecularly type” the EV (13, 14, 324, 325). This
approach relies on amplification of the sequence of the EV
VP1 coding region. The amplicons generated are rapidly
sequenced using PCR and computationally compared to a
database of known EV VP1 sequences to establish identity.
This method greatly reduces the time required for identifi-
cation of the EV from weeks to days. “Molecular typing” has
been extremely useful in the identification of isolates con-
sidered “non-typeable” EVs due to a failure to be neutralized
by the LBM pools (321). This approach has been used to
successfully identify new EV types (321, 326–328). It is
possible to perform species identification directly from
clinical specimens (324).

The determination of the specific serotype of infecting
EVs is generally unnecessary because the diseases caused by
the EVs are not serotype specific. Further identification to the
level of specific serotype may be useful under certain cir-
cumstances such as epidemiologic studies of patterns of EV
infections, descriptions of unusual or novel clinical mani-
festations, and incursions of rarely encountered serotypes. In
most circumstances it is adequate for the diagnostic labora-
tory to report the presence of “an EV” without further detail.

A notable exception to this principle is where distin-
guishing between wild-type PVs, vaccine strain PVs, VDPV,
and nonpolio EVs is critical to interpretation of viral culture
results. These include regions of the world where live at-
tenuated PV vaccines continue to be used and where sur-
veillance for wild-type PVs and VDPV is undertaken as part
of the global effort for eradication of polio (299). The
standard method for distinguishing between PVs and non-

polio EVs employs neutralization of the isolate with a pool of
antisera directed against the three PV serotypes (299).
Molecular typing of wild-type, vaccine, and vaccine-derived
PVs is extremely useful (297–299).

Interpretation of Results
The body site at which EVs are isolated is critical to the
interpretation of EV detection assays and to the differentia-
tion between EV “shedding” and actual EV-associated dis-
ease. The nasopharynx and GI tract are permissive sites of
infection, i.e., EVs have ready access to these sites and may
infect and subsequently be “shed” from them for weeks to
months. Detection of EVs by virus isolation or NAA at these
sites must be interpreted cautiously because their presence
alone does not establish causality of the illness in question
(329). Indeed, virtually 100% of patients with EV aseptic
meningitis will have detectable EV in feces (315), but most
persons shedding EV in the feces at any particular time are
asymptomatic; feces are thus the most sensitive and least
specific site for detecting true EV-associated illness. Since the
shedding period in the nasopharynx after EV infection is
shorter than in the feces, the specificity of an EV isolate from
the nasopharynx for true causation of current symptoms is
better than with feces but far short of a definitive association.
In contrast, the CNS, bloodstream, and genitourinary tract
are not usually infected with EVs, i.e., detection of virus in
specimens from these sites implies true invasive infection and
a high likelihood of association with current illness.

A notable exception to the above relates to the diagnosis
of neonatal EV infections occurring within the first 2 weeks
of life. Because the incubation period for the EV is 3 to 6
days, the identification of EV in the stool or oropharynx of
newborns with EV-compatible syndromes is highly sup-
portive of their role in disease.

Rare reports of co-infections of the CSF by bacteria (S.
pneumonia, H. influenzae, S. agalactiae, N. meningitidis),
mycobacteria (M. tuberculosis), or viruses (St. Louis en-
cephalitis virus, HSV) and EVs have appeared (187, 330–
335). In cases of bacterial or mycobacterial co-infection, the
bacteria/mycobacteria-associated clinical signs and symp-
toms usually dominate. In the much more common situa-
tion, where the clinical presentation is typical of viral
meningitis, coinfection with a clinically “silent” bacteria
would be extraordinarily unlikely. Hence, identification of
an EV from a site not ordinarily infected in a patient with a
clinically compatible illness is usually sufficient evidence for
establishing EV causality.

PREVENTION
The provision of potable water and adequate sanitation are
cornerstones in public health efforts toward the prevention of
EV infections. Handwashing has been shown to be effective
in the prevention of EV infections (336). Vaccines are
available only for the PVs, and those provide no protection
against the nonpolio EV serotypes. In an attempt to elimi-
nate the few remaining vaccine-associated cases of polio-
myelitis that occurred annually in the United States, the use
of live attenuated oral PV vaccines was abandoned nearly
two decades ago. Today, only inactivated PV vaccines are
used for immunization of children in this country. Elsewhere
in the world, however, the majority of countries continue to
use OPVs as a part of their vaccination regimens.

Because of the burden and severity of EV-A71 disease in
China, promising efforts are under way to develop vaccines
against the most common subgenotype, C4, circulating in
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that part of the world. Three candidate inactivated EV-A71
subgenotype C4 vaccines have undergone successful Phase
III studies (337–339). All were safe and well tolerated.
Seroconversion, as defined by a 4-fold increase in baseline
neutralizing titer, occurred in 88.1%-100%. Efficacy against
HFMD and other EV-A71 related disease ranged from 90%
to 97.4% and 80.4% to 88%, respectively. However, anti-
body titers waned after the first 6 months, indicating that
boosting immunity may be necessary. At least two of the
vaccines cross-neutralized several other EV-A71 genotypes
and subgenotypes, suggesting that they could induce cross-
protection against other strains (340).

TREATMENT
As with other viral pathogens, there are several steps in the
replication cycle of the picornaviruses that are potential
targets in antiviral therapy. Cell susceptibility, viral attach-
ment, viral uncoating, viral RNA replication, and viral
protein synthesis have all been studied as targets of anti-
picornaviral compounds.

Immunoglobulin
The primary mechanism of clearance of EVs by the host is
humoral immunity. As noted above, patients who lack an-
tibodies because of congenital or acquired immuno-
deficiencies are uniquely susceptible to infections with the
EVs (134). Similarly, normal neonates are at high risk for
severe EV disease because of a relative deficiency of EV
antibodies (158). Antibodies act by binding to EVs and
preventing attachment and binding to host cells.

Immune serum globulin has been used prophylactically
and therapeutically against the EVs in two situations, the
neonate and the immunocompromised host. Neonates may
develop an overwhelming sepsis syndrome from transpla-
cental/peripartum acquisition of EV infection. The high
mortality of this disease, coupled with the known associa-
tion of severe EV disease with absolute or relative antibody-
deficiency states, has prompted numerous investigators to
administer antibody preparations to neonates with EV sepsis.
Anecdotal reports of clinical success with maternal serum or
plasma (341) or commercial immunoglobulin preparations
against a variety of EV serotypes causing neonatal sepsis have
been reported; other reports describe progressive disease and
death despite such therapy (342, 343). A blinded, random-
ized controlled study was too small to demonstrate clinical
benefit but did show a reduction in viral titer in infants
receiving intravenous immunoglobulin (IVIG) preparations
that were subsequently shown to contain high antibody titers
to the infecting serotype. Individuals with congenital or ac-
quired antibody deficiencies are also at risk for severe EV
infections. Since antibody-deficient patients have begun
receiving maintenance supplementation with IVIG, the in-
cidence of chronic, progressive EV meningoencephalitis has
fallen, demonstrating the prophylactic benefit of these
preparations, and the clinical profile of patients developing
such infections has been modified (134, 162). Therapeutic
efficacy in established EV meningoencephalitis in antibody-
deficient patients has only been anecdotally studied.

Capsid-Inhibiting Compounds
Capsid-inhibiting compounds have been the most exten-
sively studied antiviral agents for the therapy of the EV.
Capsid-inhibiting compounds block viral uncoating and/or
viral attachment to host cell receptors. As noted above, the
resolved 3-dimensional structure of the EVs reveals a “can-

yon” formed by the junctions of VP1 and VP3. Beneath the
canyon lies a “pore,” which leads to a hydrophobic pocket
into which a variety of diverse hydrophobic compounds can
integrate. Although the compounds integrate into a virus
capsid via a number of noncovalent, hydrophobic-type in-
teractions, the affinity is high. Several hypotheses have been
proposed for the mechanism of picornavirus inhibition by
compounds that affect the function of the virus capsid.
Filling the hydrophobic pocket results in increased stability
of the virus, making the virus more resistant to uncoating.
The increased stability of the virus-compound complex is
evidenced by the resistance to thermal inactivation (344). It
is also possible that a degree of capsid flexibility may be
required for uncoating, and activity of these compounds
within the hydrophobic pocket may reduce this necessary
flexibility, inducing a more rigid structure. Alternatively,
changes in the conformation of the canyon floor as a result of
drug activity within the underlying pocket may affect the
attachment of the virus to the host cell receptor (345). It has
been shown, however, that such perturbations in the canyon
floor do not absolutely correlate with antiviral potency
(346).

Two drugs, pleconaril and pocapavir, have undergone
clinical trials in humans. Pleconaril demonstrates broad
spectrum and potent anti-EV activity and is highly orally
bioavailable, approaching 70% in humans (347–349).
Published reports of the therapeutic efficacy of pleconaril
provide a mixed picture. A challenge study of the efficacy
of pleconaril in the reduction of viral shedding, relief
of symptoms, and decrease in severity of clinical illness
following CV-A21 infection in nonimmune individuals
demonstrated a statistically significant decrease in nasal se-
cretion viral titers in subjects compared with controls (350).
The mean volume of nasal secretions in pleconaril treated
subjects was consistently less than in controls. Mean respi-
ratory symptom scores in placebo-treated individuals were
significantly higher than in the treated group.

A clinical trial of pleconaril for the treatment of EV
meningitis in infants (102) demonstrated no significant
difference between the treatment and placebo groups with
regard to EV detection by culture or PCR, duration of hos-
pitalization, or symptoms. It was concluded that the small
numbers of subjects, low yields of serial viral cultures, and
the short, benign clinical course precluded the ability to
demonstrate efficacy.

A post hoc subgroup analysis of two efficacy trials that
failed to define clinical benefit for FDA registration of ple-
conaril indicated that it was beneficial in the acceleration of
headache resolution (103). Pleconaril has been used in a
compassionate release protocol for the treatment of more
than 90 patients with potentially life-threatening EV in-
fections, 38 of whom were followed long enough to assess
therapeutic responses (351). Seventy-eight percent of pa-
tients had a favorable clinical response, while 92%, 88%,
and 60%, respectively, with virologic, laboratory, or radio-
logic abnormalities responded favorably.

A prophylactic study for the prevention of picornaviral
respiratory tract infection demonstrated an increase in
menstrual irregularities in women receiving pleconaril
(349). Investigation revealed induction of cytochrome P-
450 3A activity by pleconaril and raised the possibility of the
potential for drug interactions, in particular, interference
with oral contraceptives and antiretroviral drugs. The FDA
concluded that the risks of pleconaril use outweighed its
modest benefits and did not license pleconaril for the
treatment of the common cold (352).
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A recently published study of pleconaril therapy of neo-
nates with suspected EV sepsis found that in the treat-
ment group, EV-infected subjects became culture negative
from all sites combined faster than subjects in the placebo
group. Fewer subjects in the treatment group remained PCR-
positive from the oropharynx when last sampled. Intent-to-
treat analysis demonstrated a reduction in mortality in the
treatment group. The authors concluded that the results sup-
ported potential efficacy and that they warranted further eval-
uation of pleconaril for the therapy of neonatal EV sepsis (353).

The Committee on Development of a Polio Antiviral
and Its Potential Role in Global Poliomyelitis Eradication of
the National Research Council has recommended that at
least one polio antiviral drug be developed to supplement
efforts currently being employed for control of poliomyelitis
outbreaks in the posteradication era (354). Pocapavir has
been shown to be a potent inhibitor of wild-type, vaccine,
vaccine-derived, and laboratory strains of PV. It has been
shown to have potent and rapid antipolio activity in a
randomized, double-blinded, placebo-controlled human
monovalent oral PV type-1 vaccine challenge study. Primary
and secondary endpoints were the time to clearance of PV
from stool and total stool virus titer, respectively. Nearly half
of the pocapavir recipients had clearance of PV from the
stool before placebo recipients. Drug resistance was not ob-
served in this group. The remainder of the pocapavir re-
cipients responded similarly to placebo recipients. Pocapavir
resistance was higher than anticipated in this group but was
found to be due to PV transmission and reinfection within
the study unit, not due to the development of resistant PV
(355). A single report of the successful treatment of a non-
polio EV exists (356).

Supportive care for the patient with EV meningitis is
usually adequate to assure complete recovery. Attention to
fluid balance is necessary to avoid or ameliorate the syn-
drome of inappropriate antidiuretic hormone or brain ede-
ma. Electrolytes, urine, and serum osmolality may require
monitoring. Brain edema is a rare complication of EV
meningitis but is readily managed with mannitol. Seizures
may result from fever alone or may reflect direct viral or
indirect inflammatory damage of brain parenchyma. Phe-
nytoin or phenobarbital are the preferred agents for man-
aging this complication. Patients with EV-A71 encephalitis
or EV-D68 lower respiratory tract infection may require
assisted mechanical ventilation.

Treatment for the neonate with sepsis or the child or
adult with myocarditis is likewise symptomatic. Maintaining
adequate blood pressure is paramount in each of those syn-
dromes. Steroids have been widely debated in the therapy of
myocarditis but are felt to be contraindicated in most cases
(104). No significant benefit has been reported for other
immunosuppressive classes of drugs either.

Adequate hydration is the only indicated therapy in
children with herpangina and HFMD due to the EVs. Other
respiratory manifestations of EV infections are managed
symptomatically.
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Rhinoviruses (RVs), members of the Picornaviridae family
(1), constitute the largest group of respiratory viruses. RVs
are recognized as causing more than 50% of all acute respi-
ratory infections and represent the single most important
causative agent of common colds. The name “rhinovirus”
stems from the virus’s special adaptation to infect the na-
sopharynx. It was already known in 1930 that “colds” were
easily transmitted from human to human and to apes, and
that the responsible agent was probably a virus (2, 3), but it
was not until 1956 that the first RV was discovered by iso-
lation in cell culture (4, 5). The discovery of the low tem-
perature optimum (32–35°C) for viral replication (6), the
development of sensitive primary human embryonic lung
cell cultures (WI-38 and MRC-5), and the continuous H1-
Hela cell line (7, 8) facilitated the isolation, classification,
and epidemiological and biological studies of RVs. A total of
100 serotypes were identified over the next 30 years (9). The
first complete genome sequence was determined for RV14 in
1984 (10), a reverse genetics system was developed in 1985
(11), and the X-ray crystallographic structures of the viral
capsids of five serotypes (1A, 2, 3, 14, and 16) were solved
soon afterward (12–17). The recent use of more sensitive
RT-PCR-based molecular assays for RV identification has
generated clear evidence that RV infections are also com-
mon causes of more severe lower respiratory illnesses, such as
bronchiolitis, pneumonia, exacerbations of asthma, and
other chronic lung diseases (18–22). RT-PCR has also led to
the discovery of more than 50 genotypes of previously un-
recognized RVs that belong to a new species (RV-C). These
viruses escaped traditional culture-based detection (23–26).
This discovery has promoted a new wave of interest in RV
research.

VIROLOGY
Classification
RVs belong to the family Picornavirdae and were traditionally
classified into their own genus, Rhinovirus, according to their
clinical and biological characteristics (9, 27). As molecular
methods became available for virus identification, RVs were
re-classified and merged into the genus Enterovirus because
of similar molecular genetic properties (1). RVs are com-
prised of three species: rhinovirus A, B and C (RV-A, RV-B,
and RV-C). Species A and B, consist of the 100 serotypes

that were identified by traditional methods and species C
consists of over 50 genotypes that have been identified by
molecular genetics methods.

Acid Lability and Buoyant Density in Cesium
Chloride
One of the defining characteristics of the human RVs is their
acid lability; their infectivity is reduced at least 10-fold when
incubated at pH 4 for one hour at 37°C in 0.1 M sodium
citrate. In contrast, most human enteroviruses are stable
under these conditions. All human RVs so far examined
exhibit higher buoyant density (1.38 to 1.42 g/ml) in cesium
chloride gradient than do enteroviruses, which characteris-
tically band at 1.34. This property is due mainly, if not en-
tirely, to replacement of potassium ions bound to the RNA
genomes of RVs by heavier cesium ions. Cesium-potassium
exchange does not occur in enteroviruses because the pro-
tein shell is impermeable to the cesium ion.

Serotypes
One of the characteristic features of human RVs is the large
number of serotypes. The 100 serotypes (1A, 1B to 86, and
88 to 100) were identified with culture-based, biochemical,
and serological methods between 1956 and 1987 (9). The
traditional method for identification of a RV serotype is
neutralization of a virus inoculum containing 30 to 300
TCID50 (tissue culture infectious dose) by an antiserum
dilution containing 20 units of antibody (28). One anti-
body unit is the minimum amount of antiserum that neu-
tralizes 30 to 300 TCID50 of that virus. Each serotype was
defined by 20-fold or greater differences in antisera neu-
tralization titers during reciprocal cross-neutralization tests
against the other 99 serotypes. Antigenic subgroups have
been identified among 50 serotypes-(1A,1B), (2,49),
(3,6,14,79), (9,32,67), (11,15,40,74,76), (12,78), (13,41),
(22,61), (5,17,19,21,29,30,42,43,44,70), (18,36,50,58,89),
(38,60), (39,54), (48,55), (56,57), (59,63,85), and (66,77)-
in a comprehensive serological study of 90 serotypes (29).
Moreover, certain serotypes, such as type 17, appear prone to
serohypervariation (30).

Serovariability of RV may be related to the size of the
receptor binding site (footprint) on the virion surface (31).
Unlike rhinovirus, closely related poliovirus, has only three
serotypes that use CD155 as their receptor. Like ICAM-1
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(the receptor for 88 rhinovirus serotypes), CD155 binds to
the canyon area on the virion surface. Structural studies of
virus-receptor complexes show that ICAM-1 has a smaller
footprint than CD155. This could permit the emergence of
more viable antibody-escape mutants because the rhinovi-
rion surface has more amino acid residues that could be
mutated without disabling virus binding to the receptor.

Phylogenetic Groups
In the past 10 years, RT-PCR-amplification of viral genomic
RNA, DNA sequencing, and phylogenetics have gradually
become routine procedure for the identification of RVs in
clinical samples, because this approach is significantly more
sensitive, faster, and easier to perform than traditional cul-
ture and serology-based identification. With phylogenetic
analyses, the genome sequences of the 100 RV serotypes
segregate into 2 groups: RV-A, consisting of 75 serotypes and
RV-B, consisting of 25 serotypes (32–35). When molecular
methods were used for RV identification, a large group of
previously unculturable RVs were discovered (23–26). These
viruses were detected by RT-PCR assays using RV-A and -B
specific primers and their sequences were most closely re-
lated to RV-A and -B sequences in BLAST searches of the
GenBank database. However, they segregated into a third
group, with 30% to 40% pairwise sequence divergence from
RV-A and -B, in phylogenetic trees. This new group is
named RV-C (species C). RV-Cs are not newly evolved vi-
ruses because they could be found frequently in frozen
clinical samples from the early 1980s, the oldest analyzed
samples to date (36).

RV-C Viruses
RV-C viruses were first detected by sequencing of PCR
fragments of 5¢ nontranslated regions (NTR) and capsid
protein coding VP4-VP2 regions of viral genomic RNA in
human nasal samples (23–26). To date, over 50 types of
RV-C have been tentatively identified by partial genome
sequences, and 19 of them have been definitively identified
with their complete genome sequences (37). RV-C does not
grow in traditional cell culture systems, so their biological
and immunological properties are still poorly understood.
Recently, several groups have developed methods to grow
them in sinus organ culture, differentiated airway epithelial
cells in air-liquid interface culture, or HeLa cells transfected
with the putative RV-C receptor (38–42).

Receptor Types
The 100 human RV serotypes are divided into two groups on
the basis of receptor specificity (Fig. 1). The “major” re-
ceptor group, containing 88 serotypes, utilizes the intercel-
lular adhesion molecule-1 (ICAM-1; Fig. 2A) as receptor for
infecting host cells (43). This receptor is a member of the Ig
superfamily and maps to human chromosome 19 (43). Ad-
hesion molecules like the ICAMs play a natural role in al-
lowing cells to adhere to each other or to extracellular
matrix molecules. The major group RVs are highly specific
for ICAM-1 from humans and apes, such as chimpanzees and
gibbons. Twelve serotypes, constituting the “minor” receptor
group, utilize three members (LDLR, VLDLR, and LRP) of
low-density lipoprotein receptor family as receptors (44, 45).
The minor group RVs can bind to LDLR of the mouse. All
12 members of minor receptor group are RV-Aviruses, while
major receptor group consists of 63 RV-A and all 25 RV-B
viruses. The study of the receptor(s) for RV-C is still at its
early stages due to the complexity of growing RV-C in cul-
ture. Recently, a putative receptor for RV-C viruses has been

identified as cadherin-related family member 3 (CDHR3).
HeLa cells transfected with CDHR3 expression vector sup-
port the replication of three RV-C types (C2, C15, and C42)
tested (40).

Composition
The virion has no lipid envelope and is composed of a single-
stranded RNA genome tightly packed into the center of a
protein shell known as the capsid (Fig. 2B). The concen-
tration of purified virions can be measured spectrophoto-
metrically with a conversion factor of 9.4 · 1012 virions per
OD260 unit (46). Water is an important part of the virion
structure. In its fully hydrated state (observed during con-
ventional X-ray crystallography or by cryoelectron micros-
copy), the particle is about 30 nm in diameter. When dried
(e.g., during preparation for conventional electron micros-
copy), the virion shrinks about 30% and loses infectivity.
The protein shell, about 5 nm thick, is composed of 60
copies of each of four viral proteins, termed VP1-VP4.
Protein subunits called protomers, consisting of one copy of
each of the viral proteins, are organized into 12 pentamers.
Each of the 12 pentamers contains a prominent depression
or “canyon” in VP1 running moat-like around a central
plateau (i.e., around the 5-fold axis of symmetry) (47).
Amino acid residues at the canyon base are more conserved
than residues at exposed viral surfaces.

The canyons of major group RVs are the binding sites for
the ICAM-1 receptors (48, 49). Cryoelectron microscopy
(using purified fragments consisting of the distal two do-
mains of ICAM-1) has shown that the canyon (Fig. 2C) is
the site at which the receptor binds to RV16 and that pu-
rified virions can bind up to 60 such receptor fragments
(49). Initially, it was hypothesized that the 20 Å deep can-
yon was used to hide the viral receptor attachment site on
a viral surface from immune surveillance (50). However,
the X-ray structure of the RV14-Fab complex showed that
the antibody molecule penetrated deep into the canyon

FIGURE 1 Receptor groups of rhinoviruses. Majority of RV se-
rotypes (63 RV-A and all 25 RV-B) use ICAM-1 as the receptor.
The remaining 12 RV-A serotypes bind to low-density lipoprotein
receptor (LDLR) family proteins. RV87 was originally misidentified
as a RV and has been reclassified as an enterovirus (EV-D68). The
receptor for RV-C has been recently identified as cadherin-related
family member 3 (CDHR3) protein.
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space (51), and so the canyon may not conceal the receptor-
binding site at all. Interestingly, minor group RVs do not use
the canyon for receptor binding; rather, the minor group
receptor binds to the plateau area near the tip of the icosa-
hedral five-fold vertex (52). Molecular modeling indicates
that the RV-C capsid has less pronounced canyons that
likely do not contain receptor binding sites (40). Never-
theless, the canyons of both major and minor group viruses
play a critical role in the uncoating (release of genomic
RNA) step following attachment by providing a flexible
region for the conformational change in the viral capsid. It is
thought that the binding of multiple receptors per virus
particle (receptor “recruiting”) triggers a major conforma-
tional changes of the capsid proteins, accompanied by 20%
expansion of the shell, to allowing the eventual release of
RNA (47).

At the base of the canyon lies a hydrophobic “pocket”
which may be empty (e.g., RV14) but which in many other
RVs (e.g., RV16) is filled with a still uncharacterized mole-
cule called “pocket factor.” A pocket factor may play a role

in the replication cycle of RVs by regulating the stability and
receptor-induced conformational changes of the viral capsid
(47, 53, 54). This pocket is the binding site for several classes
of antipicornavirus capsid-binding antivirals (e.g., pleconaril
and vapendavir). In general, capsid-binding antivirals block
the binding of major receptor RVs to ICAM-1 and inhibit
uncoating of receptor-bound minor group RVs (55, 56). For
RV-C, the pore to the pocket is more constricted, and these
viruses are resistant to several capsid binding antivirals in-
cluding pleconaril (57).

Immunoglobulins bind to the virion surface to neutralize
infectivity of RV. Several mechanisms for antibody-mediated
neutralization of RVs have been proposed, including aggre-
gation, virion stabilization, induction of conformational
changes, and abrogation of cellular attachment (58, 59).
Taken together, numerous biochemical and structural studies
suggest that neutralization of RV in vitro results from steric
blockage of the interaction between the virus and its re-
ceptors due to the binding of the antibody molecules on the
virion surface (59).

FIGURE 2 (A) Schematic drawing of ICAM-1, the receptor used by the major group RVs. S-S represents disulfide bridges, and small
circles represent sites of glycosylation. (B) Key features of the structure of a human RV. The virion shell consists of 12 pentamers, one of which
has been removed to show the approximate location of the RNA packed tightly into a central cavity. Each pentamer, in turn, consists of five
wedge-shaped protomer subunits. The canyon (shaded) is shown encircling the five-fold axis of the pentamer; the hydrophobic (drug-
binding) pocket is indicated below the floor of the canyon in VP1. (C) A side view of the pentamer showing the spatial relationship between
the receptor-binding site and the hydrophobic pocket. An ion, located at each pentamer center in serotypes 1A, 14, and 16 is tentatively
identified as calcium.

47. Rhinovirus - 1145



Genome
The rhinoviral genome is a single strand of positive-sense
RNA about 7200 bases long. Sequence analysis indicates a
genome organization similar to that of poliovirus, the pro-
totype of enteroviruses (Fig. 3A). Both viruses contain poly
(A) tracts which are required for infectivity of the viral ge-
nomic RNA, and both are covalently linked through the 5¢-
terminal uridylic acid to a small viral protein (VPg) which
can be removed from the genomic RNAwithout reducing its
infectivity. The viral genomic RNA contains a single open
reading frame (ORF) for a large polyprotein of about 2,200
amino acids. Both polioviruses and RVs have unusually long
nontranslated regions (NTR; 600 to 750 bases) at the 5¢-
ends with distinctive secondary and tertiary structures called
internal ribosomal entry sites (IRES). IRES enable the
translation of viral genomes by promoting the internal
binding of the ribosomes to viral RNAs since rhinoviral
RNAs lack 5¢-terminal caps that are used by most cellular
mRNAs for ribosome binding (47). IRES are used by many
positive-stranded RNA viruses and some eukaryotic genes.
The RV genome also includes a relatively short 3¢-NTR that
is required for efficient viral replication (60).

Proteins
The organization of the polyprotein of human RVs is also
very similar to that of poliovirus (Fig. 3B), though much less
is known of the details of rhinoviral processing and assembly
because of the less vigorous translation of rhinoviral RNA in
cultured cells and incomplete shutoff of host protein syn-
thesis by viral proteases (54). The RV genome, like that of
polio, is organized into three major regions based on pro-
teolytic processing: P1, P2, and P3, representing genes for
precursor proteins. These precursors are subsequently cleaved

into 4, 3, and 4 end products, respectively. Protein P1 is a
precursor for the four coat proteins. P2 and P3 are precursors
for proteases 2A and 3C and for proteins required for repli-
cation of the viral RNA.

Before assembly, the coat precursor protein, P1, is cleaved
twice to form mature protomers (VP0, VP1, VP3), which
then package RNA to form noninfectious provirions con-
taining 60 protomer subunits (Fig. 4) (54, 61). The matu-
ration cleavage of VP0, producing VP4 and VP2, occurs only
after the RNA has been packaged in the protein shell (54).
The VP0 cleavage site lies buried inside the shell near the
viral genomic RNA: thus, the protease event responsible for
this cleavage is thought to be an element of the coat protein
and may actually use bases in the viral RNA as part of its
active site (15). The P1 region is released by a cis-cleavage at
the N-terminus of the 2A protease. All remaining cleavages
are carried out by the 3C protease or its precursor form, 3CD.
A molecule of myristic acid, which appears to play a role
during virus assembly and disassembly, is covalently linked to
the amino termini of VP4 and its precursor forms.

BIOLOGY
Multiplication Strategy
Multiplication of RVs is believed to take place entirely in the
cytoplasm. The initial event in infection is attachment of
the virion to specific receptor units embedded in the plasma
membrane (Fig. 5, step 1). Receptors then bring the virion
close to the membrane. Recruitment of additional receptors
(step 2) eventually triggers the uncoating of the virion that
involves extrusion of the protein VP4 and delivery of the
viral RNA genome across the membrane and into the cy-
tosol (step 3) where translation can begin. The study of the

FIGURE 3 (A) RNA genome of a human RV. P1, P2, and P3 refer to precursor proteins that are subsequently processed to produce 11 end
products. (B) Cleavage of the polyprotein is accomplished by two viral proteases, 2A and 3C. The 2A protease co-translationally releases the
coat precursor, P1, from nascent polyprotein, whereas the 3C (or precursor 3CD) protease cleaves all the remaining precursors and
intermediates except for VP0 (1A-1B). Cleavage of VP0 to VP4 (1A) and VP2 (1B), maturation cleavage, occurs only after the RNA has
been packaged in the protein shell. The VP0 cleavage site lies buried inside the shell near the RNA; the active site for this cleavage is not yet
precisely known and might include bases in the RNA genome. The amino termini of coat proteins P1 and VP4 are blocked by a myristoyl
group. Cis-cleavage of the N-terminus of 2A is shown by an arrow; black triangles indicate 3C cleavage sites.
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uncoating pathway of RVs has been difficult because the
interpretation of biochemical data is clouded by the fact that
only 1% or fewer input virions initiate a successful infection.
One major reason for the low infection efficiency is elution
of noninfectious 135S and 80S subparticles. More than 50%
of attached particles are typically lost to this abortive event.
The site of uncoating, whether at the cell surface plasma
membrane or acidic endocytic vesicle, may be determined
by the stability of the virus-receptor complexes. For some
serotypes whose receptor complexes are labile at neutral
pH (62), binding of the virus to the receptors on the cell
surface is sufficient to trigger uncoating. For the serotypes
whose receptor complexes are stable at neutral pH (62),
some additional stimulus such as low pH is required, so un-
coating is delayed until the complexes are transported into
the endosomes by normal cellular internalization and traf-
ficking process of receptors and their ligands (47). Clathrin-
mediated endocytosis is the major pathway of all cells to
internalize receptor-ligand complexes. Both major and mi-
nor group RVs use this pathway to enter the endosomes via
the interaction of the cytoplasmic domains of their receptors
with clathrin (63, 64).

Translation (step 4) is the crucial first step of viral mul-
tiplication because synthesis of new viral RNA cannot begin

until the necessary viral proteins are made. By using the
IRES to appropriate ribosomes and other components of the
protein synthesizing machinery from the host cell, the in-
coming viral RNA strand directs synthesis of a polyprotein
that is progressively cleaved into the final products already
described. RV translation requires multiple cellular transla-
tion proteins, including most of the canonical translation
initiation factors, with the exception of the cap-binding
protein eIF4E (eukaryotic translation initiation factor 4E)
and three additional cellular RNA-binding proteins, PTB
(polypyrimidine-tract binding protein), PCBP2 (poly(rC)-
binding protein 2), and unr (upstream of N-ras). PTB, PCBP2,
and unr interact with IRES to help it to bind directly to the
cellular translation machinery.

The initial step in synthesis of new viral RNA is copying
of the incoming genomic RNA to form complementary
minus-strand RNA (step 5), which then serves as the tem-
plate for synthesis of new positive-strands (step 6). Synthesis
of positive-stranded RNA, which occurs in viral-induced
membranous vesicles derived from endoplasmic reticulum, is
initiated rapidly to generate multistranded replicative in-
termediates consisting of one minus-stranded template and
many nascent positive-stranded copies. The initiation of
minus-strand synthesis is apparently down-regulated by the
presence of translating ribosomes on the positive-strands
(65). Generally, an infected cell has 30 to 70 times more
positive-strands than minus-strands (66).

A molecule of VPg is covalently linked to all RNAs in-
volved in transcription. The role of VPg in the initiation of
minus-strand RNA transcription has been elucidated for
poliovirus. Following uridylylation by the 3D polymerase,
VPg-pUpU primes the transcription of poly(A) RNA to
produce VPg-linked poly(U) RNA. The template for the
uridylylation reaction is a small RNA hairpin, called the cis-
acting replication element (cre), located in the coding re-
gion of protein 2C gene of poliovirus (67). Cre hairpin
structure is also present in the RNA genomes of RVs. Unlike
polioviruses, cre hairpin structure is located in the coding
region of 2A, VP1 and the VP2 genes of RV-A, RV-B, and
RV-C viruses, respectively (33, 68, 69).

In the early stages of RNA synthesis, newly synthesized
positive-stranded RNA molecules are recycled to form ad-
ditional replication centers (step 7) until, with an ever-
expanding pool of positive-stranded RNA, an increasing
fraction of the positive-stranded RNA in the replication
complex is packaged into provirion. The RNA replication
machinery interacts directly with the capsid proteins so that
only newly synthesized positive-stranded viral RNAs are
packaged (70).

Virion assembly (steps 8 to 10) is controlled by a number
of events. Before assembly can begin, coat precursor protein
P1 must be cleaved to form mature protomers composed of
three tightly aggregated proteins (VP0, 3, and 1). Early in
the infection cycle this cleavage is likely very slow because of
the low concentrations of P1 and its protease. Later, with
increasing protease activity, the rising concentration of
mature (5S) protomers triggers assembly into pentamers that
then package the newly synthesized VPg-(+)RNA to form
provirions. Formation of infectious 150S to 160S particles
results from the final maturation cleavage (61). Completed
virus particles are ultimately released by infection-mediated
disintegration of the host cell (step 11).

To better exploit cellular factors for its own reproduction,
RV uses its proteases 2A and 3C to inhibit host transcription
and translation. The 2A protease reduces the efficiency of
host-cell translation of capped mRNA via the cleavage of

FIGURE 4 (A) Diagram representing virion architecture and
assembly. (B) The mature virion contains four major proteins (VP1
[1D], 2 [1B], 3 [1C], and 4 [1A],) plus traces of VP0, representing
residual precursor following the maturation cleavage required for
acquisition of infectivity.
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FIGURE 5 Overview of the RV infection cycle.
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the eIF4G subunit of the cap-binding protein complex. The
cleavage separates the N-terminal eIF4E (cap-binding pro-
tein) binding domain from the C-terminal fragment (p100)
that has the binding sites for IRES and the translation ma-
chinery and thus reduces the ability of capped mRNA to
compete with viral mRNA for translation (71). The 3C
protease and its precursor 3CD inhibit transcription of host
RNA polymerases I, II, and III via the degradation of tran-
scriptional accessory proteins in the nucleus. Because 3C
lacks a nuclear localization signal (NLS), it enters the nu-
cleus in the form of its precursor, 3CD, that has an NLS in
3D.

Host Range
Human RVs have a high degree of species specificity. The
natural host range of RV-A and RV-B viruses is restricted to
humans and closely related apes. Early efforts to seek an
animal model found that the chimpanzee and gibbon are the
only two nonhuman hosts that can be productively infected
with RV-A and RV-B viruses (72, 73). Chimpanzees and
gibbons that were exposed intranasally to RV-A or RV-B
shed large amounts of virus for several days, produced spe-
cific neutralizing antibody, and were protected when re-
challenged with the same virus, although they did not have
clinically detectable symptoms (72, 73). The nonhuman
host range of RV-C has not been reported.

Mouse Model
Genomic RNA of a number of RV serotypes, such as 1A, 1B,
and 16, can replicate in mouse cells to yield some infectious
progeny virus (72–77). Encouraged by these findings, in-
vestigators have developed mouse models for studying
RV infection: intranasal inoculation of transgenic mice

expressing human ICAM-1 with major group RV16 and of
nontransgenic mice with minor group RV1A or RV1B.
Some studies have reported the observation of inflammatory
changes, similar to those induced by RV infection of human
airways, including neutrophilic and lymphocytic inflamma-
tion, mucin secretion, and cytokine production when a large
virus inoculum (typically 5 · 106 TCID50 units per mouse)
was used. However, none of these studies has demonstrated
convincing evidence of viral replication in mice (78–82).

Growth in Cell Culture
Primary WI-38 (ATCC CCL-75), MRC-5 (ATCC CCL-
171), and continuous H1 HeLa cells (ATCC CRL-1958) are
the most commonly used cells for studying live RV-A and
RV-B viruses (Fig. 6). WI-38 and MRC-5 are strains of hu-
man embryonic lung fibroblast diploid cells and are sensitive
to the prototype strains of all 100 RV-A and -B serotypes, as
well as several other human viruses. They are useful for
isolating RV-A and -B viruses from clinical samples, titrating
their infectivity and producing virus inocula for human
studies (83). They have a finite passage life of about 50 cell
divisions, however, and require a solid substrate for growth.
Recently, a master cell bank from passage one of a well-
characterized strain of human diploid embryonic lung cells
(WisL cells) was created under good manufacturing practice
(GMP) conditions (Waisman Clinical Biomanufacturing
Facility, University of Wisconsin-Madison) for producing
RV inocula for human studies. These WisL cells have passed
the tests required by FDA for cell lines used to produce
biologicals for human use.

H1-HeLa is an RV-sensitive HeLa strain originally de-
veloped as a monolayer culture in the lab of Vincent
Hamparian in the early 1960s. It has been adapted for

FIGURE 6 Cytopathic effect (CPE) in H1-Hela and WI-38 cells caused by RV infection. Cells were exposed to 100 PFU of human RV
type 16 (RV16) per cell and incubated at 35°C. Infected HeLa cells became rounded and detached from growth surface by 12 hours but
WI-38 cells required 48 hours to develop CPE.
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growth in suspension culture (46). H1-HeLa cells support
vigorous multiplication of HeLa-adapted serotypes and are
also the standard cell for plaque assays of RV-A and -B vi-
ruses (83). However, this cell line is derived from a human
cervical carcinoma and is therefore unsuitable for preparing
virus inocula for studies in human volunteers. In cultured H1
HeLa cells, the time required for a replication cycle of RV16,
from infection to completion of virus assembly, is about 6 to
8 hours at 35°C with a yield of about 300 plaque-forming
units per cell (46, 54).

In vitro differentiated human tracheobronchial epithelial
cultures have also been exploited as a model for studying RV
infection of the native airway (84). These cultures were
developed by differentiating primary airway epithelial cells,
isolated from human tracheobronchial tissues, in air-liquid
interface cultures to form a polarized mucociliary epithelium
with structural characteristics similar to native airway tissues
(85).

RV-C grows only in human sinus organ culture, differ-
entiated airway epithelial cells in air-liquid interface culture
and HeLa cells transfected with its putative RV-C receptors
(38, 39, 41).

Inactivation by Physical and Chemical Agents
When subjected to any of a variety of treatments including
gentle heating, ultraviolet light, high pH, mercurials, phe-
nol, or desiccation, rhinovirions lose their native (N) anti-
genicity and acquire a new set of surface determinants called
the C (coreless) or H (heated) antigen. RVs are character-
istically sensitive to acidic pH less than about 5 or to alkaline
pH exceeding 9. Increasing ionic strength generally in-
creases thermostability. Capsid-binding inhibitors markedly
stabilize RVs against heat inactivation (86). Their thermo-
stabilizing effect has been attributed to either increasing ri-
gidity of the coat proteins or to increasing compressibility of
the capsid. Susceptibility of RV-C to thermal, osmotic, and
pH stress resembles that of RV-A (87).

Sodium dodecyl sulfate, particularly in the presence of
organic acids such as malate and citrate, inactivates RVs
rapidly even at room temperature. Infectivity of aqueous
suspensions of RV survives extraction with diethyl ether, a
treatment commonly used for the selective killing of bac-
terial and fungal contaminants and as a preliminary test to
distinguish lipid-enveloped viruses from nonenveloped ones.
Infectivity is less refractory to extraction with more polar
organic solvents such as chloroform, possibly because of the
removal of the hydrophobic “pocket factor,” partial solvent
denaturation of the protein shell, or oxidation due to con-
tamination of the solvent by phosgene. Chemicals that alter
the nucleic acid include nitrous acid, which deaminates
purine and pyrimidine bases, and alkaline reagents including
ammonia, which cleaves RNA within the virus particle.
Halogens (chlorine, bromine, iodine), hydrogen peroxide,
and ozone are also commonly used disinfectants, and one
exploratory study used an iodine hand treatment in efforts to
inhibit transmission (88).

EPIDEMIOLOGY
Geographic Distribution
RVs are distributed worldwide, and antibody to RV is de-
tected in serum specimens collected from many different
parts of the world. Of particular interest has been the de-
tection of RV antibody in serum specimens collected from
members of an isolated Amazon Indian tribe shortly after

their initial contact with civilization (89). Infection in this
group was presumably acquired through intermittent contact
with semicivilized tribes in the same region.

Incidence and Prevalence of Infection
Recent studies using reverse transcriptase PCR (RT-PCR)
for detection indicate that RV infections are ubiquitous,
especially in young children. In 15 healthy children followed
for three seasons with weekly nasal swabs, the overall rate of
infection was 0.5 infections per month (90). Highest rates
were in the fall (0.63 infections per month), and lower rates
were present during summer and winter (0.43 and 0.44 in-
fections per month respectively). In a family surveillance
study involving 108 persons from 26 households, analysis of
weekly samples collected over a year demonstrated that 93%
of participants had at least one RV infection detected (91).
Asymptomatic RV infections were common but varied by
age. Infections in children younger than 5 years were less
likely to be asymptomatic compare to all other age groups
(33% vs. 49%) (91). Detection of RV in asymptomatic in-
dividuals can be due to a recent infection after symptoms
have resolved, individuals who are prodromal, and true
asymptomatic infection (92). With the exception of im-
munosuppressed individuals, persistent infection with a
single RV type does not occur (92–95). The relationship
between infection and illness severity appears to vary by
season; infections of infants in the winter are about 10-fold
more likely to cause moderate-to-severe colds compared to
infections during the summer months (96).

In the absence of protective antibody, the risk of infec-
tion with a new RV type is primarily a function of exposure
to the virus. The prevalence of RV-specific antibody in se-
rum indicates that infection with the various serotypes be-
gins in early childhood and continues throughout life. The
peak prevalence of RV antibody is found in young adults,
probably reflecting exposure to young children in the home,
and the subsequent decline in prevalence is probably related
to less frequent exposures in older adults. Type-specific
neutralizing antibody provides serotype-specific protection,
but this is associated with little reduction in overall infection
risk due to the large number of RV types.

Seasonality
Frost and Gover (97) suggested that the respiratory disease
season is composed of “successions of epidemics” caused by
different infectious agents, based on epidemiological obser-
vations made between 1923 and 1925. This ingenious ob-
servation was confirmed with the subsequent detection of
the several families of respiratory viruses. In temperate areas
of the northern hemisphere, a distinct peak of colds is ob-
served in September (97, 98). This early-fall peak of colds is
strongly associated with RV infections, a finding confirmed
by studies using culture or RT-PCR. In young adults the RV
infection rate reaches its highest annual point (3.5 illnesses/
1,000 persons/day in Charlottesville, VA during this period
(99). Thereafter, RV prevalence declines, usually remaining
low throughout the late fall, winter, and early spring (90). A
second period of increased RV activity occurs in late spring,
April and May. Although the overall incidence of colds is
low during the summer months, RV infections account for
up to 50% of the illnesses during this season (90, 99). In the
temperate areas of the southern hemisphere, the seasonal
incidence of infection mirrors that in the northern hemi-
sphere. In tropical climates, RV activity is detected
throughout the year, with a peak incidence in the autumn
months (100).
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The cause of the seasonality of colds has been the subject
of much speculation but remains largely unexplained.
However, at least two factors influence this phenomenon:
the effect of relative humidity on virus survival and the
herding of children during the school term (101, 102). RV
and other nonenveloped viruses retain infectivity best in
conditions of high relative humidity, in contrast to envel-
oped viruses like influenza virus. In 1960 Hemmes et al.
(103) suggested that the relative humidity indoors is an
important factor controlling the seasonal fluctuations of the
different virus families.

Observations suggest that weather has both biological
and behavioral consequences that influence the incidence of
RV infection. In a 15-year longitudinal study in Charlottes-
ville, VA, the occurrence of colds with culture-detected RV
was greatest from April to October, which is the period when
indoor relative humidity tends to remain above 45% (101).
School openings also correlated with the fluctuating inci-
dence of colds. In 8 of 14 years, the interval between the date
of school opening and the date on which cold rates reached
the defined peak was 11 to 14 days. School openings also
precede fall exacerbations of asthma, which are usually asso-
ciated with RV infections (104).

Transmission
RV infection is readily initiated by inoculation of virus onto
the nasal mucosa or conjunctiva where transport by the
lacrimal duct leads to deposition in the posterior nasophar-
ynx (105). In those lacking serotype-specific neutralizing
antibody, the 50% human infectious dose (HID50) has
ranged from 0.1 to 6 TCID50 after intranasal inoculation. In
contrast, experimental inoculation of RV into the mouth or
exposure to infected volunteers by prolonged kissing is an
inefficient method of initiating infection (106). A similar
difference in susceptibility is observed between the upper
and lower respiratory tracts. The HID50 for antibody-free
volunteers given RV type 15 by nasal drops corresponded to
0.032 TCID50, compared to 0.68 TCID50 when the virus
was given by small-particle aerosol (107). This 20-fold dis-
parity in infectious dose between nose drops and inhaled
particles suggests that the lower respiratory tract is less sus-
ceptible to RV infection than is the nasopharynx. In addi-
tion, interferon applied intranasally by drops or coarse spray
prevents natural RV infection and illness (108). Since ap-
plication of interferon by this method would not be expected
to prevent infection in the lower airway, this also points to
the upper airway as the usual portal of entry for RV.

Delivery of RV to the nasal mucosa can occur either by
droplets or by direct contact. Sneezes and coughs generate
both large- and small-particle aerosols, but the amount of RV
in respiratory secretions produced by coughs and sneezes is
usually small. Although the RV genome may be present in
small-particle aerosols, such aerosols do not appear to be an
important mechanism of spread. Large-particle aerosols
produced by coughs and sneezes and deposited onto the
nasal or conjunctival mucosa contribute to transmission
(109). RV is recovered from the fingers of approximately
65% of experimentally infected volunteers after finger-to-
nose contact, and the virus survives for several hours on skin
(110, 111). Contact with the contaminated fingers reliably
transfers virus to the skin of a recipient individual. Once the
fingertips of the recipient are contaminated, infection is
readily induced by self-inoculation of the nasal mucosa by
rubbing the nose or the eyes.

The role of fomites in the transmission of virus is less
clear. The virus contaminating the hands is readily trans-

ferred to objects in the environment. When fingertips have
been experimentally contaminated with nasal mucus con-
taining known amounts of RV, 13% of the starting virus titer
was transferred to inanimate objects after brief contact, al-
though transfer was less efficient if the virus inoculum was
allowed to dry (110, 111). Virus on nonporous environ-
mental surfaces may survive for up to 3 to 4 days and can be
transmitted to the skin by contact. Although these various
steps in fomite transmission have been demonstrated, there
is a substantial loss of infectious virus at each step. An at-
tempt to document transmission of infection from fomites
under experimental conditions that would favor transmis-
sion was unsuccessful, suggesting that this mechanism may
not be efficient for the spread of RV infections (112).

Studies in the natural setting have confirmed many of
these steps in virus transmission. Virus is recovered from the
skin of the hands of approximately 40% of individuals with
natural RV colds and from 6% to 15% of objects in their
environment (110, 111). Individuals in the natural setting
routinely make finger-to-eye or finger-to-nose contact in a
manner that would transfer virus to the nasal mucosa.
However, the mechanism of transmission of virus under
natural conditions can be determined only by blocking
transmission using an intervention that is specific for a
particular route. In one trial using a 2% aqueous iodine as a
virucidal treatment for the hands (110), regular applications
to the fingers by mothers who had been exposed to a child
with a fresh cold in the home reduced colds by 67% com-
pared to placebo. None of the 11 mothers using iodine be-
came infected with the same RV recovered from the index
case, compared to 31% of mothers using placebo. Another
study of the hand contact route of cold transmission in asth-
matic children (113) found that a group of children trained
to avoid finger-to-nose contact had significantly less self-
inoculation behavior, fewer viral respiratory infections, and
fewer attacks of asthma. Thus, direct evidence is available that
supports the hypothesis that RV colds are transmitted by ac-
cidental self-inoculation of the nose or conjunctiva following
inadvertent contamination of the fingers with virus.

The duration of infectiousness for RV colds parallels the
period of maximum virus shedding in nasal secretions. RV
concentrations in nasal secretions are highest during the
second and third days after experimental infection. Delib-
erate infection of one member of a dually susceptible (i.e.,
antibody-free) married couple (114) determined that the
features of the donors that were associated with transmission
included a concentration of > 1,000 TCID50 per ml nasal
washings, virus on the hands and anterior nares, and
symptoms of at least a moderately severe cold. In most in-
stances, these conditions occurred only on the second and
third days after virus inoculation. In households, secondary
cases are seen 1 to 3 days after exposure to an index case. In
longitudinal studies within families, transmission from
children to other children and adults is much more common
than transmission from adults to children or to other adults
(115, 116).

PATHOGENESIS IN HUMANS
Incubation Period
In experimentally infected volunteers, RV is first recovered
in nasal washes a median of 10 hours (range 8 to 18 hours)
after inoculation. Respiratory symptoms occur surprisingly
early, with the throat becoming sore or scratchy between 10
and 12 hours after virus inoculation as newly produced virus
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appears (117). Nasal symptoms follow soon afterward, and
experimental inoculation studies demonstrate that lower
respiratory symptoms, when present, may begin 1 to 3 days
following the onset of cold symptoms (118). The incubation
period ranges from 1 to 4 days following inoculation and is
similar following natural transmission (114).

Patterns of Virus Replication
In studies of natural or experimentally induced colds, RV
protein or genome is detected in the epithelial layer (39,
119, 120) and in some subepithelial macrophages (121).
Replication does not occur in macrophages (122), although
these cells likely mediate immune surveillance by binding
virus and transporting it to regional lymph nodes. RV can
also bind to monocytes, eosinophils, and fibroblasts (123).
RV can replicate in airway fibroblasts in tissue culture (122–
124) but whether these cells are infected in vivo is specula-
tive. Infection occurs in a patchy distribution, with small
foci of infected cells (119), and greatest viral shedding in the
nasopharyngeal and adenoidal regions (125). In the ade-
noids, RV may replicate in nonciliated cells that express
high levels of ICAM-1 and resemble intestinal M cells
(126). In cultured epithelial cells, ciliated cells are prefer-
entially infected by major group RV (127). The duration of
RV shedding is generally limited to 7 to 10 days, but pro-
longed shedding of the same RV type occurs in a subset
( < 10%) of infections in young children (93, 128) and in
neonates (129).

Because early studies indicated that RV replicates best at
33–35°C, it was assumed that RV infection was limited to
the upper airways. Contrary to these initial assumptions,
direct measurements in the lower airways have shown that
large and medium size airways maintain the ideal tempera-
ture for RV replication (130), and many RV types replicate
efficiently at 37°C (87, 131). Accordingly, RV replicates
readily in cultured lower airway epithelial cells (132, 133).
Furthermore, RV can be detected in the lower airway fol-
lowing experimental inoculation of the upper airway (120,
134) and in lower airway secretions of children with natural
colds in whom samples are obtained through tracheostomies,
which eliminates the potential confounding effect of sample
contamination with upper airway secretions (135).

In addition to infecting the nasopharynx and adenoids,
conjunctiva, and lower airways, RV can also be detected in
specimens obtained from the middle ear and sinuses (136,
137), presumably because the virus has spread from the nasal
epithelium to contiguous areas.

Factors in Disease Expression
An impressive feature of RV pathogenesis is that the non-
specific host defense mechanisms of the nose are unable to
prevent infection in the nonimmune individual and may, in
fact, contribute to the pathogenesis of RV-associated illness.
Following intranasal RV challenge, infection rates of more
than 90% are routinely achieved in nonimmune volunteers,
irrespective of the season of the year or of the allergic status,
smoking history, physical condition, or stress level of the
subject (138–140). Following infection, symptomatic indi-
viduals shed higher titers of virus in nasal secretions than do
asymptomatic individuals.

Infection with RV produces no detectable histopatho-
logical change in the respiratory epithelium. Nucleic acid
hybridization studies demonstrate small foci of infection in-
terspersed among large areas of uninfected cells (141), and
examination of nasal secretions with labeled RV antibody
demonstrates occasional antigen-positive epithelial cells that

have been shed from the nasal mucosa (142). These studies
suggest that RV infection involves sparse and scattered areas
of the nasal epithelium and that infected cells are shed from
the epithelium, with rapid repair of the involved areas.

Despite the absence of overt histopathological damage to
the nasal mucosa, inflammatory responses occur in the nasal
epithelium and increased numbers of nasal epithelial cells
are shed in secretions. Polymorphonuclear leukocytes
(PMN) infiltrate the nasal epithelium early after infection,
and PMN concentrations increase in the nasal secretions
and peripheral blood but only in symptomatic individuals.
The correlation between the lymphocytic response to RV
infection and symptomatic illness is less clearly character-
ized. Modest increases in T-lymphocyte concentrations have
been reported both for the nasal mucosa and for nasal se-
cretions during RV infection; few B lymphocytes are noted
in the nasal mucosa.

The evidence summarized above suggests that nonspecific
host inflammatory responses may play a role in symptom
expression (Fig. 7). A number of inflammatory mediators are
increased in nasal secretions and/or the serum during RV
colds, including bradykinin, interleukin (IL)-1b, IL-6, IL-8,
interferon-inducible protein 10, and tumor necrosis factor
alpha. The concentrations of IL-6 and IL-8 in nasal secre-
tions have some correlation with symptom severity, and in-
tranasal instillation of IL-8 in healthy volunteers produces
symptoms that are similar to the common cold. Inhalation of
bradykinin by healthy volunteers produces nasal obstruction,
rhinorrhea, and sore throat. The detection of these mediators
in association with illness, however, does not provide de-
finitive evidence of a role in RV-associated illness. The role
of kinins, in particular, is unclear in light of a study dem-
onstrating that inhibition of the kinins with corticosteroids
had no effect on cold symptoms (143).

Neurogenic mechanisms, particularly the parasympa-
thetic nervous system, also appear to play a role in the
expression of illness during RV infections (Fig. 7). The
parasympathetic nervous system controls the secretory ac-
tivity of nasal seromucous glands. These glands, in associa-
tion with plasma transudation, provide most of the nasal
fluid produced during an RV cold. Drugs with anticholin-
ergic activity, such as atropine methonitrate and ipratropium
bromide, given intranasally and first-generation antihista-
mines given orally reduce mean nasal fluid volumes by ap-
proximately 30% in volunteers with experimental RV colds.
The mechanisms by which these mediators and neurogenic
reflexes are stimulated by RV infection remain unknown. In
addition to the obvious interaction between RV and the
known cellular receptors, other nonspecific interactions may
play a role in pathogenesis. Toll-like receptor 3, which rec-
ognizes double-stranded RNA, appears to mediate some
cellular responses to RV (144). RV replication complexes
occur in ceramide-enriched cell membrane platforms that
may play a role in stimulating relevant signaling pathways
(145). A number of secondary signaling pathways have been
implicated in the elaboration of inflammatory mediators
in vitro, but the relevance of these studies to the in vivo
elaboration of mediators remains to be determined.

Other host factors include possible roles of the host
psychological state, sleep patterns, and genetics in promot-
ing infection or illness. Shorter duration of sleep has been
associated with an increased risk for developing cold symp-
toms after experimental RV inoculation (146). Stress is not
a factor in the acquisition of infection, but chronic stress
in particular is associated with the development of more
severe symptoms (147). Genetic factors related to RV illness
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severity include polymorphisms in regions related to anti-
viral responses (e.g., IFNB1, JAK2, IL28A), immunoregu-
lation (e.g., IL6), and the vitamin D receptor (148, 149).

Immune Responses
Individuals who develop symptomatic RV illness have a
prompt inflammatory response, with elaboration of inflam-
matory mediators and PMN infiltration. Whether these in-
flammatory responses help to control the infection is
uncertain. Peak virus shedding occurs at approximately the
same time as the peak of symptoms, and virus concentrations
in secretions fall coincidently with the resolution of symp-
toms. Low levels of virus shedding can continue for 2 to 3
weeks, however, and the termination of viral shedding and
protection from subsequent infection are most closely cor-
related with the appearance of neutralizing antibody. Serum
neutralizing antibody titers rise in 40% to 80% of persons
following natural or experimental RV infection, depending
on the serotype involved. The reason for the differences in
antigenicity of the various RV serotypes is unknown. Studies
using serial specimens collected from the same individuals
have shown that serum neutralizing antibody can persist for
years. Serum neutralizing antibody levels of ‡ 8 are associ-
ated with good protection following natural exposure in the
home, and levels of ‡ 16 are generally associated with solid
immunity.

Although it appears that neutralizing antibody is impor-
tant in elimination of RV shedding from nasal secretions,
recovery from illness and the initial reduction in the viral
load in nasal secretions occur before specific antibody ap-
pears. Type I interferons likely contribute but are detected in
the nasal secretions during only one third of infections.
Preinfection gamma-interferon concentrations are inversely
correlated with both severity of illness and duration of virus
shedding during experimental colds (150). Type III inter-
ferons are more readily detected in nasal secretions and have
anti-RV effects in vitro (151), but their role in clinical illness
is not well understood.

Several mechanisms for antibody-mediated neutraliza-
tion of RVes have been proposed, including aggregation,
virion stabilization, induction of conformational changes,
and abrogation of cellular attachment (58, 59). Taken to-
gether, numerous biochemical and structural studies suggest
that neutralization of RV in vitro results from steric blockage
of the interaction between the virus and its receptors due to
the binding of the antibody molecules on the virion surface
(59).

The relative importance of serum versus nasal neutralizing
antibody for protection has been difficult to determine, be-
cause serum antibody is found in close association with nasal
antibody. The ratio of nasal to serum antibody following
recent infection is in the range of 1:2. Over time the ratio
falls to the range of 1:16, apparently because nasal antibody
concentrations decline more rapidly than in the serum.

The dynamics and the role of neutralizing antibody dur-
ing acute illness vary depending on the antibody status of the
host. During the acute phase of RV colds, there is consider-
able transudation of serum proteins into nasal secretions
(152). In seronegative persons, RV neutralizing antibody
appears in serum and nasal secretions approximately 2 weeks
after onset of infection. The neutralizing activity is present in
the immunoglobulin A (IgA) and IgG antibody classes, as
well as in IgM in early infection. Neutralizing titers rapidly
increase during the third and fourth weeks, at which time
viral shedding in nasal secretions is no longer detectable
(125).

Investigations into cellular mechanisms of innate im-
munity against RVs indicate that epithelial responses can be
initiated by engagement of cell surface receptors to the virus
(153, 154), detection of intracellular viral RNA (e.g., PKR,
TLR3, and RIG-I) (144, 155, 156), and activation of
proinflammatory signaling cascades (e.g., NFkB, p38 MAP
kinase) (153, 157). The net result of these processes is in-
creased transcription and production of intracellular anti-
viral effectors, as well as a host of secreted cytokines,
chemokines, interferons, and mediators (158, 159).

FIGURE 7 Proposed pathogenesis of symptoms associated with RV infection.
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Mechanisms of RV-Induced Exacerbations
of Asthma
Several factors contribute to the pathogenesis of virus-
induced exacerbations of asthma. More severe colds gener-
ally provoke exacerbations of asthma (118). Accordingly,
RV-A and RV-C cause greater severity of illness compared to
RV-B (96, 160), and are more likely to be associated with
exacerbations of asthma (20, 161). As in COPD, RV in-
fections in individuals with asthma are often followed by
overgrowth of bacterial pathogens, and the combination of
RV infection and detection of bacterial pathogens is asso-
ciated with an increased risk for exacerbation of asthma
(162). Whether secondary effects on airway bacteria con-
tribute to the pathogenesis of airway obstruction and clinical
symptoms remains to be determined.

Host factors are also important, including allergic sensi-
tization (163), eosinophilic inflammation (138, 164), type 2
inflammatory responses (e.g., IL-5, IL-13, IL-33) (118, 165,
166), and epithelial interferon production (167). The
combination of allergic sensitization and allergic exposure
increases the risk for exacerbations (168). Interestingly, al-
lergies that are associated with fall exacerbations, most often
caused by RVs, are perennial allergens such as dust mite and
cockroach instead of fall seasonal allergies (169).

The strong relationship between respiratory allergies and
exacerbations of asthma has led to a number of studies into
potential mechanisms of synergy between these two factors.
There is evidence that respiratory allergies may inhibit in-
terferon responses of blood dendritic cells and monocytes
(170, 171). In addition, allergy can interfere with antiviral
responses by affecting transcriptions factors (e.g., suppressor
of cytokine secretion-1, FoxA3) that influence cell differ-
entiation and the antiviral response (172, 173). Recently, in
children susceptible to exacerbation, treatment with oma-
lizumab, which blocks attachment of IgE to high-affinity IgE
receptors, demonstrated that focused inhibition of IgE led to
improved blood cell virus-induced interferon responses and
reductions in total and virus-induced exacerbations of
asthma (174, 175).

CLINICAL MANIFESTATIONS
The major clinical syndrome associated with RV infection is
rhinosinusitis, which is traditionally characterized as “the
common cold.” RV colds frequently begin as a sore or
scratchy throat that is followed closely by development of
nasal obstruction and rhinorrhea. Over the course of the
illness, the signs and symptoms of RV colds typically include
various combinations of sneezing, rhinorrhea, nasal ob-
struction, facial pressure, sore or scratchy throat, hoarseness,
cough, headache, malaise, and feeling chilly or feverish.
Cough occurs in approximately 30% of colds; it frequently
appears after the onset of nasal symptoms and often persists
longer. The clinical features of RV colds are similar in adults
and older children. Infants and young children may at times
display only mucus discharge from the nose. In addition,
infants more likely to have fever, which is uncommon in
infected children and adults, and less likely to have asymp-
tomatic infection (116, 176).

The median length of natural RV colds is 7 days, with
approximately one fourth lasting 2 weeks. However, their
duration is quite variable and has ranged from 1 to 33 days in
prospective epidemiological studies (177). Resolution of the
most severe symptoms occurs quite rapidly in most cases, and
lingering minor symptoms generally account for the pro-
longed duration of illness reported by some individuals.

Acute Sinusitis and Otologic Changes
RV has been recovered from sinus aspirates of patients with
acute community-acquired sinusitis, and RV RNA has also
been detected in brushings from the sinus cavities of similar
patients. Sinus imaging studies show that sinus involvement
is an inherent feature of colds; thus, a RV cold is a viral
rhinosinusitis. In young adults with early self-diagnosed
common colds, sinus cavity abnormalities have been ob-
served on computed tomography in up to 87% of patients
(178). These individuals recover from their illness without
intervention.

RV infection also results in abnormalities of the eusta-
chian tube and middle ear (179, 180). Abnormalities in
middle ear pressures are seen in 40% to 75% of volunteers
with experimental RV colds and 72% to 76% of patients
with natural RV colds, sometimes in association with middle
ear effusions. RV has been recovered alone and in combi-
nation with bacteria in middle-ear fluids from 24% of pa-
tients with otitis media (181). It is unclear whether viral
invasion of the middle ear is required for the development of
the eustachian tube and middle ear abnormalities.

Laboratory Abnormalities
Routine laboratory tests are not useful in the clinical eval-
uation of patients with suspected RV colds. During experi-
mental RV infection, there is a modest increase in blood
neutrophils, and a moderate elevation of the erythrocyte
sedimentation rate in some volunteers. A predominance of
PMN in the nasal secretions is characteristic of uncompli-
cated colds and does not aid in the diagnosis of bacterial
superinfection. Nasal resistance is increased and nasal mucus
transport times are mildly decreased in patients with natural
and experimental RV colds. Because sinus and nasal cavity
computed tomography scans show abnormalities (178), the
latter tests are not appropriate or useful in the clinical
management of patients with RV colds.

Complications

Acute Bacterial Sinusitis
The incidence of secondary acute bacterial sinusitis is dif-
ficult to ascertain given the changes that occur in the si-
nuses in uncomplicated RV colds. Various reports have
estimated that 0.5% to 8% of viral colds are complicated by
bacterial sinusitis. The factors leading to secondary bacterial
invasion of the sinus cavity during colds are incompletely
understood. Nose blowing propels nasal secretions into
the sinuses, and occlusion of the ethmoid infundibulum
in many patients with colds may trap nasopharyngeal bac-
teria in the sinus cavity, thus leading to secondary bacterial
infection.

Acute Bacterial Otitis Media
Acute bacterial otitis media complicates an estimated 2% of
colds in adults and up to 30% of colds in children. A high
incidence of eustachian tube dysfunction during the com-
mon cold has been reported, and bacteria presumably reach
the middle ear by a mechanism similar to that described
above for sinusitis.

Exacerbations of Chronic Obstructive Lung Disease
(COPD)
Up to 40% of exacerbations of COPD have been associated
with respiratory viral infections, most commonly caused
by RV (182, 183). The episodes are characterized by fever,
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increased purulence of the sputum, and worsening of
ventilation. Transient decreases in pulmonary function have
occurred in patients with chronic obstructive pulmonary
disease experiencing natural RV colds and following exper-
imental inoculation with RV (184, 185). The pathogenesis
of these abnormalities likely involves direct viral invasion of
the large airways, which may facilitate overgrowth of pro-
teobacteria including bacterial pathogens such as H. influ-
enzae (186).

Exacerbations of Asthma
RV is the principal virus implicated in precipitating asthma
attacks in older children and adults and is associated with
60% to 90% of the asthma exacerbations in children (187,
188). Both a fall peak of asthma exacerbation and the fall
increase in the incidence of RV infection have been reported
in association with the start of the school year (102, 104).
RV is particularly important in precipitating episodes of
asthma in children over 2 years of age, in whom the infec-
tion is often associated with allergen-specific IgE (163), and
the timing of the asthma peak may be due to a convergence
of RV infection spread among schoolchildren and seasonal
allergen exposure (168).

Other Lower Respiratory Syndromes
RV is often detected in upper airway secretions in children
with pneumonia (20, 189, 190). RV-associated lower respi-
ratory syndromes are most common in very young children,
and RV is the second most common pathogen associated
with infant bronchiolitis (191, 192). RV-C and RV-A are
more likely associated with lower respiratory symptoms
than RV-B (20). Given the difficulty in obtaining lower
respiratory specimens, it is uncertain how often RV is a sole
pathogen vs. serving as an initiating factor for secondary
bacterial infections. In wheezing infants, RV has been de-
tected in lower airway biopsies, and RV detection was as-
sociated with reduced lung function in these infants (193).
One study reported that 24% of children with pneumonia
had RV detected in the upper respiratory tract by RT-PCR
(189), although over one half of these patients had evidence
of a concurrent bacterial infection. Seasonal trends for in-
vasive pneumococcal disease in young children correlate
with RV prevalence, suggesting an interaction (194). In
adults, RV is the virus most often detected, either alone
or more commonly associated with a bacterial pathogen,
in patients requiring ventilation for severe pneumonia
(195, 196).

RV infections have also been implicated in exacerbations
of chronic lung symptoms in cystic fibrosis (CF) (197, 198).
Lower airway antiviral responses may be impaired in CF, as
viral load in lower airway secretions in CF exceeds that of
samples from patients with asthma, or samples from normal
individuals (199).

Infections in Immunocompromised Patients
RV infections can be problematic in adults and children with
immune deficiencies or in those who are immunosuppressed
following bone marrow or organ transplantation (200, 201).
For example, weekly surveillance of 215 patients following
bone marrow transplantation demonstrated a cumulative
incidence of RV infections of 22% in the first 100 days fol-
lowing transplantation (202). Prolonged viral shedding was
detected in 6 of 45 patients, but only 2 developed lower
respiratory illness. Furthermore, persistent infection of the
lower respiratory tract with the same RV type can occur

(203), and viral load correlates with severity of symptoms
in immune compromised individuals (204). Adults with
X-linked agammaglobulinemia (XLA) have more frequent
and prolonged infections and illnesses with RV, even when
taking appropriate immunoglobulin replacement (205).
BTK, which is the defective gene in XLA, contributes to
signaling through TLR8, which detects intracellular single-
stranded RNA. This may explain the increased susceptibility
of patients with XLA to infections with both RVs and en-
teroviruses (205).

When RVs are detected in lower airway secretions, in-
terpretation of the virology should be tempered by knowl-
edge of the high prevalence of RV in the general population,
the potential for contamination of the lower airway speci-
mens by upper respiratory secretions, and the possibility of
concurrent infection with a respiratory pathogen, lending
support to the concept that the virus can cause prolonged
viral shedding and clinically meaningful infections in the
context of immune suppression.

CLINICAL DIAGNOSIS
Colds are familiar to everyone, and the illness is usually self-
diagnosed before the patient seeks medical attention. The
physical findings in the common cold are limited to the
upper respiratory tract. Increased nasal secretion is fre-
quently obvious, and a change in the color or consistency of
the secretions is common during the course of the illness and
is not an indication of sinusitis or bacterial superinfection.
Examination of the nasal cavity may reveal swollen, ery-
thematous nasal turbinates; however, this finding is non-
specific and of limited diagnostic usefulness.

Colds are different from episodes of allergic rhinitis;
persistent sneezing, thin nasal discharge, watery eyes, and
sensation of mucosal itch are more common in the latter.
Also, other symptoms of colds such as sore throat, cough,
malaise, and headache are less common with allergic or
vasomotor rhinitis. When viral culture and nasal smear eo-
sinophilia were used as criteria for diagnosis, colds could be
reliably distinguished from allergic rhinitis in adults.

The clinical features of RV infection do not allow reliable
differentiation from respiratory infections caused by other
viral pathogens. Knowing the seasonal prevalence of the
different respiratory viruses helps in suspecting the specific
viral etiology of a cold, but a firm diagnosis depends on viral
culture or serology, which is usually not practical or neces-
sary for routine patient care.

Distinguishing the rhinosinusitis of an RV cold from a
secondary acute bacterial sinusitis is often difficult. Two
clinical presentations of acute bacterial sinusitis can be
recognized. First, the classical features of acute bacterial si-
nusitis include fever and facial pain, swelling, or tenderness.
There may also be maxillary toothache if the infection is of
dental origin. The features of this presentation, while spe-
cific, are often not present and thus lack sensitivity. The
second and more common presentation of acute bacterial
sinusitis is that of an acute respiratory illness which begins as
a cold or “flu” but lasts longer than expected. Most natural
RV colds have ended by 12 to 14 days, and almost all colds
have improved by the second week of illness (177, 206).
Therefore, the diagnosis of secondary bacterial sinusitis
should be suspected in acute respiratory illnesses that have
not improved or are worse after 10 days. Radiographic im-
aging for diagnosis of bacterial sinusitis is of limited utility
(178), and the imaging abnormalities seen with viral and
bacterial sinusitis are often indistinguishable.
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LABORATORY DIAGNOSIS
Virus Isolation
Human RVs are found in airway secretions, with the highest
concentration in nasal fluids. Specimens used for viral cul-
ture have been primarily deep nasal swabs or nasal washes.
Specimens of respiratory secretions intended for RV culture
should be placed in a viral collecting broth that contains
proteins, for example BSA, to prevent virus loss due to
nonspecific adsorption to plastic or glass surface of the vials.

Historically, cell culture has been the standard method
for RV isolation and propagation. Most work has been done
in diploid strains of human embryonic lung cells (WI-38 and
MRC-5) (83). Diploid fetal tonsil cells and heteroploid cell
lines such as HeLa have also been used. Different lots of
these cells may vary 100-fold or more in their sensitivity to
RV for unknown reasons. RV-C will grow only in sinus organ
culture, fully differentiated cultures of primary airway epi-
thelial cells, or in cells engineered to express CDHR3.
Therefore, cell cultures should be selected and monitored for
sensitivity when used for growing RV.

Most RV types grow best at temperatures of 33–34°C
under conditions of motion (e.g., roller drum). Cytopathic
effect is readily apparent in sensitive cells (Fig. 6). The 50%
human infectious dose (HID50) and the 50% tissue culture
infectious dose (TCID50) are essentially the same for RV in
limited testing (207). One TCID50 per 0.5 ml of inoculum
was sufficient to cause a productive infection in human
without preexisting antibodies (208).

Antigen Detection
Fluorescent antibody and immunoperoxidase methods for
detecting RV antigen have been used in experimental
studies. However, these techniques are generally serotype
specific. Because of the relative difficulty of growing RV in
cell culture and the low concentration of RV in respiratory
secretions, these methods have not been adapted for clinical
use. Immunodetection assay for RV is not commercially
available.

Nucleic Acid Detection
RT-PCR-based molecular assays have become the standard
tools for the detection, identification, and quantification of
RVs in clinical specimens because they are more sensitive
and faster and easier to perform than traditional culture-
based and serological methods. The 5¢NTR of the rhinoviral
genomic RNA has several short stretches of sequence that
are highly conserved among all RVs. The PCR primers based
on these conserved sequences can be used for sensitive and
specific detection of RV-A–B, and -C as a group (209, 96).
However, these PCR primers also detect closely related
enteroviruses (e.g., EV-D68) which can also cause some re-
spiratory illnesses (209). High throughput multiplex RT-
PCR assay kits, such as xTAG RVP (Luminex Corporation)
and FilmArray RP (BioFire Diagnostics), are commercially
available for the detection of RV/enterovirus and other
common respiratory viruses in clinical specimens (91, 210,
211). Molecular typing assays have also been developed for
rapid identification of individual RV-A, -B serotypes, or RV-C
types in clinical samples (25, 96, 212, 213). These assays use
very sensitive and specific two-step PCR method to amplify a
390-bp variable region in the 5¢ NTR or a 640-bp region of
the capsid protein genes VP4-VP2 of the rhinoviral genome
for direct sequence determination. The type is then deter-
mined by phylogenetic comparisons of the resulting sequences
to corresponding reference sequences of the 150 known RV

types (213). The 5¢NTR assay is very sensitive. It detects as
low as 10 copies of RV cDNA per reaction. The VP4-2 assay is
about 80% as sensitive as the 5¢NTR assay, and is useful for
confirming the typing results of the 5¢NTR assay (96). In
addition, real-time quantitative (q) PCR methods also been
established to measure viral loads of all known RV-A and—B
serotypes and some RV-C types (213).

In situ hybridization using RV-specific probes has been
used to locate the anatomic sites and cell types which sup-
port viral replication in the airways of infected subjects
(119, 124), making it a useful technique to study patho-
genesis.

Serologic Assays
Viral neutralization assay is the standard serologic method
for RV-A and -B viruses (207), and these techniques are
under development for RV-C. Complement fixation and
hemagglutination tests have been developed but have not
proven useful. The neutralization assay is used to identify
specific viral serotypes and to measure antibody in human
serum and nasal secretions. Viral shedding is a more sensitive
indicator of infection than serological response with exper-
imental RV infections (207). However, in some studies of
natural infection, either procedure alone identified two
thirds of the total diagnosed infections, and in family studies,
20%-40% of infections were detected only by serological
assays.

Hyperimmune RVantisera have been produced in several
animal species (207). Antiserum preparations from goats and
calves have contained cytotoxic substances not found in
rabbit and guinea pig preparations. Identification of RV se-
rotypes in epidemiologic studies has been accomplished
using antiserum pooled by a combinatorial method that has
been adapted to a microtitration system. To measure RV
neutralizing antibody in human serum and nasal washes, a
small inoculum (3.2–16 TCID50) of virus should be used in a
neutralization assay to provide sufficient sensitivity to detect
the relatively low concentration of antibody in these spec-
imens (215). ATCC has a collection of antisera against 89
RV-A and -B serotypes.

A major problem with using the neutralization assay for
diagnosis is the existence of 100 RV-A and RV-B serotypes,
as well as difficulties with culturing RV-C types. Thus, se-
rological diagnosis is practical only when the serotype of the
infecting virus is known or suspected, such as in experi-
mental virus challenge studies or in family studies where a
RV has been recovered from a family member.

PREVENTION
The only source of RV is the human airway and possibly sites
in the environment contaminated with virus-containing
nasal secretions. Thus, it may be possible to lower the risk of
infection by avoiding exposure through modifying personal
behavior (handwashing, avoiding contacts when infected)
and by selected environmental measures. Eradication of vi-
rus contaminating the hands by use of virucidal agents is an
attractive approach to prevention of RV infection; however,
trials with virucidal agents have not led to commercial
products (216, 217). Commonly used hand sanitizers con-
taining 62% ethanol are effective for removing RV from the
hands (218).

Hope for the development of a common-cold vaccine
was considerably reduced when the large number of common-
cold viruses was discovered in the 1950s and 1960s. The
application of new technology to identify shared B-cell
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epitopes among RV types has led to renewed interest in an
RV vaccine (219–222). To date, immunization of mice with
cross-reactive epitopes has led to a limited breadth of cross-
protection (220). There are also some shared T-cell epitopes
among RV types (223), and some evidence that T-cell pro-
liferative responses confer some protection against illness
(224).

Chemoprophylaxis of RV infections is an important goal,
especially for young children, the elderly, and patients with
chronic respiratory disease. Progress in the development of
antiviral medications that could be suitable for prophylactic
use is described in the next section.

TREATMENT
Symptomatic Therapies
The current treatment of RV-associated illness relies on
remedies directed at specific symptoms. For common colds
the efficacy of treatments for nasal obstruction, rhinorrhea,
and the pain symptoms (i.e., sore throat and headache) has
been demonstrated in studies done with adults (225). At-
tempts to demonstrate beneficial effects of these agents in
children have failed, although it is not clear whether this
failure is due to a lack of effect in children or simply due
to the difficulty in assessing subjective symptoms in this
population.

Adrenergic agents given either by topical intranasal
administration or orally have demonstrable effects on na-
sal obstruction. Topical administration of phenylephrine,
oxymetazoline, or xylometazoline produces a prompt and
marked reduction in nasal obstruction, with a gradual return
to the baseline over a period of several hours. The use of
these agents may be associated with nasal irritation, and
prolonged use may be associated with rebound nasal ob-
struction. Although there has been no systematic compari-
son of the effect of topical and oral adrenergic agents on the
nasal obstruction associated with the common cold, the oral
agents produce about a 20% reduction in obstruction se-
verity, compared to about 80% with the topical agents. The
oral agents may also be associated with systemic side effects,
including irritability and insomnia, and are contraindicated
in children.

Rhinorrhea can also be treated topically or systemically.
The first-generation antihistamines are the most commonly
used treatment for runny nose and reduce rhinorrhea se-
verity by approximately 25%. The effect on rhinorrhea
appears to be related to the anticholinergic effects of the
first-generation antihistamines, since the second-generation
(nonsedating) antihistamines that have reduced anticho-
linergic side effects have no effect on colds. Sedation is a
major side effect of the first-generation antihistamines and
can be incapacitating for some individuals. Ipratropium
bromide is a topical anticholinergic agent that is marketed
for treatment of rhinorrhea and has effects comparable to
those of the first-generation antihistamines. Nasal irritation
and occasional bloody nasal mucus are side effects.

Cough associated with the common cold is frequently
bothersome, but there are no satisfactory treatments for this
symptom. Treatment with the antitussives codeine and
dextromethorphan has not been shown to have a clinically
significant effect on cough in colds (226).

Although some of these symptomatic treatments appear
to have beneficial effects on common-cold symptoms, there
is no evidence that the use of these treatments will have an
impact on complications. The use of symptomatic therapies

in children is not recommended given the inability to
demonstrate beneficial effects in this population as well as
the potential side effects associated with their use. Notably,
the FDA has prohibited marketing of combination cough
and cold medications for children due to reports of toxicity
with overdoses and even in a small number of children re-
ceiving standard doses of these medications.

Other Remedies
The lack of specific therapies, concern about the relative risk
of symptomatic treatments, and the relatively benign nature
of the common cold have produced popular and commercial
interests in the use of alternative medicines for treatment of
this illness. Many different nonconventional remedies have
been promoted, but few have been subjected to rigorous
scientific evaluation. Vitamin C and zinc have been studied
extensively; however, meta-analyses found no significant
effects on either prevention or treatment (227, 228). Fur-
thermore, intranasal zinc was taken off the market for
treatment of colds due to association with anosmia (229).
Likewise, clinical trials of oral echinacea or topical iota-
carrageenan nasal spray have provided no evidence of effi-
cacy against colds (230–232). Probiotics reduced the rate of
RV illnesses in a double-blind, placebo-controlled trial in-
volving preterm infants (233), but had no significant benefit
when administered to adults who were experimentally in-
oculated with RV (234). Treatment with topical cortico-
steroid can lead to prolonged RV shedding but has no
clinically significant effects on cold symptoms (235).

Antiviral Treatment
A variety of antiviral approaches to prevent or treat RV
infections have been studied, but no antivirals are currently
approved for the treatment of RV infections in the United
States. The failure of this effort to produce useful antiviral
therapies is due, in part, to the fact that RV colds are self-
limited and of short duration. As a result, treatments for the
common cold must be rapidly effective, inexpensive, and
virtually without toxicity or side effects.

Interferons, given as either prophylaxis or treatment for
RV infections, have been studied extensively. Recombinant
alpha-interferon given intranasally either as seasonal pro-
phylaxis or as contact prophylaxis was effective for preven-
tion of RV colds but caused local side effects and was not
effective when given as treatment after onset of symptoms
(108, 236, 237). Inhaled IFN-b has been tested as an ap-
proach to prevention of virus-induced exacerbations of
asthma. Subjects with persistent asthma and a history of
exacerbations provoked by colds were randomized to treat-
ment with either nebulized IFN-b or placebo within 24
hours of the onset of cold symptoms (238). Although IFN-b
treatment did not reduce asthma symptoms scores in the
study population as a whole, exacerbation risk was reduced
in participants with more severe asthma. Larger trials are
underway to determine whether inhaled IFN-b could be
useful for preventing asthma exacerbations induced by colds
in patients with more severe asthma.

Capsid-binding agents bind in a pocket below the “can-
yon” region of the virion act by altering the conformation of
the canyon to prevent receptor binding and/or by stabilizing
the capsid and preventing uncoating. Compounds exhibit-
ing this mechanism of action include a variety of isoxazole
derivatives, flavonoids, pyridazines, and others. Pleconaril
was the most extensively studied of these compounds. In
large phase 3 clinical trials, an oral formulation of this drug
reduced the total duration of colds by about 1 day and
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reduced symptom severity by about 19% (239). This drug
was not approved for use as a common-cold treatment by the
U.S. Food and Drug Administration because of safety con-
cerns related to induction of cytochrome P450 3A isoen-
zymes. Vapendavir is a newer capsid binding agent that is
now being tested for effects on virus-induced exacerbations
of asthma (240). Decoy soluble ICAM-1, antibody to
ICAM-1, 3C protease inhibitors, interferon inducers, and
the benzimidazole derivative enviroxime have all been
studied as common-cold treatments, but none of these has
yet been developed into an effective product for prevention
or treatment of the RV infection.
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Hepatitis A is an acute, self-limiting infection of the liver by
hepatitis A virus (HAV), an enterically transmitted, hepa-
totropic member of the picornavirus family. Although HAV
infection may occasionally result in fulminant hepatitis and
death, it is not recognized to cause persistent infection or
chronic hepatitis, even in severely immunocompromised
individuals.

Reports of icteric disease in early Chinese literature and
in the writings of Hippocrates may represent hepatitis A, but
the disease discussed cannot be distinguished reliably from
jaundice due to other causes (1). The earliest documented
outbreaks of probable hepatitis A occurred in soldiers in
Europe in the 17th and 18th centuries. Hepatitis A has
plagued military campaigns throughout history, and many of
the earliest terms used to describe the disease, like kriegsik-
terus and jaunisse des camps, reflect this close association (2).

Studies of hepatitis before and during World War II
clearly established the existence of two distinct infectious
forms of the disease, which later came to be known as hep-
atitis A and hepatitis B (3, 4). Experimental transmission
studies defined the major features of hepatitis A: a relatively
short incubation period (15 to 49 days), a fecal-oral mode of
transmission, and long-lasting immunity that could be pas-
sively transferred. An animal model of HAV infection in
marmosets was established by 1967 (5). The responsible virus
was visualized in fecal extracts from adult volunteers in 1973
using immune electron microscopy (6), a finding that also
resulted in a crude, but sensitive, test for antibody to HAV
(anti-HAV). Viruslike particles approximately 27 nm in di-
ameter were specifically aggregated by convalescent, but not
preinfection, human sera (Fig. 1). The identification of HAV
and the demonstration that infection could be transmitted to
marmosets and tamarins, and, later, to seronegative chim-
panzees ushered in a new era of research on hepatitis A that
culminated in the propagation of the virus in cell culture (7),
molecular cloning and sequencing of the viral genome (8),
and the subsequent development and licensure of safe, ef-
fective vaccines (9, 10). Although the intensity of research
on hepatitis A declined significantly following the licensure
of effective vaccines, renewed interest in the virus has arisen
because of its unusual alternative extracellular forms, circu-
lating within the infected host in a quasi-enveloped form
(eHAV) completely cloaked in host membranes, but shed in
feces as a highly stable, naked, nonenveloped virion (11).

VIROLOGY
Classification
Based on the structure of its capsid and the organization and
sequence of its positive-strand RNA genome, HAV is clas-
sified as the type species of the genus Hepatovirus within the
Picornaviridae, a large and diverse family of viruses that
includes many other agents of medical and veterinary im-
portance. Although HAV shares many features in common
with other members of this family, very limited nucleotide
sequence relatedness (12) and several attributes specific to
HAV (13) distinguish it from other picornaviruses and
warrant its classification in a separate genus. Other viruses
classified within the hepatoviruses include HAV strains re-
covered from nonhuman primates and viruses identified
recently in bats, hedgehogs, shrews, and rodents, some of
which appear to share antigenic determinants with human
HAV (14).

Physical Characteristics of HAV

Genome Organization
The single-stranded, messenger-sense RNA genome of HAV
contains a single, long, open reading frame (ORF) flanked
by both 5¢ and 3¢ untranslated RNA segments (UTRs)
(Fig. 2). It lacks the 5¢ m7G cap structure typical of host
mRNAs, and is instead covalently bound at its 5¢ end to a
virus-encoded protein termed VPg (3B) (15). As with other
picornaviruses, VPg likely serves as a protein primer for
RNA synthesis. The 5¢UTR contains a high degree of sec-
ondary and tertiary RNA structure that has been defined by
a combination of phylogenetic analyses, functional genetic
studies, and direct biophysical and nuclease mapping tech-
niques (16). This part of the genome contains both essential
RNA replication elements and a highly structured segment
that functions as an “internal ribosome entry site” (IRES)
directing interactions of the RNA with 40S ribosomal sub-
units. The IRES drives internal initiation of viral translation
in a 5¢ cap-independent fashion, bypassing multiple up-
stream AUG codons (16). Translation may initiate at either
of two AUG codons at positions 735–737 and 741–743,
although the second of these codons is preferred (17).
Although cap independent, HAV translation requires most,
if not all, eukaryotic translation initiation factors, and results
in a polyprotein of approximately 2,227 amino acids residues
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that is proteolytically processed into both structural (P1) and
nonstructural (2BC and P3) polypeptides (Fig. 2). Following
a translation terminator sequence, the genome ends with a 3¢
nontranslated region of 63 nucleotides followed by a poly(A)
tail of variable length as is typical of picornavirus genomes.

In addition to critical RNA structures within the 5¢ and
3¢ UTRs that have regulatory functions in the replication
cycle, a large, conserved, complex stem-loop structure
within the polyprotein-coding segment of the genome (3D
region) functions as a cis-acting replication element (cre)
(18). Similar cre elements are found in other picornaviruses,
although in different regions of the genome, and function as
RNA structures (see below) while also encoding proteins to
be translated.

Structural and Nonstructural (Replicase) Proteins
The primary cleavage of the polyprotein occurs co-
translationally between the VP1pX and 2B protein segments
of the polyprotein, producing P1 (structural proteins) and
P2-3 (nonstructural proteins) precursor polypeptides (Fig.
2). This cleavage is mediated by the only protease encoded
by the virus, the 3C protein (3Cpro) (19, 20). 3Cpro, a cys-
teine protease (21), is responsible for all processing events in
the polyprotein with the exception of scission at the VP4-
VP2 junction—a late event following RNA packaging into
the capsid and that may, in part, be catalyzed by RNA—
trimming at theVP1-pX junction, mediated by one or more
unknown host proteases (22, 23).

The P1 segment comprises four structural polypeptides in
order from the amino terminus, VP4 (also known as 1A),
VP2 (1B), VP3 (1C), and VP1pX (1D), named according to
picornaviral convention, with VP1 being the largest (Fig. 2).
The carboxy-terminal pX extension is found only in quasi-
enveloped eHAV particles, and is absent in the mature,
nonenveloped virion shed in feces (see below). Thus, the
proteins in the mature naked capsid are approximately 23,
222, 246, and 273 amino acids in length, respectively. While
pX is often referred to as “2A,” this segment of the poly-
protein lacks homology with any other picornaviral 2A
proteins (indeed, with any other protein in the database),
and does not possess the cis-active protease activity found in
the 2A proteins of other picornaviruses. pX functions in
capsid assembly and is present in early assembly intermedi-
ates (24–26), and is thus best considered a part of the
structural protein complement of the virus (i.e., P1 seg-
ment). VP4 (1A) is substantially smaller than its homologs
in other picornaviruses, but recently has been confirmed to
be present in the HAV capsid (27).

Each of the nonstructural proteins derived from the P2-
P3 segment of the polyprotein is likely to contribute to as-
sembly of a membrane-bound viral replicase complex that is
responsible for synthesis of new RNA genomes. Unlike other
Picornaviridae, HAV has no nonstructural 2A protein. 2B
and 2C, and probably the unprocessed precursor 2BC, are
involved in directing rearrangements of cellular membranes
required for replicase assembly (28, 29). The 2B protein is
very hydrophobic, and may anchor the replicase complexes
to altered intracellular membranes (28). On the other hand,
2C has NTPase activity and contains a helicase motif. The
P3 nonstructural proteins include an RNA-dependent RNA
polymerase (3Dpol), the cysteine protease (3Cpro), and 3B
(VPg), the protein primer for RNA synthesis. VPg is likely
to be doubly uridylated in a slide-back reaction templated by
the RNA cre and catalyzed by 3Dpol and 3CD (30). It re-
mains covalently linked to the 5¢ end of both positive- and
negative-strand RNAs, but is probably stripped from the

FIGURE 1 Electron micrographs of HAV. (A) Immune electron
micrograph of HAV particles from human stool reacted with con-
valescent serum. The particles are heavily coated with and aggre-
gated by antibody. Both “full” and “empty” particles can be seen. (B)
An immune electron micrograph showing particles from human
stool reacted with a preinfection serum. The 27- to 28-nm particles
are nearly devoid of antibody and some fine structure can be seen.
(C) Quasi-enveloped eHAV particles (panels a–d) and a non-
enveloped HAV virion purified by density gradient centrifugation
from supernatant fluids of infected Huh-7 cell cultures. The density
of the fractions containing the particles is shown below the images.
(A) and (B) Reprinted from Richman DD, Whitley RJ, Hayden FG
(ed) Clinical Virology, 3rd ed, with permission. (C) (Reprinted from
reference 39 with permission of the publisher.)

1166 - THE AGENTS—PART B: RNA VIRUSES



positive-strand RNA by an unknown VPg unlinkase fol-
lowing viral entry and release of the genome into the cyto-
plasm. 3A contains a hydrophobic 21 amino acid stretch
that is believed to anchor the 3ABC precursor of VPg to
cellular membranes. Interestingly, the 3A transmembrane
domain targets 3ABC to mitochondrial membranes, where
it proteolytically cleaves mitochondrial antiviral signaling
protein (MAVS), an important adaptor protein involved in
the induction of interferon responses to virus infection (31).

Virion Structure
The viral genome is encapsidated within a stable icosahedral
protein shell (the capsid) comprised of 60 copies of each of
the four P1 polypeptides: VP1, VP2, VP3, and VP4. Mature
virions purified from the feces of infected humans or chim-
panzees band at 1.32 to 1.34 g/cm3 in cesium chloride
(CsCl) and sediment at approximately 160 S (32). Particles
with lower density that band at about 1.27 g/cm3 in CsCl
and sediment at 70 to 80 S can often be detected in HAV
preparations, and may represent empty capsids devoid of
genomic RNA (32, 33) (Fig. 1). Unlike poliovirus and other
well-studied picornaviruses, the smallest of the structural
proteins, VP4, is not myristoylated at its amino terminus
(34). Mutational studies suggest a noncanonical capsid as-
sembly pathway that differs from that of other well-studied
picornaviruses, with the 8-kDa carboxy-terminal pX exten-
sion on the largest capsid protein, VP1, playing a critical role

in assembly of pentamer subunits rather than VP4 as is the
case with other picornaviruses (24, 25).

Recent X-ray crystallographic studies of formalin-
inactivated virus (27) (Fig. 3) indicate that the surface of the
capsid is relatively smooth, devoid of depressions present in
other picornaviruses that serve to shield receptor-binding
sites from antibodies. The protein chains within the capsid
are organized like other viruses in the picornavirus family
with the exception of VP2, the amino terminus of which is
dramatically repositioned such that it interacts with adjacent
pentamer subunits, potentially contributing to the high
physical stability of the particle (see below). This “domain
swap” recapitulates the capsid structure of insect cripaviruses
that are distantly related to the picornaviruses, distinguish-
ing HAV from other mammalian picornaviruses and sug-
gesting an ancient evolutionary relationship (Fig. 3) (27).

Antigenic Composition
HAV strains recovered from humans and from nonhuman
primates appear to comprise only a single serotype worldwide
(35), a fact that has important implications for the success of
vaccines. However, neutralizing murine monoclonal anti-
bodies (MAbs) do not recognize denatured capsid proteins,
but only their completely folded native conformations
within the capsid. Antisera raised to synthetic peptides or
proteins expressed from recombinant DNA show only weak
reactivity with native capsids and have very limited virus

FIGURE 2 HAV genome organization and polyprotein processing cascade. The positive-strand RNA genome of HAV is approximately 7.5
kilobases (kb) in length and contains a single long open reading frame (ORF, box) flanked by relatively short 5¢ and 3¢ untranslated regions
(UTRs, solid lines) as shown. The 5¢UTR is covalently linked at the 5¢ end to the genome-linked protein VPg (otherwise known as 3B), and
contains a highly structured internal ribosome entry site (IRES) that drives 5¢ cap-independent translation of the polyprotein encoded by the
ORF. The 3¢ UTR terminates in a lengthy poly(A) sequence. The HAV polyprotein is co- and posttranslationally processed by the viral
protease 3Cpro (red box) that cleaves the polyprotein and its derivatives at sites indicated by the red triangles, producing both the structural
(P1, turquoise) and nonstructural proteins (P2+P3, tan and red) that go to form the capsid and replicase complex, respectively. Yet-to-be-
identified protease activities cause a final maturation cleavage in the VP0 (VP4+VP2) capsid protein, and trim the C-terminal pX domain off
of VP1, during late stages in viral maturation.
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neutralization activity (36), ruling out the development of
vaccines based on recombinant DNA technology.

Antigenic variants of HAV resistant to neutralizing
MAbs have been selected by repeated passage of cell cul-
ture–adapted virus in the presence of these antibodies (37).
These neutralization escape variants contain a limited set of
substitutions in closely spaced neutralization epitopes in
polypeptide loops within VP3 and VP1 (38). The critical
neutralization epitopes of HAV are thus conformationally
defined structures rather than linear epitopes, and involve
residues of VP1 and VP3. The exact structure of these epi-
topes is now known from X-ray crystallographic studies (27).

Competition studies with various neutralizing MAbs suggest
the existence of a single immunodominant site. Remarkably,
a combination of only two murine MAbs is capable of effi-
ciently blocking the binding of antibodies present in poly-
clonal human convalescent sera (38).

Quasi-enveloped eHAV Virions
In addition to the nonenveloped, naked virions described
above, HAV has been recognized recently to be released
from cells noncytolytically, completely wrapped in host-cell
membranes (39) (Fig. 1). The membranes enveloping the
capsid in these particles appear to lack any virally encoded
protein, distinguishing these “quasi-enveloped” virions
(termed “eHAV”) from classic enveloped viruses that possess
glycosylated viral peplomers on their surface (11). Never-
theless, these eHAV virions are fully infectious in cell cul-
ture, yet completely resistant to neutralizing antibodies
targeting the capsid in standard infection focus-reduction
assays due to the surrounding membranes. The biogenesis of
eHAVappears to involve the recruitment of fully assembled,
intracellular capsids by components of the cellular endoso-
mal complex required for sorting (ESCRT) complex, and
likely involves the budding of the capsid into multivesicular
bodies (MVBs) that subsequently release their contents into
the extracellular space at the plasma membrane (39)
(Fig. 4). This process provides a mechanism for viral egress
from the cell, allowing the virus to cross the plasma mem-
brane without cell lysis, and may have many features in
common with the biogenesis of exosomes.

Quasi-enveloped eHAV virions are readily separated
from naked virions by isopycnic ultracentrifugation in den-
sity gradients. The capsid proteins present in eHAV differ
from those in the naked virion in that VP1pX is incom-
pletely processed, retaining its 8 kDa carboxy-terminal pX
extension (39). pX is clipped off the particle following re-
moval of the membrane with detergents.

Surprisingly, quasi-enveloped eHAV particles appear to
be the only form of virus circulating in blood during acute
infection, both in humans and in experimentally infected
chimpanzees, whereas virus shed in stool is composed ex-
clusively of naked, nonenveloped virions (39). It is likely
that both types of virus are produced within hepatocytes,
and that the eHAV membrane is lost during passage through
the biliary system due to high concentrations of bile salts in
the proximal biliary canaliculus. Interestingly, hepatitis E
virus, an unrelated positive-strand RNA virus that also
causes acute hepatitis, has evolved very similar alternative
extracellular forms (11).

Genetic and Antigenic Diversity
Partial sequencing of the genomes of HAV strains recovered
from human or nonhuman primate sources in widely sepa-
rated geographical areas has revealed only limited genomic
diversity (40, 41). Thus, primate-derived viruses are closely
related genetically, especially when compared with the ge-
netic diversity evident among other picornaviruses. Two
major genotypes (I and III) have been described among these
strains, as well as two minor genotypes (II and VII), whose
nucleotide sequences differ from each other at 15% to 25%
of base positions in the genomic region studied (VP1-2A
junction). Three other genotypes (IV, V, and VI) each in-
clude a single simian HAV strain (41). Much greater di-
versity is evident among related viruses in bats, shrews,
hedgehogs, and rodents, which show a 32.4% to 47.4%
distance from human HAV in their amino acid sequences
(14). These novel viruses have yet to be assigned to specific

FIGURE 3 X-ray crystallographic structure of the HAV capsid.
Overall structure of the HAV capsid as deduced from X-ray crys-
tallographic studies of formalin-inactivated vaccine virus (27). (A)
Left: Accessible surface of the capsid, showing residues contributed
by VP1 as red, VP2 green, and VP3 blue (60 copies of each are
present within one capsid). VP4 is internal and is not seen. Right:
Electrostatic surface of the capsid; red=negative charge, blue=-
positive charge, white=neutral. Yellow dots are sulfate ions. (B)
Overlay of folded VP2 structure of HAV with that of VP2 protein
from (left) cricket paralysis virus (CrPV) and (right) the mamma-
lian picornavirus, foot-and-mouth virus (FMDV), showing promi-
nent domain-swap paralleling structure in the insect virus. (C)
Structural phylogeny of the HAV capsid showing its intermediate
position between that of other mammalian picornaviruses and
distantly related viruses such as CrPV. (Reprinted from reference 27
with permission of the publisher.)
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genotypes, but they are close enough in sequence to human
HAV to warrant their assignment to the Hepatovirus genus.
A considerable number of distinct HAV strains have been
entirely or nearly entirely sequenced (8, 14, 42–44). Mul-
tiple, cell culture–adapted variants derived from one human
HAV strain (HM175) have also been fully sequenced, re-
vealing genomic regions that undergo change during prop-
agation in cell culture and may result in attenuation of the
virus (42, 45–47).

HAV strains recovered from humans demonstrate high-
level (90% to 95%) conservation in the amino acid se-
quences of the viral capsid proteins. Consistent with this
finding, viruses belonging to distinct genotypes elicit anti-
bodies with substantial cross-neutralizing activity, indicating
that these viruses comprise only a single HAV serotype (35).
Although some MAbs are capable of distinguishing unique
epitopes that are variably present in strains of HAV isolated
from humans or from naturally infected cynomolgus and
African green monkeys (44, 48), simian and human strains
of HAV demonstrate substantial antigenic cross-reactivity.
This close antigenic relatedness may extend even to non-
primate hepatoviruses, as some bat sera appear to recognize
human HAV antigens (14). Given the distance between
sequences encoding structural proteins, however, it seems

likely that at least some of these recently identified viruses
comprise one or more additional HAV serotypes.

Stability and Resistance to Chemical Agents
In common with type C enteroviruses, the naked, non-
enveloped HAV particle is stable at low pH (pH < 3.0) (49,
50). However, the thermal stability of HAV is considerably
greater than that of enteroviruses (50, 51). Incubation of the
virus for 4 weeks at room temperature results in only a 100-
fold decrease in infectivity. Significant loss of infectivity
starts to occur with exposure at 60°C for short periods and
infectivity is destroyed almost instantaneously by heating
above 90°C (52). However, outbreaks of hepatitis A have
been reported following ingestion of partially cooked shell-
fish, suggesting that brief steaming may be insufficient to
destroy the virus. In addition, HAV infectivity is highly re-
sistant to drying, and infectious virus has been recovered
from acetone-fixed cell sheets. It is also highly resistant to
detergents, surviving a 1% concentration of sodium dodecyl
sulfate, as well as to such organic solvents as diethyl ether,
chloroform, and trichlorotrifluoroethane (50, 53). Solvent-
detergent inactivation procedures thus do not reduce the
infectivity of HAV, explaining why hepatitis A transmission
has occasionally been associated with the administration of

FIGURE 4 Biogenesis of quasi-enveloped eHAV virions (11). Several hypothetical mechanisms may account for the release of quasi-
enveloped virions from hepatocytes. The most likely mechanism for eHAV biogenesis involves (a) the recruitment of assembled intracellular
HAV capsids to cytoplasmic multivesicular bodies (MVBs) by protein components of the cellular ESCRT (Endosomal Sorting Complex
Required for Transport) system such as ALIX, followed by the budding of capsids into MVBs such that they become enclosed in membranes
within the MVB. Movement of the MVB to the plasma membrane and fusion of the outer MVB membrane and plasma membrane then
delivers eHAV to the extracellular environment. Alternatively, (b) ESCRT-associated proteins might mediate release of eHAV directly at the
plasma membrane. A third possibility (c) is that HAV capsids are engulfed in autophagosomes for transport to either MVBs or the plasma
membrane. Loss of the eHAV membrane after egress from the cell (d) leads to the production of naked, nonenveloped virions. (Reprinted
from reference 11 with permission of the publisher.)
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high-purity clotting-factor concentrates that are devoid of
antibody (54). These properties of the virus may contribute
significantly to its ability to persist in the environment and
cause common-source outbreaks.

HAV can be reliably inactivated by autoclaving (121oC
for 30 minutes) and by exposure to hypochlorite (chlorine
bleach) in concentrations of 1.5 to 2.5 mg/l for 15 minutes
(53). Although chlorine is most commonly used to avoid HAV
contamination in water, environmental surfaces can also be
decontaminated by quaternary ammonium formulation con-
taining 23% hydrochloric acid (toilet-bowl cleaner). Glutar-
aldehyde (0.50% for 3 minutes), iodine (3 mg/l for 5 minutes)
and potassium permanganate (30 mg/l for 5 minutes) probably
are also effective. HAV is also inactivated by short incubation
(5 minutes at 25oC) in 3% formalin or in diluted formalin for
3 days at 37oC, and by ultraviolet irradiation (55, 56).

Biology of HAV

Host Range
Serologic studies and direct experimental challenge support
the capacity of human HAV strains to infect chimpanzees
and other old world primates, including vervet, rhesus, and
cynomolgus monkeys, as well as several species of new world
primates, including tamarins (Saguinus sp.), marmosets
(Callithrix sp.), and squirrel (Saimiri sp.) and owl (Aotus sp.)
monkeys. Chimpanzees have extensively been used as a
model of human HAV infection (57, 58), as have marmosets
(59) and owl monkeys (60). HAV has also been isolated
from monkeys in the wild. Some simian strains have sig-
nificant sequence variation and minor antigenic differences
with human HAV (44, 61). Guinea pigs are susceptible to
experimental infection, but replication is very limited and
there is no pathology (62). Nonetheless, a much broader
host range for hepatoviruses is indicated by the recent dis-
covery of multiple HAV-like viruses among bats, shrews,
hedgehogs, and rodents (14). Whether any are capable of
infecting humans or nonhuman primates is not known.

Growth in Cell Culture
HAV was first isolated ex vivo in marmoset liver explant
cultures and was subsequently propagated in continuous fetal
rhesus monkey kidney cells (7, 63). HAV can be propagated
in a variety of different types of mammalian cells, including
those of primate origin such as BS-C-1, FRhK-4, and MRC-5
cells (64, 65). However, wild-type viral strains from infected
patients usually replicate very slowly and to relatively low
titers in cultured cells, requiring weeks to months to reach
maximal titers. With continued in vitro passage, the virus
becomes progressively adapted to growth in cell culture,
replicating more rapidly and achieving higher titers (65).
Cell cultures of murine, guinea pig, porcine, or dolphin or-
igin can also support HAV growth (66).

In contrast to the invariably transient nature of HAV
infections in humans, infection of cultured cells is typically
noncytopathic and commonly leads to long-term persistence
of the virus in cells. This is consistent with the fact that
HAV replication does not induce shutoff of cellular protein
or nucleic acid synthesis as observed with poliovirus. How-
ever, highly cell culture–adapted variants of HAV that rep-
licate very rapidly can cause cytopathic effects in culture,
and can even be adapted to conventional plaque assays (47,
67). Cellular injury appears to arise from the induction of
apoptotic pathways leading to programmed cell death (67).
Continuous passage of the virus in cell culture may result in a
reduction in the ability of the virus to replicate and cause

disease in primates (68). Adaptive mutations that permit
HAV to replicate efficiently in cell culture include muta-
tions within the IRES that enhance cap-independent viral
translation in a cell-type–specific fashion and mutations
within 2B that promote viral RNA replication in multiple
cell types (69–72).

As with other positive-strand viruses, purified genomic
RNA, whether extracted from virions or produced synthet-
ically from cloned cDNA, is replication competent when
transfected into permissive cultured cells (73). This charac-
teristic has allowed for reverse molecular genetics studies that
have elucidated many aspects of HAV biology. However,
recovery of virus from synthetic wild-type RNA (in contrast
to HAV RNA with cell-culture–adaptation mutations) is
difficult in transfected cell cultures, and usually requires in-
oculation into the liver of susceptible primates (74).

Viral Attachment and Cellular Entry
HAV enters cultured cells via two distinct mechanisms.
Quasi-enveloped eHAV particles enter via an acidification-
dependent endosomal pathway that entails very slow un-
coating of the viral RNA, probably subsequent to dissolution
of the enveloping membranes in a late endosomal/lysosomal
compartment (39). Initial attachment is likely mediated
through phosphatidylserine receptors, as the uptake of
eHAV by plasmacytoid dendritic cells is reduced in the
presence of annexin V (75). In contrast, entry of mature,
nonenveloped virions occurs rapidly and is not inhibited by
agents blocking endosomal acidification. A specific cellular
protein, HAVCR1 (also known as TIM-1), a mucin-like
glycoprotein, has been suggested to serve as a receptor for the
virus (76, 77). HAV binds to the cysteine-rich, globular C-
terminal extracellular domain of the protein (78). TIM-
family proteins facilitate the entry of many enveloped viruses
by mediating interactions with phosphatidylserine on the
virion surface, suggesting a possible role in quasi-enveloped
eHAV entry (79). However, HAVCR1 is widely distributed
in different tissues, and the hepatotropic nature of HAV
infection cannot be explained by this interaction. Although
the hepatocellular asialoglycoprotein receptor has also been
suggested to play a role in viral entry by mediating the up-
take of IgA-virus complexes (80), it cannot explain initial
infection of the liver before the development of antibodies.
X-ray crystallography has revealed that the HAV capsid
lacks a receptor interaction site similar to those found in
other picornaviruses, and this finding has led to speculation
that HAV may have a completely different mechanism of
cellular entry (27). More studies are needed to define this
aspect of the viral replication cycle.

Translation and Replication of the HAV Genome
Following viral entry and release of the genome into the
cytoplasm, the RNA undergoes translation under direction
of the IRES, leading to expression of both structural and
nonstructural proteins (Fig. 5). The nonstructural proteins
(2BC) direct the reorganization of intracellular membranes
into a tubular-vesicular membranous network within which
they direct the synthesis of new viral RNAs (28, 29). The
HAV IRES requires intact cellular initiation factor eIF-4G
to function, which distinguishes it from other picornavirus
IRES (81). Several cellular proteins, including poly-
pyrimidine track-binding protein (PTB), significantly stim-
ulate its ability to direct internal initiation of translation
(82). Studies of other picornaviruses suggest that the virion
RNA serves as a template for negative-strand RNA synthesis
by the RNA-dependent RNA polymerase 3Dpol, thereby
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generating a fully double-stranded duplex, which acts in turn
to template the synthesis of multiple positive-strand RNA
progeny (Fig. 5). As with poliovirus, 3B (VPg), the small
genome-linked protein, is thought to function as a protein
primer for viral RNA synthesis following its uridylation by
3Cpro and 3CD in a reaction templated by the cre (18).

Virion Assembly and Release
Assembly of the HAV capsid differs significantly from the
process followed by other picornaviruses. The C-terminal pX
extension of VP1 is essential for the P1 capsid protein pre-
cursor to fold as required for efficient 3Cpro processing and for
assembly of pentamer subunits that contain five copies each of
VP4-VP2, VP3, and VP1pX (24, 25). Twelve of these pen-
tamers subsequently assemble into a complete capsid, thereby
packaging newly synthesized RNA genomes and triggering
the cleavage of VP4-2 to VP4 and VP2. This “maturation
cleavage” is likely associated with a conformational rearran-
gement of the capsid proteins that stabilizes the final structure.

Current data suggest that these nascent VP1pX-containing
virions are then recruited to MVBs through interactions with
ALIX and probably other ESCRT-related proteins, acquiring
a membrane as they bud into this compartment (39) (Fig. 4).
Fusion of the outer MVB membrane with the plasma mem-
brane then releases membrane-wrapped eHAV virions to the
extracellular environment.

Several lines of evidence, including unpublished data
from our laboratory, suggest that release occurs across both
the apical (canalicular) and basolateral (liver sinusoidal)
membranes of polarized hepatocytes (83, 84), with loss of
the eHAV membrane mediated by high bile-salt concen-
trations in the proximal biliary canaliculus. The pX domain
of VP1pX is subsequently trimmed off the particle, resulting
in fecal shedding of naked HAV virions produced in the liver
and secreted via the biliary tract, coupled with a viremia
composed of quasi-enveloped eHAV virions. Large numbers
of naked virions have been visualized in the bile of infected
chimpanzees (85), supporting this scenario. However, an
enteric site of replication for fecally shed virions cannot be
ruled out.

PATHOGENESIS
Animal Models
Current understanding of the pathogenesis of hepatitis A
comes largely from studies of experimentally challenged
nonhuman primates. Many of these studies were carried out
several decades ago and used currently outdated methods for
detecting virus and assessing immune responses. However,
recent detailed analyses describe HAV infection in two in-
travenously inoculated chimpanzees, and a third, cohoused
animal that became infected by the natural fecal-oral route
(57, 58, 75) (Fig. 6). Infection is self-limited in chimpanzees
and other nonhuman primates and is generally similar to
nonicteric infections in children rather than more severe
presentations of hepatitis A in adults. Following inoculation
intravenously or orally, a lengthy incubation period (2 to 5
weeks) is followed by the relatively abrupt onset of liver
injury marked by elevations of ALT and inflammatory in-
filtrates within the liver. In tamarins, the duration of the
incubation period (measured to the onset of elevated serum
liver enzyme activity) correlates inversely with inoculum
size, increasing by approximately 5 days for each log10 re-
duction in dose (86). Progressively higher amounts of virus
are found in serum and shed in feces throughout this phase of
the infection (87). Both fecal shedding and the magnitude of
the viremia begin to decline abruptly following the elevation
of serum alanine aminotransferase (ALT), a measure of liver
injury. Virus-specific antibodies first appear at this point in
the infection (Fig. 6), which typically occurs several weeks
after challenge. Laboratory parameters return slowly to normal
over a period of 4–12 weeks, although, for reasons that are
not understood, viral genomes persist within the liver in
slowly decreasing quantities for months after infection in
chimpanzees (57). It is not known whether the presence of
this RNA indicates the persistence of infectious virus.

Tissue Tropism

Liver
While there may be extrahepatic sites of replication of HAV
(discussed below), pathology for the most part is restricted to
the liver. HAV, like many other picornaviruses, is very organ
specific, perhaps because of specific hepatocyte receptors or
intracellular replication factors. Large amounts of virus are

FIGURE 5 HAV replication cycle. (a) HAV interacts with a
cellular receptor (possibly HAVCR1/TIM-1) at the basolateral
membrane of the hepatocyte, is internalized, and (b) the viral ge-
nome is released into the cytoplasm; (b) the positive-strand RNA
genome is translated in a cap-independent IRES-driven manner,
resulting in a polyprotein that is (d) proteolytically processed to
generate nonstructural proteins involved in genome replication
(2B, 2C, 3AB, 3Dpol) and the protease (3Cpro), as well as capsid
proteins (see Fig. 2). Changes in intracellular membranes are in-
duced by 2BC, resulting in assembly of the nonstructural proteins
into a membrane-bound replicase complex that (e) directs the
synthesis of a complementary minus-strand RNA intermediate
(blue) that is then used as template to (f) generate multiple new
copies of positive-strand RNA (red). These newly synthesized
positive-strand RNAs can (g) be directed to engage in additional
translation or RNA synthesis or (h) packaged into capsids to gen-
erate intracellular viral progeny. These newly assembled viral par-
ticles (i) are recruited to multivesicular bodies for ultimate release
from the infected cells across either (j) the apical plasma membrane
into the biliary canaliculus (as shown) or across the basolateral
membrane into the hepatic sinusoids (not shown). (Adapted from
Martin A, Lemon SM, Hepatology 2006 with permission of the
publisher.)
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present within the liver throughout the asymptomatic,
prodromal, and acute phases of the infection (Fig. 6). Viral
antigen has been identified by immunofluorescent micros-
copy and immunohistochemistry within hepatocytes and in
tissue-resident macrophages (Kupffer cells) of experimen-
tally infected nonhuman primates (88), whereas electron
microscopy has revealed viruslike particles enclosed with-
in membrane-limited vesicles in hepatocytes (89) (Fig. 7).

While it is clear that antigen present in hepatocytes is in-
dicative of active replication, antigen found in macrophages
may reflect only the scavenger function of these cells.

In chimpanzees, low-grade, focal hepatocellular necrosis
is observed in the early stages of the infection in chimpan-
zees (90), followed by more severe changes as serum ALT
activity rises; these changes include increasing focal areas of
necrosis in the lobular periphery and then throughout the
hepatic parenchyma, coupled with widely scattered Coun-
cilman bodies, remnants of apoptotic hepatocytes. Periportal
inflammatory cell infiltrates composed of lymphocytes and
occasional polymorphonuclear leukocytes are present in the
liver of infected chimpanzees and owl monkeys (60) as well
as from humans (91) (Fig. 8). Virus particles are abundant in
the bile of chimpanzees (85), reflecting secretion of HAV
from hepatocytes into the proximal biliary canaliculi—
commonly considered to be the source of virus shed in feces.
Thus, both the naked virus particles shed in feces as well as
quasi-enveloped virus circulating in blood (39) originate
from hepatocytes.

Wild-type or low-passage HAV is not cytopathic in cell
culture, and liver histopathology does not suggest widespread
necrosis or apoptosis of hepatocytes in vivo. The presence of
large quantities of virus in hepatocytes before the onset of
hepatic inflammation andALTelevation also argues against a

FIGURE 6 Composite graph depicting HAV infection in an
intravenously inoculated, experimentally infected chimpanzee
(105). (A) Innate immune response: minimal increases in serum
IFN-a occur during the first weeks of the infection in association
with the transient presence of plasmacytoid dendritic cells (pDCs)
in liver sinusoids and minimal intrahepatic expression of interferon-
stimulated genes (ISGs) such as IFIT1 and ISG15. These early
responses diminish prior to the peak in viral replication. (B)
Intracellular cytokine staining shows that the virus-specific CD4+
T cell response (bottom) is more robust than the virus-specific
CD8+ T cell cytokine or tetramer-specific response (top), and that
the CD4+ T cell response correlates better with viral control. (C)
IgM and total anti-HAV antibody responses detected in enzyme-
linked immunosorbent assays. The total anti-HAV is measured in a
blocking assay, where 100% indicates high-titer antibody. (D)
Relative viral RNA abundance (GE=genome equivalents) in
serum, liver tissue, and feces determined by reverse transcription
polymerase chain reaction assays. Results are layered onto serum
alanine transferase values that show a sharp spike indicative of acute
liver injury at 4 weeks post inoculation. (Reprinted from reference
105 with permission of the publisher.)

FIGURE 7 Electron micrographs of a marmoset hepatocyte
during acute hepatitis A. The arrows in the upper panel point to
cytoplasmic vesicles containing probable HAV capsids. The lower
panel is a higher powered view of one of the vesicles more clearly
showing viruslike particles. Bar=500 nm in the upper panel and 100
nm in the lower. Courtesy of Yohko Shimizu.
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major direct cytopathic effect of HAV. Clinical hepatitis
coincides with the appearance of cellular and humoral im-
mune responses, and the pathology of hepatitis A is thus
likely to result from the immune response to the infection.

Gastrointestinal Tract
It is not known how HAV reaches the liver in the initial
stages of the infection. Because the virus is acid resistant, it
can survive passage through the stomach and thus could
initially replicate somewhere lower in the gastrointestinal
tract, although this hypothesis remains to be proven. While
HAV antigen was identified by immunofluorescence mi-
croscopy in isolated cells lining the crypts of both the jeju-
num and ileum in owl monkeys in which the virus was
inoculated via feeding tube (60), a similar search for viral
antigen in gut tissue failed to identify any infected cells in a
cohort of intravenously infected marmosets (88). Virus has
also been identified in saliva from infected chimpanzees, but
the significance is uncertain (92). The lack of compelling
evidence for a primary site of replication in the gut rules out
this possibility, however, given similar difficulties in identi-
fying a gastrointestinal site of replication for noroviruses. An
alternative possibility is that HAV might be taken up by
specialized M cells in the small intestine, undergo transcy-
tosis, and pass into the lymphatics, as proposed for poliovi-
rus (93).

Other Extrahepatic Sites of Replication
Viral antigen has been detected in splenic macrophages and
in Kupffer cells, but this finding may not represent active
replication in those cells (88). Nonetheless, fluorescent in
situ hybridization has revealed appreciable amounts of viral
RNA in the spleen of bats infected with a nonprimate
hepatovirus, suggesting that the HAV may replicate in this
organ (14). Replication in other organs appears less likely.
Meningoencephalitis and transverse myelitis have been de-
scribed in association with acute hepatitis A (94, 95), as has
acute renal failure in nonfulminant hepatitis A (96, 97).
However, no direct evidence suggests replication of the virus

in renal or central nervous system tissue. A more interesting
possibility is the pancreas: acute pancreatitis sometimes
accompanies hepatitis A (98).

Immunity

Innate Immune Response
HAV is a surprisingly stealthy virus in chimpanzees, evoking
very little type I interferon (IFN-a/b) production and
intrahepatic interferon-stimulated gene (ISG) expression
despite replicating to high levels within the liver (57) (Fig.
6). This characteristic distinguishes it sharply from hepatitis
C virus (HCV), which induces robust transcriptional upre-
gulation of numerous ISGs in the liver. The basis for this
difference is not clear. Stable HAV polyprotein-processing
intermediates with cysteine protease activity disrupt signal-
ing pathways by cleaving adaptor proteins required for in-
duction of IFN-a/b responses. Thus, 3ABC (Fig. 2) is
directed to mitochondrial membranes by a transmembrane
domain in 3A, cleaving MAVS (IPS-1), and thereby dis-
rupting signaling from RIG-I-like receptors (31, 99),
whereas 3CD (Fig. 2) cleaves TRIF (TICAM-1), which is
essential for Toll-like receptor 3 (TLR3) signaling (100). In
both cases, theHAVprocessing intermediates are more active
than mature 3Cpro in effecting these cleavages, indicating an
exquisite adaptation of HAV to the human innate immune
response. The unrelated HCV NS3/4A serine protease sim-
ilarly degrades both of these adaptor proteins. However, the
HAV 3Cpro protease also degrades NEMO (IKKg) (101),
which contributes to NF-kB activation and the induction of
type I interferons, whereas NS3/4A does not. HAV also
achieves much higher levels of viral protein expression than
HCV (57), and this is likely to contribute to its greater ca-
pacity to suppress interferon responses in the liver.

Despite the low levels of IFN-a and ISG expressed in
HAV-infected chimpanzees, freshly isolated human plasma-
cytoid dendritic cells (pDCs) are capable of sensing quasi-
enveloped eHAV virions released from infected cell cultures,
thereby producing IFN-a through a TLR7-dependent
mechanism (75). pDCs appear to be recruited to the liver
and are found within the sinusoids during the first week of
infection in the chimpanzee but, for reasons that are not
clear, such cells are no longer detectable within the liver at
the onset of hepatic inflammation.

In vitro studies suggest that natural killer cells are capable
of recognizing and lysing HAV-infected cells, and thus may
contribute to control of the infection (102). Consistent with
phenomenon, microarray analyses of liver tissue from acutely
infected chimpanzees are indicative of a strong type II IFN-g
response correlating with the onset of liver injury and ele-
vation of serum ALT (57)

T Cell Immunity
The mononuclear inflammatory infiltrates that typify the
histopathology of acute hepatitis A (90, 91) have long
suggested that adaptive T cell responses may mediate HAV-
associated liver injury. Early studies demonstrated that HAV-
specific CD8+ cytotoxic T cell clones could be isolated with
appropriate cytokine stimulation from the livers of acutely
infected humans, whereas CD4+ T cell clones were more
likely to be recovered during convalescence (103). The CD8+
T cells produce IFN-g and are capable of killing HAV-
infected fibroblasts in cell culture (103, 104). Granzyme B
and perforin mRNA transcripts are also upregulated in
acutely infected chimpanzee liver (57). These findings in-
dicate that CD8+ T lymphocytes mediate liver damage and

FIGURE 8 Photomicrograph of a liver section from a patient
with acute hepatitis A, showing inflammation of the portal and
periportal areas by lymphocytes coupled with lobular disarray and
hepatocellular ballooning degeneration (cytoplasmic vacuoliza-
tion). (Hematoxylin and eosin stain; original magnification 40x).
(Adapted from Martin A, Lemon SM, Hepatology 2006 with per-
mission of the publisher.)
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possibly contribute to viral control. However, recent studies
in infected chimpanzees suggest a more important role for
noncytolytic virus control mediated by virus-specific CD4+
helper Tcells (58, 105). Direct ex vivo analyses demonstrated
that virus-specific CD4+ T cells are multifunctional, and
produce multiple cytokines (IFN-g, TNF-a, IL-2 and IL-21)
in response to a variety of HAV-specific peptides (58). This
CD4+ T cell response correlates temporally with reductions
in viremia, and the decline in HAV genome copy number in
the liver during convalescence (Fig. 6). In contrast, direct ex
vivo analysis revealed the CD8+ T cell response to be rela-
tively abbreviated, and that virus-specific CD8+ T cells ac-
quire effector functions only after viremia had begun to
decline. These findings thus suggest an alternative model of
noncytolytic, cytokine-mediated control of the infection
(105). T cell responses to HAV infection are thus important
for recovery and pathogenesis, but their role in subsequent
protection against reinfection is not known.

As discussed above, a member of the T cell immuno-
globulin mucin family, HAVCR1 (TIM-1), has been sug-
gested to function as a cellular receptor for HAV (77). This
cell surface receptor family is important in T cell regulation.
TIM-1 stimulates T cell expansion and cytokine production
and is associated with atopic disease (106). An inverse re-
lationship between asthma and childhood exposure to HAV
has been suggested but not conclusively demonstrated (107).
One hypothesis is that activation of T cells through TIM-1
by HAV or by its natural ligand may affect T cell differen-
tiation and the regulation of Th2-driven allergic inflam-
matory responses, such that recent reductions in childhood
HAV infections may be associated with increases observed in
the incidence of atopic diseases (108).

Humoral Immunity
Although the onset of liver damage correlates closely with
the appearance of circulating anti-HAV antibodies (Fig. 6),
neither antibody-dependent nor complement-mediated cy-
totoxicity has been demonstrated in hepatitis A (109).
While circulating immune complexes containing HAV and
HAV-specific antibodies (primarily IgM) have been found
during acute infection, immunoglobulin and complement
deposits are not found at the sites of liver cell damage (110).
Virus-specific antibody responses thus play an uncertain role
in the pathogenesis of hepatitis A, but they are likely re-
sponsible for solid protection against symptomatic reinfec-
tion and for the protection afforded by immunization with
formalin-inactivated vaccines (111). Passive immunization
with pooled human immune globulins (IGs) results in low
levels of circulating antibody that nonetheless provide
complete protection against symptomatic infection.

The antibody response to HAV infection is vigorous and
long lasting. Both IgM and IgG anti-HAV antibodies are
capable of neutralizing HAV infectivity (112, 113); they first
appear coincident with the onset of hepatic inflammation
and ALT elevation (Fig. 6). Microarray assays show that
genes involved in B cell development and the recruitment of
B cells to the liver (for example, CXCL13) are transcrip-
tionally upregulated to impressive levels in liver biopsies
from infected chimpanzees (57). This transcriptional acti-
vation persists for months, and IgG antibodies targeting the
viral capsid may comprise as much as 12% to15% of all IgG
present in convalescent serum collected several months after
infection. Immunity to HAV persists for life, and second
infections associated with hepatic disease are unknown.

Although nonenveloped HAV virions are readily neu-
tralized by antibody in vitro, quasi-enveloped eHAV virions

show no reduction in titer when incubated with neutralizing
antibodies (39). This is surprising, given the protective na-
ture of anti-HAV and the fact that only eHAV virions are
detectable in the blood during acute infection (39). How-
ever, while not well understood, eHAV appears to be sus-
ceptible to neutralization within an endocytic compartment
following uptake into cells. This is evidenced experimentally
by the ability of neutralizing antibodies to inhibit viral
replication when added to cultures as late as 4 to 6 hours
after adsorption and removal of an eHAV inoculum (39).
The antibodies appear to traffic to a late endosomal/lysoso-
mal compartment in which the eHAV membrane is slowly
degraded, allowing antibodies to interact with the capsid and
neutralize infectivity prior to interactions of the capsid with
its receptor. Such postentry neutralization is not observed
with naked, nonenveloped virions (39). Whether an IgG
receptor is involved in trafficking of the antibody is not
known.

While serum antibodies are clearly protective against
infection, it has been difficult to judge the role of mucosal
immunity because antibodies in saliva or feces either are not
detected or are present only at very low levels (114). Indi-
viduals with agammaglobulinemia are at risk for particularly
severe or persistent infections with other picornaviruses, but
this risk has not been described with HAV.

EPIDEMIOLOGY
Global Incidence and Prevalence of HAV
The World Health Organization (WHO) estimates that
approximately 1.5 million cases of hepatitis A occur
worldwide annually, but the rate of infection is probably ten
times higher (115). Although HAV is the most common
cause of hepatitis globally, major geographic differences in
endemicity exist that are linked to the level of economic
development and sanitary conditions.

Three principal patterns of endemicity (high, interme-
diate, and low) are considered to exist worldwide based on
the results of age-specific prevalence of anti-HAVantibodies
(Fig. 9). In areas of high endemicity, including underde-
veloped regions of Africa, Asia, and South America, HAV is
readily transmitted due to poor socioeconomic conditions;
the prevalence of anti-HAV reaches 90% in younger adults.
Most infections in these areas occur in childhood (before the
age of 10 years), many of which are asymptomatic or not
recognized as hepatitis. The burden of overt disease is quite
low in these areas because the majority of the population has
achieved immunity to the disease by adolescence. In areas of
intermediate endemicity, only 50% to 60% of adults and
20% to 30% of children have been infected because HAV is
not transmitted as readily secondary to improved sanitation.
Since there are more adults susceptible to infection, larger
outbreaks occur and more persons have symptomatic illness.
In areas of low endemicity, such as the United States,
Canada, and Western Europe, less than 30% of adults have
anti-HAV. When HAV is introduced into such populations,
cyclical waves of transmission can occur (116).

Important changes have happened in these three classic
patterns of global endemicity over the last few decades (Fig.
10). Improvements in sanitation and socioeconomic devel-
opment in many previously undeveloped regions has resul-
ted in a transition from a high- to intermediate-endemicity
pattern. This “epidemiologic transition” has been associated
with a paradoxical increase in disease incidence, as it is as-
sociated with a decline in the age-specific prevalence of
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immunity to HAV, leading to increased susceptibility to in-
fection among older individuals, who are more likely to
become symptomatic if infected. Regions of transitional
endemicity include China and countries in South America,
Central and Southeast Asia, and the Middle East (116).

The median age at seroconversion increased between the
years 1990 and 2005 (117). This phenomenon can be
expected to result in disease patterns characterized by in-
creased morbidity as cohorts of susceptible older children
and adults become infected. There is also greater potential
for outbreaks as the susceptible population grows, but rela-
tively high levels of circulating virus persist. Significant
outbreaks have occurred in China, including one in 1988
caused by the ingestion of raw clams contaminated with
HAV, resulting in nearly 300,000 cases (2). Smaller-scale
outbreaks have occurred in China more recently, including
one in 2006 involving a large school (118). Korea has also
recently experienced a large national outbreak of hepatitis
A, probably due to the importation of contaminated shell-
fish from less-developed regions (119). As a result of such
outbreaks and increasing morbidity in older populations,

more countries are introducing universal childhood immu-
nization programs, the most notable including South Korea
and Argentina (120).

Hepatitis A in the United States

The Prevaccine Era
Before licensure of an effective vaccine in 1995, HAV inci-
dence in the United States was primarily cyclic, with peaks
occurring every 10 to 15 years. During the 1980s and 1990s,
an average of 26,000 hepatitis A cases were reported annu-
ally to public health agencies. The outcome of one incidence
model, however, predicted an average of 271,000 infections
per year between 1980 and 1999, thereby suggesting that
only one in ten cases of acute hepatitis A had been reported.
More than one-half of those infections, according to the
model, were in children aged less than 10 years and likely
would have been clinically unrecognizable as hepatitis (121).

Before widespread immunization, approximately one-
third of reported cases occurred among children aged less
than 15 years, with the highest overall incidence in children

FIGURE 9 Estimated global prevalence of hepatitis A virus, 2005. (Reprinted from reference 117 with permission of the publisher.)

FIGURE 10 Estimates of anti-HAV seroprevalence by age group and selected populations in different world regions, 1990 and 2005.
Groups shown include those in Western Europe, South sub-Saharan Africa, North America (high income), and Oceania. The impact of
changing standards of sanitation and immunization programs is evident in shifts in age-specific prevalence of anti-HAVantibody. No changes
were estimated to have occurred in the African region. (Adapted from reference 117 with permission of the publisher.)
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aged 5 to 14 years (122). Large serosurveys conducted be-
tween 1988 and 1994 found that the overall prevalence of
anti-HAV was 31.3%, with antibody prevalence increasing
markedly with age, ranging from 9.4% among persons aged 6
to 11 years to 74.6% among persons older than 70 years. The
age-adjusted prevalence was significantly higher among
foreign-compared to U.S.-born persons, and was highest
amongMexican Americans and lowest among non-Hispanic
whites. In a multivariate analysis, only Mexican-American
ethnicity and income below the poverty level were associ-
ated with HAV infection among U.S.-born children (123).

Nearly half of all hepatitisA cases in theUnited Stateswere
associated with no identifiable source of infection in the pre-
vaccine era (124). Of those cases with an identifiable source,
the majority resulted from person-to-person spread of HAV
during community-wide outbreaks. Cyclic outbreaks, how-
ever, occurred among users of illicit drugs and among men
who have sex with men (MSM) (125). Overall, this suggested
that nationwide reductions in incidence were more likely to
result from routine childhood vaccination than from targeted
vaccination of high-risk groups, because children often have
unrecognized or asymptomatic infection and play a major role
in perpetuating HAV transmission during outbreaks.

Postvaccine Era
The epidemiology of HAV has changed radically since li-
censure of the hepatitis A vaccine and implementation of a
national childhood immunization strategy in the United
States. Hepatitis A rates have fallen dramatically and the
country has not experienced a nationwide cyclic spike in
hepatitis A incidence since 1995 (123). Nevertheless, hep-
atitis A remains one of the most frequently reported vaccine-
preventable diseases in the United States.

Soon after the hepatitis A vaccine was licensed in the
United States, the Advisory Committee on Immunization
Practices (ACIP) recommended routine vaccination of
children aged 2 to 18 years living in communities with the
highest rates of infection and disease. An estimated 50% of
hepatitis A cases were averted by immunizing children in
this age group despite low overall vaccine coverage (10%)
(126). Targeting children for immunization resulted in im-
pressive reductions in the incidence of hepatitis A among
adults, vividly demonstrating the role young children play in
the transmission and propagation of HAV within popula-
tions. Although effective regionally, this immunization
strategy had only a limited impact on the national incidence
of hepatitis A, leading to the expansion of routine immu-
nization to other locations where disease rates were high. By
2003, the incidence of acute hepatitis A had declined
overall by 76%, from a rate of 10.7 per 100,000 population
during 1990 through 1997 to 2.6 per 100,000 population
(127). Due to this precipitous decline, universal vaccination
was recommended for all children in the United States aged
12 to 23 months in 2006 (128).

Concurrent with the overall decline in hepatitis A inci-
dence in the United States since the introduction of immu-
nization has been the narrowing of historic differences in rates
among racial/ethnic populations and geographical locations.
Among Native Americans and Alaska Natives, current rates
indicate a 99% decline compared with the prevaccine era and
are now approximately the same or less than those of other
racial/ethnic populations (129). Rates among Hispanic
Americans have fallen almost 90%, although the rates re-
main higher than those for non-Hispanics (130).

The incidence of HAV-related disease reached the lowest
recorded rate (0.4 cases per 100,000 population) in 2011.

However, the incidence rate started to increase again in
2012 through 2013, reflecting increased numbers of cases
among adults aged more than 20 years. A steady increase in
hospitalizations due to HAV infection has been noted since
1999 (131). In 2013, a total of 1,781 cases of hepatitis A
were reported from 50 states to the Centers for Disease
Control and Prevention (CDC), a 14% increase from 2012
(132). Most cases in the United States are associated with
exposure during travel, although nationwide outbreaks still
occur due to contaminated food. For example, a nationwide
foodborne outbreak in 2013 was found to be associated with
a frozen fruit product containing contaminated, imported
pomegranate arils (133). Approximately 93% of those
infected were adults.

The most recent National Health and Nutrition Ex-
amination Survey (NHANES), conducted by the CDC,
revealed the prevalence of anti-HAV among adults aged
more than 20 years to be 24.2% during 2007 through 2012, a
significant decline from 29.5% during 1999 through 2006
(132). The lowest age-specific prevalence was among adults
aged 30 to 49 years (16.1% to 17.6%). Thus, a continuing
shift in the age-specific prevalence of anti-HAV is occurring
subsequent to the institution of universal childhood immu-
nization. This is resulting in a higher anti-HAV prevalence
among children but a lower prevalence among adults due to
herd protection. The NHANES survey also revealed that
vaccination coverage among adults aged 18 to 49 years was
only 12.2% in 2012. Although adults are less likely to ac-
quire infection from children during the vaccine era, they
are at greater risk of becoming infected through travel and
food imported from endemic areas.

Mortality
The overall fatality rate among cases reported through the
CDC surveillance system in the United States typically
ranges from 0.3% to 0.6%. Between 2009 and 2013, the
hepatitis A–related mortality rate was 0.02 deaths/100,000
population per year, which was consistent with rates over the
past few decades. Age-specific mortality rates rise with in-
creasing age, ranging from 0.00 deaths/100,000 population
among persons aged 0 to 34 years to 0.08 deaths/100,000
population among persons aged 55 to 74 years in 2013, and
0.07 deaths/100,000 population among persons aged more
than 75 years (134).

Transmission
The most important mode of HAV transmission is un-
doubtedly from person to person via the fecal-oral route.
Fecal excretion of the virus is highest during the 2 weeks
before and a few days immediately after the onset of symp-
toms but is likely to continue for many weeks (135). The
highest infection rates are seen among family and school
contacts, indicating that the infective dose is low and in-
terpersonal spread is efficient. The other major mode of
transmission is through contaminated food and water. Many
types of food products, including seafood, produce, and
meat, have been implicated during outbreaks. Transmission
following parenteral exposure, including transfusion of blood
products and use of contaminated needles, is also possible
but is relatively infrequent due to the brief duration of vi-
remia associated with acute infection.

Of the 1,063 cases in the United States in which risk
exposure/behavior was reported in 2013, only 24.5% indi-
cated a possible exposure for hepatitis A during the 2 to 6
weeks before the onset of illness. The most frequently
identified risk factor for hepatitis Awas linkage to a food- or
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waterborne outbreak (12.8%). The second most common
risk factor was international travel (6.2%), with most cases
involving travel to Mexico and Central and South America.
Whereas sexual and household contact with another person
with hepatitis A have been traditionally among the most
frequently identified risk factors, these risk factors were re-
ported for only 5.6% of cases in 2013. MSM and injection
drug users accounted for 5.5% and 4.0% of reported cases,
respectively (134).

Groups at Increased Risk for Hepatitis A

Travelers
Hepatitis A remains one of the most common vaccine-pre-
ventable diseases acquired during international travel. Per-
sons from developed (low-endemicity) countries who travel
to developing (intermediate- or high-endemicity) countries
are at significant risk for acquiring hepatitis A (136). The
risk is higher among travelers visiting areas with poor sani-
tation and limited access to clean water, although the disease
occurs in travelers who report observing strict protective
measures and staying in more developed cities or luxury
hotels. The incidence rate for nonimmunized travelers is
estimated to be 3 cases per 1,000 travelers per month of stay
in developing countries. Hepatitis A among Hispanic chil-
dren who live along the United States–Mexico border has
been associated with cross-border travel to Mexico and food-
borne exposures during travel (137). Many recommenda-
tions and guidelines have been issued in different countries
regarding prophylaxis for travelers.

Men Who Have Sex with Men
Numerous outbreaks of hepatitis A have been reported
among MSM in the United States, Canada, Europe, and
Australia, sometimes in the setting of a larger community-
wide outbreak. However, surveys of anti-HAV prevalence
among MSM have neither consistently demonstrated a
greater propensity for infection compared with a similarly
aged population, nor have specific sex practices been con-
sistently identified (138).

Users of Illicit Drugs
Outbreaks among drug users, both injecting and noninject-
ing, have been reported frequently in the United States and
other developed countries since the 1980s (124). In the
United States, many outbreaks have involved the use of
methamphetamine and transmission by both percutaneous
and fecal-oral routes (139). Injection drug users appear to
have a higher prevalence of anti-HAV than the general U.S.
population (138). Transmission is likely connected to so-
cioeconomic factors, sexual promiscuity, syringe exchange,
and contamination of instruments, and to involve both
fecal-oral and parenteral routes.

Persons with Clotting-Factor Disorders
Before improvements in viral-inactivation procedures,
widespread hepatitis A immunization, and improved donor-
screening methods, rare outbreaks of hepatitis A among
persons with clotting-factor disorders and hemophilia were
reported in Europe and the United States (140)—the result
of HAV contamination of high-purity clotting factor con-
centrates devoid of protective IGs and prepared from very
large donor-plasma pools. However, in recent years, no cases
of hepatitis A attributable to administration of blood prod-
ucts have been identified in the United States, and hemo-
philiacs are not at a higher risk than the general population
of acquiring HAV (141).

HAV Transmission in Special Settings

Food-Service Establishments
Food-borne hepatitis A outbreaks are recognized relatively
infrequently in the United States. According to CDC sur-
veillance in 2013, about 12.8% of cases in which an expo-
sure was reported could be linked to a food-borne outbreak.
This was an increase from previous years because of a na-
tionwide outbreak related to contaminated pomegranate
seeds in 2013. The proportion of sporadic cases that might
be from food-borne sources is unknown but could be con-
siderable, as approximately 50% of reported cases of hepatitis
A still do not have an identified source of infection. HAV
contamination of agricultural products can occur at any
point during cultivation, harvesting, processing, or distri-
bution (142).

A single HAV-infected food handler can transmit the
virus to dozens or even hundreds of persons. However, food
handlers are not at a higher risk of hepatitis A because of
their occupation, and most infected food handlers do not
transmit HAV to consumers or restaurant patrons (142).

Molecular epidemiologic techniques comparing RNA
sequences of HAV strains has made possible the identifica-
tion of previously unrecognized links between cases, as ex-
emplified in a multistate outbreak of HAV subgenotype IB
infection among European travelers returning from Egypt in
2012 to 2013. A persistent common source of infection was
suspected, as HAV strains isolated from various cases over a
period of several weeks were indistinguishable genetically.
The 107 cases of hepatitis A infection were eventually
linked to strawberries (143). Similar molecular epidemio-
logic studies have elucidated the origins of HAV strains in-
volved in a recent nationwide outbreak of hepatitis A in
South Korea (119).

Child Care Centers
The frequency of outbreaks among children attending day
care centers and persons employed at these centers has de-
creased substantially, as the overall hepatitis A incidence
among children has declined since the implementation of
vaccination, especially in the United States, since 2006.
Because infection among children is typically mild or
asymptomatic, outbreaks are often not identified until adult
contacts become ill (144).

Schools
In the United States, the appearance of cases of hepatitis A
in schools is ordinarily a reflection of disease acquisition and
transmission in the community. Secondary transmission to
other students is uncommon. However, if multiple cases
occur among students, a common source of infection is
possible and should be investigated (128).

Health Care Institutions
Nosocomial transmission of HAV is rare, and the CDC
recommends adherence to standard precautions. Health care
personnel who become infected should avoid patient con-
tact and food handling for 7 days after the onset of jaundice.
Patients with typical cases of hepatitis A are not routinely
admitted to hospitals, and even when patients are hospi-
talized, the probability of transmission is low because most
are admitted after the onset of jaundice, when the period of
maximum infectivity has passed. Outbreaks in hospital set-
tings have been linked to inadequate hand cleaning. Anti-
HAV seroprevalence is similar in health care workers and
control populations, indicating that health care workers are
not at increased risk of acquiring infection (145).
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Workers Exposed to Sewage
Among wastewater workers, no work-related instances of
HAV transmission have been reported in the United States,
and serologic surveys have shown no substantial or consis-
tent increase in the prevalence of anti-HAV. Surveys per-
formed in other countries indicate a possible elevated risk for
HAV infection among workers exposed to sewage; however,
those analyses did not control for other factors, such as so-
cioeconomic status (146).

Nonhuman Primate Colonies
Persons working with captive nonhuman primates were
previously at risk for hepatitis A, but immunization of ani-
mal handlers has largely eliminated that risk.

CLINICAL FEATURES
The clinical manifestations of hepatitis A are highly vari-
able, ranging from asymptomatic infection, to mild anicteric
hepatitis, acute icteric viral hepatitis, and even fulminant
hepatic failure. The risk of clinical disease following HAV
infection is determined primarily by the age of the person
infected. In children younger than 6 years, 70% of infections
are asymptomatic and, if illness does occur, it is typically not
associated with jaundice. By contrast, infection during late
childhood through adulthood is likely to cause icteric illness
in more than 70% of patients. The risk of fulminant hepatitis
and death is also much higher in older patients.

Uncomplicated Acute Hepatitis A

Clinical Course
Clinical signs and symptoms of acute hepatitis A are indis-
tinguishable from those caused by other types of hepatitis
(see Chapter 5 for differential diagnosis). Thus, while clues
from the epidemiologic setting may be present, laboratory
tests are required for specific diagnosis. The incubation pe-
riod is approximately 15 to 50 days, with a mean of about 30
days (Fig. 11). In older children and adults, the illness usu-
ally begins with abrupt onset of prodromal symptoms in-
cluding fatigue, malaise, nausea, vomiting, anorexia, fever,
and abdominal pain. Typical symptoms of hepatitis, begin-
ning with darkening of the urine and followed by jaundice
and pale or clay-colored stools, will appear after a period of
several days to a week. During a large shellfish-associated
epidemic in Shanghai in 1988, prodromal symptoms in-
cluded anorexia (82%), malaise (80%), fever (76%), nausea
(69%), and vomiting (47%) among the more severely af-
fected patients who were hospitalized (147). Hyperbilir-
ubinemia was seen in 91%, and 84% were overtly jaundiced
(147). Itching, often a sign of cholestasis, occurs in less than
5% of symptomatic patients but may be severe enough to
require antipruritics and corticosteroid therapy. The two
most common physical findings are jaundice and tender
hepatomegaly, which occur in 70% and 80% of symptom-
atic patients, respectively. Less common clinical findings
include splenomegaly (9%), rash, arthritis, and leukocyto-
clastic vasculitis.

Serum ALT and aspartate aminotransferase (AST) ac-
tivities are sensitive, but nonspecific, measures of paren-
chymal liver damage associated with acute HAV infection.
ALT elevations, usually higher than AST, may be found
even during the prodromal stage. In icteric acute hepatitis A,
serum ALT levels are typically less than 2,000 IU/l, but may
exceed 20,000 IU/l. While high ALT levels occur in patients
with severe hepatitis, the elevation of ALT is not necessarily

correlated with the severity of the illness. Alkaline phos-
phatase levels are usually only mildly elevated in hepatitis A,
except when the illness is complicated by cholestasis. Bio-
chemical abnormalities may persist for 2 to 3 months, but
usually return to normal by 4 weeks (Fig. 11).

The duration of illness varies. In many patients, the ap-
pearance of jaundice is associated with rapid resolution of
the prodromal symptoms. After 3 to 4 weeks, most patients
feel better, no longer have hepatomegaly, and have normal
or near-normal serum levels of ALTand bilirubin. Prolonged
jaundice or a relapsing pattern may also occur but ultimate
resolution in these cases is universal. Infection with HAV
does not cause chronic infection. HAV infection, whether
asymptomatic or associated with disease, is associated with
the development of a robust immune response, which pro-
vides lifelong protection against future reinfection with
the virus.

Children
HAV infection in younger children is typically mild; only
30% of children younger than 6 years are symptomatic.
Symptoms, when present, are often nonspecific, and include
fever, malaise, anorexia, and nausea. Serum aminotransfer-
ase levels can be elevated during the prodromal period and
jaundice, when it occurs, usually develops occurs 1 to 2
weeks after symptom onset. Jaundice typically lasts for less
than 2 weeks, with aminotransferases returning to normal
limits in approximately 2 to 3 months. Acute liver failure
is extremely rare in children, occurring in less than 1%
of cases.

Hepatitis A in Pregnancy
HAV infection in pregnant women is usually self-limiting
and not a threat to the fetus. Although HAV infection
does not increase the risk of congenital malformations or
spontaneous abortions, there have been rare reports of in-
creased preterm labor and premature rupture of membranes
(148).

FIGURE 11 Natural history of hepatitis A. The infection is
typically acute in nature, with symptoms and signs of the infection
usually occurring within 3 to 5 weeks of exposure. The sequence of
events includes shedding of infectious HAV in feces and viremia,
followed by increases in serum ALT activity (red line), and the
appearance of IgM and IgG anti-HAVantibody responses (the latter
typically measured as total anti-HAV antibody). (Adapted from
Martin A, Lemon SM, Hepatology 2006 with permission of the
publisher.)
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Complications and Atypical Presentations

Cholestatic Hepatitis A
Prolonged jaundice is often associated with fever and pru-
ritus and is an indication of cholestatic hepatitis. Peak serum
bilirubin levels may reach 12 to 29 mg/dl, and jaundice may
continue for up to 18 weeks (149). The cause of prolonged
cholestasis is unknown, but is usually reflected histologically
by predominantly cholestatic features. The duration of vi-
remia has been found to be longer in patients with chole-
static hepatitis but the virologic and host factors implicated
in the pathogenesis are unknown. In a prospective, Korean
multicenter study of 595 hepatitis A cases, prolonged cho-
lestasis occurred in 4.2%; preexisting chronic hepatitis B
infection, prolonged prothrombin time, and higher total
bilirubin levels were associated with increased risk (150).
Peak biochemical markers including serum aminotransfer-
ases and alkaline phosphatase were not significantly different
in patients with prolonged cholestasis (136). Cholestasis
ultimately resolves spontaneously with no complications or
sequelae. It is important to be aware of this relatively com-
mon but atypical feature of hepatitis A and to avoid overly
aggressive interventions.

Relapsing Hepatitis A
A relapsing form of hepatitis A has been observed in 3% to
20% of patients. One study reported 12.5% of 297 adults had
a relapsing course, of whom 22% had more than one relapse
(151). The relapses are usually milder than the initial illness
and typically occur after the serum aminotransferases have
normalized from the initial episode, and long after the de-
velopment of anti-HAV. Nonetheless, it seems likely viral
replication is ongoing in such cases: HAV has been found in
the stool of some patients during relapse (152). The mech-
anisms underlying relapse are unknown and predisposing
factors have not been identified. Similar minor relapses have
been observed in experimentally infected chimpanzees, and
were not associated with mutations in the viral capsid that
might suggest immune escape. The prognosis for relapsing
hepatitis is excellent, and all cases ultimately resolve without
chronic sequelae.

Fulminant Hepatitis A
Fulminant hepatitis, characterized by rapid onset of liver
failure and coma, is rarely associated with HAV infection but
is potentially fatal. Fulminant disease is more common in
older persons, and recovery from severe disease is less com-
mon in patients older than 50 years. The Acute Liver Failure
Study Group (ALFSG) study of adults with acute liver
failure from 1998 to 2005 found that HAV accounted for
3.1% of patients and only 0.12% of those listed for liver
transplantation (139).

The initial clinical presentation is not significantly dif-
ferent from other cases of acute hepatitis A (153). Patients
typically have a coagulopathy (prothrombin time > 15 sec-
onds or international normalized ratio > 1.5) and enceph-
alopathy. The ALFSG evaluated 29 patients with fulminant
hepatitis A and developed a prognostic index to predict
transplantation or death. The index incorporates four pre-
senting features (serum ALT < 2,600 IU/L, creatinine > 2.0
mg/dL, intubation, pressors) and was shown to be better
than other published models including the laboratory Model
for End-Stage Liver Disease score. Laboratory and clinical
evidence of deteriorating liver function correlates with a
histologic picture of virtually complete destruction of the
hepatic parenchyma with only a reticulin framework and

portal tracts remaining. Occasionally, small groups of sur-
viving hepatocytes can be seen close to portal tracts, which
may be evidence of regeneration (154). As many as 50% of
patients with acute, HAV-associated fulminant liver failure
may die or require emergency liver transplantation. Spon-
taneous recovery rates in fulminant hepatitis A range be-
tween 30% and 60%, and survivors regain complete liver
function. Prognosis is influenced by age, clotting factor
levels, stage of coma, and presence of kidney disease. Re-
covery from fulminant hepatitis is difficult to predict, and
the only effective treatment is liver transplantation.

Host factors associated with increased risk of fulminant
hepatitis include older age and underlying chronic liver
disease, particularly chronic HCV infection. In a study of
163 patients with chronic hepatitis B and 432 patients with
chronic hepatitis C, HAV superinfection occurred in 27
patients (155). All 10 of the patients with hepatitis B in-
fection had an uncomplicated course. In contrast, fulminant
hepatic failure developed in 7 of the 17 patients with
chronic hepatitis C who acquired hepatitis A, and 6 of
those patients died (155). There were 47 deaths (0.015%)
recorded among the 310,746 cases in the 1988 Shanghai
epidemic that primarily involved adolescents and young
adults (147). Of the 47 deaths, 25 were due to fulminant
hepatic failure and at least half of the affected individuals
had underlying liver disease.

Extrahepatic Manifestations
Rarely, in patients with prolonged illness, extrahepatic dis-
ease, including optic neuritis, transverse myelitis, aplastic
anemia, and thrombocytopenia, may be noted. Although
these conditions are possibly manifestations of immune-
complex disease, the relationship of these syndromes to the
HAV infection is not established (149). Mild to moderate
pancreatitis has also been reported in association with acute
hepatitis A (98), but its pathogenesis is equally obscure.

LABORATORY DIAGNOSIS
The serologic detection of IgM anti-HAV is the simplest,
least expensive, most sensitive, and most specific approach
to laboratory diagnosis. Detection of an HAV-specific anti-
body of the IgM class (primarily against capsid antigen) in-
dicates current or recent infection and is the gold standard
for diagnosis of acute hepatitis A. Such an antibody is almost
always present at the onset of symptoms, peaks during the
acute or early convalescent phase of the disease, and remains
positive for approximately 4 to 6 months (112) (Fig. 11).
Many methods have been used to detect IgM anti-HAV, but
enzyme-linked immunosorbent assay (ELISA) is now the
most commonly used. IgM anti-HAV ELISA assays are
available commercially and generally do not detect the low
levels of IgM that may persist in patients more than 6
months after acute HAV infection (156).

However, persons who are unlikely to have acute viral
hepatitis should not be tested for IgM anti-HAV, and the use
of IgM anti-HAVas a screening tool or as part of a test panel
used in the workup of nonacute liver function abnormalities
should be discouraged. Testing in the absence of clinical
signs or symptoms of acute HAV infection lowers the pre-
dictive value of the IgM anti-HAV test and can result in
increased numbers of false-positive tests for acute HAV in-
fection (157). A positive IgM anti-HAV does not necessarily
indicate acute infection because individuals can have a
prolonged presence of IgM. In one study of 140 persons
reported to have a positive IgM test result in 2003, a total of
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87 (62%) did not have an illness that met the case definition
for hepatitis A or any other type of viral hepatitis (143).

IgG anti-HAVappears at the same time as IgM antibodies
to HAV but, unlike IgM anti-HAV, remains detectable for
decades thereafter (Fig. 11). Commercial assays are not
generally available for specific detection of IgG anti-HAV.
However, multiple types of assays are available for detection
of total anti-HAV antibody, which, in the absence of acute
infection, is largely comprised of IgG antibody and indica-
tive of previous or resolved HAV infection. Conversely, the
absence of anti-HAV in a sample collected during the acute
phase of illness or early convalescence is strong evidence
against a diagnosis of HAV infection. However, if the clin-
ical or epidemiologic situation strongly suggests HAV in-
fection, the test should be repeated within a few days to a
week to formally exclude the diagnosis.

Liver biopsy is rarely indicated to establish a diagnosis of
acute hepatitis. This procedure is associated with discomfort
to the patient, and carries a small but finite risk of death.
Moreover, tissue morphology is usually not diagnostic.

Detection of virus or viral antigen in the stool is a useful
research tool but has no place in routine clinical diagnosis.
Since HAV clinical isolates usually replicate very slowly and
then to very low titers in cell culture, virus isolation is in-
sensitive, unreliable, and expensive.

Nucleic acid detection techniques are more sensitive
than immunoassays for viral antigen to detect HAV in
samples of different origin (e.g., clinical specimens, envi-
ronmental samples, or food). Amplification of viral RNA by
reverse transcription-polymerase chain reaction (RT-PCR)
is currently the most sensitive and widely used method for
detection of HAV RNA (44). Real-time RT-PCR is rapid,
sensitive, reproducible, and potentially quantitative. Nucleic
acid sequencing of PCR amplimers may confirm their
specificity and provide the ultimate means of identifying and
characterizing the responsible virus genotype or strain (158).
Sequencing of selected genomic regions of HAV is used to
determine the genetic relatedness of isolates for epidemio-
logic investigations (159).

RT-PCR may be used for HAV detection in environ-
mental samples. The same characteristics that facilitate the
likelihood of transmission of HAV by contaminated food
and water—i.e., the stability of HAV in the environment,
especially when associated with organic matter, and its re-
sistance to low pH, drying, and heat—also improve the
likelihood of detection in environmental samples. However,
HAV detection in food traditionally has not been included
as a part of outbreak investigations because of the lengthy
incubation period of the disease and the probability that the
offending foodstuff usually has been consumed or discarded
by the time the outbreak is recognized (160).

PREVENTION
General
Hepatitis A is a vaccine-preventable disease. The WHO
recommends hepatitis A vaccination be integrated into the
childhood schedule if disease incidence and cost effective-
ness support its use (115). Before vaccines were licensed
beginning in 1995, prevention of hepatitis A was primarily
aided by adherence to sanitary practices such as hand
washing, appropriate heating of foods, and avoidance of
food and water from endemic areas. Hand washing is highly
effective in preventing transmission, since the virus can
survive for up to 4 hours on the hands (161). General

hygienic measures are most important in limiting person-to-
person spread in the home, school, or work settings. While
nosocomial transmission is rare and hospitalized patients
require only enteric precautions and private rooms, gloves
should be worn when handling anything that is potentially
contaminated (162). Chlorination and household bleach
(1:100 dilution) are sufficient to inactivate the virus (see
above).

The provision of clean water, availability of proper waste
disposal, and general improvement in overall living condi-
tions rapidly reduce the incidence of hepatitis A within a
population. However, the epidemiologic transition that oc-
curs as a result of these preventive measures leads to a de-
clining hepatitis A seroprevalence that may pose a public
health problem; greater numbers of older people may be
susceptible to infection and symptomatic illness.

Passive Immunization
Before the licensure of effective hepatitis A vaccines, IG was
the sole means of prevention of hepatitis A for people who
either were likely to become infected or had recently been
exposed. Passive immunization with polyclonal serum IG
prior to exposure has been available since the 1940s and has
been shown to decrease the incidence of HAV infection by
more than 90% (163). IG is a sterile preparation of con-
centrated antibodies made from pooled human plasma pro-
cessed by cold ethanol fractionation (164). In the United
States, only plasma that has tested negative for hepatitis B
surface antigen, antibody to human immunodeficiency virus,
and antibody to HCV is used to produce IG. Since 1995, the
U.S. Food and Drug Administration (FDA) has required
that the process used to make IG include a specific viral
inactivation step or that final products test negative for
HCV RNA by PCR (128). Despite concern that the decline
in the prevalence of anti-HAV in the population might re-
duce the effectiveness of IG, there is no standard for anti-
HAV levels in IG preparations, and at present no evidence
of reduced efficacy of IG.

IG provides protection against hepatitis A through
passive transfer of antibody. When administered for pre-
exposure prophylaxis, 1 dose of 0.02 ml/kg IM confers pro-
tection for no more than 3 months, and 1 dose of 0.06 mL/kg
IM confers protection for 3–5 months. When administered
within 2 weeks after an exposure to HAV (0.02 mL/kg IM),
IG is 80%–90% effective in preventing hepatitis A (163).
Efficacy is greatest when IG is administered early in the
incubation period. When administered later in the incuba-
tion period, IG may only attenuate the clinical manifesta-
tions of HAV infection (163).

The level of anti-HAV detected in persons one week after
the administration of a single intramuscular (IM) 5-cc dose
of IG is typically in the range of 50 to100 mIU/ml (111). By
comparison, the titer of anti-HAV detected after recent in-
fection often exceeds 15,000 mIU/ml, and following active
immunization with three doses of HAV vaccine, approxi-
mately 3,500 mIU/ml. While measurable antibody following
IG may disappear rapidly, protection persists for several
months (165).

Serious adverse events from IG are rare. Because ana-
phylaxis has been reported after repeated administration to
persons with immunoglobulin A deficiency, those persons
should not receive IG. Pregnancy or lactation is not a
contraindication to receipt of IG. A thimerosal-free prepa-
ration of IG is available and is preferable for use in infants
and pregnant women (128). Less-serious reactions can also
occur, including pain at the injection site.
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Active Immunization

Hepatitis A Vaccines
Several types of hepatitis A vaccine have been developed
and evaluated in nonhuman primate models of HAV in-
fection and in human clinical trials. These include formalin-
inactivated vaccines (9, 166), live attenuated vaccines
(167), and combination HAV and hepatitis B vaccines
(168). For the most part, only inactivated HAV vac-
cines have been evaluated for efficacy in rigorous, prospec-
tive, controlled clinical trials, and they comprise the only
vaccine type approved for use in the United States (169).
However, a live-attenuated HAV vaccine has been used
extensively in China since 1992, reportedly with effective
results (170). A live-attenuated vaccine (BioVac-A; Woc-
khardt; Mumbai, India) is also available in India and in
other countries (Mevac-A) including Guatemala, Phi-
lippines, Bangladesh, Nepal, and Chile.

Havrix (GlaxoSmithKline, Rixensart, Belgium) was the
first HAV vaccine licensed for use in the United States in
1995. It is a purified, formalin-inactivated vaccine manu-
factured from the HM175 virus strain propagated in a hu-
man cell line. A second formalin-inactivated vaccine, Vaqta
(Merck & Co., Inc., Whitehouse Station, New Jersey), be-
came available in the United States in 1996. It is produced
with the CR326 viral strain and has equivalent immuno-
genicity and tolerance compared to Havrix (171). These two
vaccines are indistinguishable in terms of their efficacy. Both
have been demonstrated to provide high-level (95% or
greater) protection against symptomatic HAV infection in
prospective clinical trials of strikingly different design (10,
169). The results of the Vaqta trial even suggested that
inactivated HAV vaccine can provide a high level of post-
exposure protection against disease (10), a fact confirmed in
a later clinical trial (172). The dosing and vaccination
schedule approved by the Advisory Committee on Immu-
nization Practices is shown in Table 1.

Twinrix (containing both HAV and HBV antigens;
GlaxoSmithKline) was approved by the FDA in 2001.
Twinrix is licensed for use in persons aged more than 18 years
and contains 720 enzyme-linked immunosorbent assay units
(EL.U.) of hepatitis A antigen (half the Havrix adult dose)
and 20 mcg of recombinant hepatitis B surface antigen
protein (the same as the Engerix-B [GlaxoSmithKline] adult
dose). Primary immunization consists of three doses ac-
cording to the same schedule as that commonly used for
single-antigen hepatitis B vaccine (0, 1, and 6 months)
(Table 2). After three doses of Twinrix, antibody responses
to both antigens are equivalent to responses seen after the
single-antigen vaccines are administered separately on
standard schedules (173). Clinicians may choose to use an

accelerated schedule for Twinrix (i.e., doses at days 0, 7, and
21). The FDA approved an accelerated schedule for Twinrix
in 2007; persons who receive a vaccination on an acceler-
ated schedule should also receive a booster dose at 1 year
after the start of the series to promote long-term immunity
(174).

Vaccine Immunity
Although inactivated hepatitis A vaccine elicits both anti-
HAV antibody and virus-specific T-cell responses (175),
protection is likely afforded primarily by serum-neutralizing
antibodies, based on early studies with passively transferred,
pooled human IG (176). Low levels of neutralizing antibody
correlate with high-level protection against disease (111).

Indications for Immunization
Indications for hepatitis A immunization have evolved over
time, and the current U.S. recommendation, issued by the
Advisory Committee on Immunization Practices (ACIP) of
the CDC in 2006, is to routinely immunize all children at 1
year of age. Globally, the WHO recommends immunization
for children greater than 1 year of age in places with inter-
mediate to low endemicity (115). These recommendations
are intended to further reduce hepatitis A morbidity and
mortality and make possible the consideration of eventual
elimination of HAV transmission. Immunization is also
recommended for persons who are at increased risk for in-
fection and for any person wishing to obtain immunity.
Children who are not vaccinated by the age of 2 years can be
immunized at later ages. Catch-up vaccination programs are
strongly encouraged, especially in the context of increasing
incidence and outbreaks since 2011.

Persons at increased risk of infection or more severe
disease who should be immunized include individuals trav-
eling to or working in countries with high or intermediate
rates of hepatitis A (see specific recommendations below in
“Pre- versus Postexposure Prophylaxis”), persons with
chronic liver disease (especially chronic hepatitis C) or
clotting factor disorders, alcoholics, MSM, illicit drug users,
individuals with close personal contact with an interna-
tional adoptee from a country of high or intermediate en-
demicity during the first 60 days following arrival to the
United States, persons working with HAV-infected primates
or with HAV in a research laboratory, and individuals with
recent exposure (for postexposure prophylaxis). Immuniza-
tion against HAV infection is safe and effective in persons
with chronic liver disease; susceptible people who are either
awaiting or have received liver transplants should also be
vaccinated (128).

The safety of hepatitis A vaccine during pregnancy has
not been determined. However, because the vaccine is
produced from inactivated HAV, the theoretical risk to the
fetus is low. Nonetheless, immunization is typically not
performed during pregnancy unless the risk of exposure to
HAV is very high.

TABLE 1 Recommended regimens: dose and schedule
for hepatitis A vaccines

Vaccine
Age
(yr) Dose

Volume
(ml)

Two-dose
schedule (mo)a

Havrix 1–18 720 (EL.U.) 0.5 0 (6–12)
> 18 1,440 (EL.U.) 1.0 0 (6–12)

Vaqta 1–18 25 (U) 0.5 0 (6–18)
> 18 50 (U) 1.0 0 (6–18)

Abbreviations: EL.U.=enzyme-linked immunosorbent assay units;U=units.
a0 months represents timing of the initial dose; subsequent numbers represent

months after the initial dose.
Adapted from reference 128.

TABLE 2 Licensed dosages of Twinrix

Age
(yr)

Dose (hepatitis
A/ hepatitis B)

Volume
(ml)

No.
doses

Schedule
(mo)a

‡ 18 720 EL.U. 1.0 3 0, 3, 6

Abbreviations: EL.U.=enzyme-linked immunosorbent assay units.
a0 months represents timing of the initial dose; subsequent numbers represent

months after the initial dose.
Adapted from reference 128.
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Vaccine immunogenicity
After a primary vaccination course, most studies have shown
a seroconversion rate approaching 100% in both children
and adults (177). Inactivated HAV vaccine produces sub-
stantially higher titers of circulating anti-HAV antibody
than administration of protective doses of IG. Since long-
term persistence of antibody has been demonstrated, HAV
booster vaccination is not necessary after the primary series.

Two main groups have shown a diminished response to
HAV vaccine: patients with advanced liver disease and
those who are immunocompromised. In one study, rates of
seroconversion were lower in those with decompensated
cirrhosis (66%) compared with those with compensated
cirrhosis (98%) (178). Patients with low CD4 counts ( < 300
cells/mm3) also experience lower seroconversion rates; per-
sons with advanced human immunodeficiency virus (HIV)
infection show seroconversion rates ranging from 52% to
94% (179). Patients who are receiving immunosuppressive
medications respond well to a two-dose vaccination series
but have suboptimal response to one dose (180).

Diminished vaccine response has been observed in in-
fants with passively acquired antibody as the result of pre-
vious maternal HAV infection (128), which is why hepatitis
A vaccination is deferred until the infant is 1 year old. In the
majority of studies, all infants subsequently had protective
levels of antibody, but the final levels were substantially lower
than those of infants born to anti-HAV-negative mothers and
vaccinated according to the same schedule. Despite lower
antibody levels after the primary series, the majority of infants
with passively acquired antibody respond to a booster dose 1
to 6 years later (128). Passively acquired antibody declines to
undetectable levels in the majority of infants by 1 year of age.
After that time, hepatitis A vaccine is highly immunogenic,
regardless of maternal anti-HAV status.

In populations with high rates of previous HAV infec-
tion, prevaccination testing may be considered to reduce
costs by not vaccinating persons who are already immune.
However, prior infection does not pose any special risk for
vaccination. Postvaccination testing is not indicated be-
cause of the high rate of vaccine response. Furthermore, not
all testing methods approved for routine diagnostic use in
the United States have the sensitivity to detect low (but
protective) anti-HAV titers that may be present after vac-
cination.

Side Effects and Adverse Events
An estimated 1.3 million persons in Europe and Asia were
vaccinated with Havrix before its licensure in 1995 and no
serious adverse events were reported (128). Since the insti-
tution of routine childhood vaccination in the United States,
no serious adverse events have been reported. Among adults,
the most frequently reported adverse events occurring less
than 3 days after administration were soreness at the injection
site (56%), headache (14%), and malaise (7%) (181). Vac-
cination of a person who is immune because of previous in-
fection does not increase the risk for adverse events.

Immunization Policies and Vaccine Coverage
Vaccination policies range from being part of a national
universal immunization program for children to targeting the
vaccine exclusively to high-risk groups. Immunization pro-
grams have been very successful in most cases and have
reduced the incidence of infection to up to 90%. Countries
that have implemented a universal immunization program
for children include Argentina, Israel, Italy, Spain, and the
United States (118). Targeted policies for travelers have also
been effective.

Vaccine coverage in countries that have implemented
universal immunization programs has varied. In Argentina,
approximately 95% of children were vaccinated in 2006
(182), but in the United States, coverage has ranged from
49.7% to 57.5% between 2010 and 2014 (134). Vaccination
coverage in the United States has been slowly increasing
each year by approximately 2% since 2010, but there is still
room for improvement. In contrast to vaccination coverage
rates among children, the rate among adults in the United
States is substantially lower (132). In 2013, estimated hep-
atitis A vaccination coverage was only 12.3% among adults
aged 19 to 49 years and 5.4% among adults older than 50
years. Coverage was higher among Asians (16.1%) com-
pared with whites (12.6%) and Hispanics (10.6%). Sur-
prisingly, only 13.3% of adults aged more than 19 years with
chronic liver disease were vaccinated.

Pre- Versus Postexposure Prophylaxis

Postexposure Prophylaxis of Hepatitis A
Active immunization with vaccine and passive immu-
nization with IG have equivalent efficacy when used for

TABLE 3. Summary of recommendations for prevention of hepatitis A after exposure to hepatitis
A virus (HAV) and in departing international travelers

Hepatitis A vaccine Immune globulin

Postexposure
prophylaxis

1) Healthy persons aged 12 mo to
40 yr at the age-appropriate dose

2) Healthy persons aged > 40 yr
if IG cannot be obtained

1) Persons aged > 40 yr
2) Children aged < 12 mo
3) Immunocompromised persons and persons
with chronic liver disease, or for whom
vaccine is contraindicated

International
travela

For most healthy persons, one dose
of single antigen before travel

Persons who elect not to receive vaccine,
are aged < 12 mo, or are allergic
to a vaccine component

Older adults, immunocompromised persons, and persons with chronic liver disease
or other chronic medical conditions planning to depart to an area in < 2 weeks
should receive the initial dose of vaccine and also simultaneously can be
administered IG at a separate anatomic site

aTo countries with high or intermediate endemicity for hepatitis A
IG=immune globulin.
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postexposure prophylaxis (172). Among 1,090 healthy in-
dividuals (aged 2 to 40 years) randomly assigned to vaccine
or IG within 14 days of exposure, symptomatic HAV infec-
tion occurred in a similar proportion of patients in both
groups (4.4% versus 3.3%, respectively) (172). Following
this study, U.S. guidelines were revised to allow for hepatitis
A vaccine to be used after exposure to prevent infection in
healthy persons aged 1 to 40 years. Such persons should
receive a single dose of hepatitis A vaccine or IG (0.02 ml/
kg) as soon as possible, but ideally no later than 2 weeks after
exposure (172) (Table 3). Vaccine is preferred over IG in
this setting due to long-term protection and ease of admin-
istration. However, in children younger than 12 months, or
individuals aged more than 40 years, and in immunocom-
promised persons, persons with chronic liver disease, and
persons for whomHAV vaccine is otherwise contraindicated,
IG should be given if possible. If immunization against HAV
is otherwise warranted, a dose of vaccine should be given
simultaneously with IG.

Postexposure prophylaxis should be given to close per-
sonal contacts of individuals with serologically confirmed
HAV who have not been vaccinated previously, both
household and sexual contacts, as well as persons who have
recently shared illicit drugs with someone with hepatitis A.
Postexposure prophylaxis is also warranted for unvaccinated
staff and attendees of child care centers or homes if one or
more cases of hepatitis A is recognized in children or em-
ployees, or if cases are recognized in two or more households
of center attendees. When an outbreak occurs in a day care
center, prophylaxis should be considered for members of
households that have diapered children attending the cen-
ter. If a food handler is diagnosed with hepatitis A, then
prophylaxis should be given to other food handlers at the
same location. However, prophylaxis is not indicated when
only a single hepatitis A case has been identified in a school,
hospital, or office setting.

Prevention of Hepatitis A in International Travelers
In June 2007, the ACIP concluded that hepatitis A vaccine
alone provides protection for healthy international travelers
aged more than 40 years (Table 3). The first dose of vaccine
should be given as soon as travel is considered. However, for
optimal immediate protection, IG can be considered in ad-
dition to vaccine and should be given to older adults, im-
munocompromised persons, and individuals with chronic
liver disease who are traveling to an endemic area within 2
weeks. Travelers who are allergic to a vaccine component or
who are aged less than 12 months should receive a single
dose of IG, which provides protection for up to 3 months
(Table 3) (128).

TREATMENT
Treatment of typical hepatitis A is supportive; there are no
approved antiviral agents that are effective against HAV.
Avoiding hepatotoxic medications and abstaining from al-
cohol is recommended. Hospitalization is rarely needed but
occasionally age-appropriate management of nausea and
diarrhea, including intravenous hydration, is required. Bed
rest has no specific benefit. In contrast to typical acute
hepatitis A, in which corticosteroids should never be used,
the duration and degree of symptoms associated with cho-
lestatic hepatitis may be reduced by a short course of corti-
costeroids (149).

Many agents have been studied for the treatment of ful-
minant hepatitis (e.g., corticosteroids, prostaglandin E, IFN,

and ribavirin) with inconclusive results. Liver transplanta-
tion is the only potentially successful intervention, although
criteria for selecting patients for transplantation have been
difficult to establish. Survival is moderately high, even for
patients with coma (approximately 66%) and no single
factor is predictive of a poor outcome. Overall survival is
55% to 75% among patients undergoing transplantation
(153). There is no conclusive evidence that HAV is able to
reinfect the transplanted liver.
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Norwalk virus (NV) was first recognized from an outbreak of
epidemic gastroenteritis in an elementary school in Norwalk,
Ohio in 1968, in which 50% of the students and teachers
became ill and secondary cases occurred in 32% of family
contacts (1). Subsequently, NV was visualized using immune
electron microscopy (IEM) and described as a 27-nm filter-
able agent (2). This provided definitive proof that viruses
cause diarrhea, an idea initially proposed during the 1940s
and 1950s when a filterable infectious agent (although not
propagated in cell culture) was passaged serially in volun-
teers. The first clear description of the basic virological,
clinical, and immunological responses to nonbacterial in-
fections came from studies in volunteers administered a
bacteria-free fecal filtrate of NV (3). The history of these
early investigations leading to visualization of the agent by
IEM provides an excellent example of how major scientific
advances often require and parallel new technological op-
portunities (4). The subsequent application of IEM to other
diarrheal stool samples ultimately led to the discovery of
other viral agents of gastroenteritis and hepatitis A virus (see
Chapters 4, 25, 34, and 48). The later cloning and expression
of the NV genome resulted in the development of new assays
and reagents that permit large-scale epidemiologic studies.

VIROLOGY
Classification
Although the first report of the visualization of NV was in
1972, the virus was not classified until 1990. Classification
required the successful cloning of the viral genome because
NV and related agents were noncultivable in cell culture.
Molecular cloning and characterization of the NV genome
allowed this virus to be classified as a member of the family
Caliciviridae (5). Caliciviruses are nonenveloped, icosahedral
particles containing a single-stranded RNA of positive po-
larity, approximately 7.7 kilobases (kb). The name calici-
virus, from the Latin calyx meaning “cup” or “goblet,”
describes the cup-shaped depressions observed by EM (see
Fig. 1). Although structural studies confirm that NV con-
tains cup-shaped depressions, these depressions are often
clearer in other strains of animal and human caliciviruses
(Fig. 1).

There are five genera currently recognized within the
Caliciviridae family (6). Two of these genera (Norovirus

[NoVs] and Sapovirus [SaVs]) contain human and a few
animal strains while the other three genera, Vesivirus (e.g.,
vesicular exanthem virus of swine, feline calicivirus, San
Miguel sea lion virus), Lagovirus (e.g., rabbit hemorrhagic
disease virus, European brown hare syndrome virus), and
Nebovirus (e.g., Newbury-1 virus), contain only animal
strains. Classification of NV as a calicivirus based on its
genomic characteristics replaced a previous interim classifi-
cation in which these and other small-sized fecal viruses
were classified morphologically according to whether they
contained visible structural features. In this morphological
system, two groups of human viruses that contain members
of the Caliciviridae family were recognized: the classical (or
morphologically typical) caliciviruses and the small round-
structured viruses (SRSVs). NV was the prototype SRSV
strain. Although most morphologically typical caliciviruses
have been found to be SaVs and most SRSVs have been
identified as NoVs, a few morphologically typical calici-
viruses have been found to be NoVs. Thus, correct classifi-
cation requires obtaining sequence data. Although electron
microscopists in diagnostic laboratories may continue to use
the morphological appearance as a tentative classification
system, other rapid diagnostic assays to detect human cali-
civiruses (HuCVs) are available (see below).

Genogroups and Genotypes
The availability of the first NoV nucleotide sequence
opened a new era in the characterization of HuCVs, in-
cluding the agents previously characterized as SRSVs. Pri-
mers were designed to amplify viral sequences from clinical
samples, and numerous different strains were identified.
Eventually, the complete sequences of several HuCV strains
were reported, and phylogenetic analyses of these and other
virus strains allowed the classification of a virus strain into
the genus Norovirus or Sapovirus (4).

Strains within a genus can be further subdivided based
upon phylogenetic analysis of the polymerase region, the
capsid region, or the third open reading frame (ORF3).
Such analyses have allowed the subdivision of NoVs into
seven genogroups (7) and SaVs into five genogroups (8),
and virus strains in both genera into different genotypes
(Tables 1 and 2). Each genogroup has been proposed to
represent a separate species (9, 10), although this designation
has not yet been accepted by the International Committee
on Taxonomy of Viruses. Criteria for the separation of NoVs
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into genogroups and further into genotypes have been de-
veloped and build upon previously reported genotypes (9).
The primary designation is based upon phylogenetic analysis
of the complete amino acid sequence of the major structural
protein, VP1 (10). New genotypes are assigned by an inter-
national group of experts and require at least two complete
capsid sequences from strains in the new genotype and differ
from the closest genotype cluster by at least two standard
deviations. For GI strains, this represents at least a 20% to
21% uncorrected pairwise difference of the VP1 amino acid
sequence for strains in different genotypes, while for GII
strains the uncorrected pairwise difference between strains in
different genotypes is at least 13% to 15% (9). Sapoviruses
are also classified based upon analysis of the complete VP1
sequence, although they have less genetic diversity (11).

Recombination occurs among both NoVs and SaVs,
most commonly near the start of the VP1 gene, and is likely
a common mechanism by which new strains are generated
(12, 13). Thus, although similar phylogenetic relationships
are frequently identified when both the polymerase and
capsid regions of the genome are analyzed (14), discordant
results can occur following a recombination event (12). This
has led to the classification of norovirus strains by poly-

merase genotype in addition to the capsid genotype. The
polymerase genotype is preceded by a capital ‘P’ to distin-
guish it from the capsid genotype. An Arabic number is used
when the polymerase genotype has previously been associ-
ated with an established reference capsid genotype; a letter is
used for orphan polymerase sequences. To date, P types have
only been assigned to GI and GII strains (Table 1). At least
1300 nucleotides (nt) of sequence at the 3’ end of the first
open reading frame are required to assign a new polymerase
genotype.

The formal designation of norovirus strains has been
proposed to include the genogroup, the host (e.g., human,
bovine, porcine), a two-digit country of origin, the geno-
group and genotype (and variant name, if appropriate), and
the strain name. Thus, the original Norwalk virus is desig-
nated as GI/Hu/US/1968/GI.P1-GI.1/Norwalk while a GII.4
variant is GII/Hu/GB/2010/GII.P4-New Orleans2009/Lon-
don48 (9).

Serotypes and antigenicity
Norovirus and sapovirus serotypes are not yet defined due to
the lack of robust cultivation systems. However, based on
cross-challenge studies in volunteers and some comparisons
of different prototype particles by immune electron micros-
copy (IEM) and enzyme-linked immunosorbent assay (ELI-
SA), an initial proposal (before classification into genera)
identified at least five serotypes, represented by NV, Hawaii
virus (HV), Snow Mountain virus (SMA), the Taunton
virus, and Sapporo virus (SV) (15). Subsequently, additional
antigenic groups were proposed based on IEM studies. These
serotype designations assume that antibody reactivity by
IEM reflects reactivity of antibody with neutralization epi-
topes on the surface of particles. However, some polyclonal
and monoclonal antibodies that bind virus do not block virus
binding to cells (16). The antigenic relationships between a
subset of these viruses have been evaluated in ELISAs using
hyperimmune antisera generated against recombinant virus-
like particles (VLPs). Although only limited comparisons
have been performed to date, viruses belonging to distinct
genotypes are antigenically distinct from strains belonging to
other genotypes for both NoVs (17) and SaVs (18). Better
characterization of distinct serotypes will become possible as
cell culture methods are developed.

Recombinant VLPs have been used to characterize se-
rological immune responses of individuals involved in ex-
perimental human infection studies (19, 20) and in
outbreaks of NoV infection (21). The likelihood of detect-
ing a serological response is greater when the antigen used is
derived from a virus in the same genotype, but there are not
enough data available at this time to determine the signifi-
cance (in terms of biologic or type differences) of genotype
designations. For example, patients infected with GI.1
viruses can show cross-reactive immune responses to other
genogroup I viruses, although usually at a lower frequency
and magnitude compared to the response to the homologous
strain (19, 20). In some instances, persons infected with
genogroup I viruses from genotypes distinct from NV (GI.1)
show seroresponses to NV VLPs that are similar to those
seen when the infecting strain is from the NV genotype (21).
In contrast, patients infected with genogroup II viruses have
had such “homologous” responses to Toronto virus (GII.3)
and Hawaii virus (GII.1) VLPs only when the infecting
strain is in the genotype from which the test antigen strain
was derived (21). Cross-genogroup responses have also been
observed, and it is likely that a person’s past NoV infection
history influences the occurrence of such responses.

FIGURE 1 Electron micrographs of caliciviruses. Negative-
stain electron micrographs of (A) an NoV (previously called small
round-structured virus, or SRSV) from the stool of a volunteer
given NoV/NV/8fIIa; (B) an SaV with the classical calicivirus
morphologic features including distinct cuplike indentations in the
surface of the particles, taken from the stool of a child and con-
taining SaV/Sapporo; (C) 38 nm rNV particles produced and pu-
rified from insect cells infected with a baculovirus recombinant that
expresses the NV ORF2; and (D) 19-nm particles produced and
purified from insect cells infected with a baculovirus recombinant
that expresses NV ORF2. Bar, 50 nm. Panel D adapted from White
et al. (33) and courtesy of Dr. L. White.
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TABLE 1 Prototype strains Norovirus strains by genogroups and genotypes based upon (9, 10, 7)

Capsid genogroup
genotype

Capsid prototype
strain

GenBank
number

Polymerase genogroup
genotype*

Polymerase prototype
strain

GenBank
number

I.1 GI/Hu/US/1968/GI.1/Norwalk M87661 I.P1 GI/Hu/US/1968/GI.P1/Norwalk M87661
I.2 GI/Hu/UK/1991/GI.2/Southampton L07418 I.P2 GI/Hu/UK/1991/GI.P2/Southampton L07418
I.3 GI/Hu/SA/1990/GI.3/Desert Shield 395 U04469 I.P3 GI/Hu/US/1998/GI.P3/VA98115 AY038598
I.4 GI/Hu/JP/1987/GI.4/Chiba 407 AB022679 I.P4 GI/Hu/JP/1987/GI.4/Chiba 407 AB042808
I.5 GI/Hu/UK/1989/GI.5/Musgrove AJ277614 I.P5 GI/Hu/SE/2005/GI.P5/07_1 EU007765
I.6 GI/Hu/DE/1997/GI.6/BS5(Hesse3) AF093797 I.P6 GI/Hu/DE/1997/GI.P6/BS5(Hesse3) AF093797
I.7 GI/Hu/UK/1994/GI.7/Winchester AJ277609 I.P7 GI/Hu/SE/2008/GI.P7/Lilla Edet JN603251
I.8 GI/Hu/US/2001/GI.8/Boxer AF538679 I.P8 GI/Hu/US/2008/GI.P8/890321 GU299761
I.9 GI/Hu/CA/2004/GI.9/Vancouver730 HQ637267 I.P9 GI/Hu/FR/2004/GI.P9/Chatellerault709 EF529737

I.Pa GI/Hu/SA/1990/GI.Pa/Desert Shield 395 U04469
I.Pb GI/Hu/JP/2002/GI.Pb/WUG1 AB081723
I.Pc GI/Hu/JP/2000/GI.Pc/SzUG1 AB039774
I.Pd GI/Hu/FR/2003/GI.Pd/Vesoul576 EF529738
I.Pf GI/Hu/JP/1979/GI.Pf/Otofuke AB187514

II.1 GII/Hu/US/1971/GII.1/Hawaii U07611 II.P1 GII/Hu/US/1971/GII.P1/Hawaii U07611
II.2 GII/Hu/UK/1994/GII.2/Melksham X81879 II.P2 GII/Hu/UK/1994/GII.P2/Melksham X81879
II.3 GII/Hu/CA/1991/GII.3/Toronto 24 U02030 II.P3 GII/Hu/CA/1991/GII.P3/Toronto 24 U02030
II.4 GII/Hu/UK/1993/GII.4/Bristol X76716 II.P4 GII/Hu/UK/1993/GII.P4/Bristol X76716
II.5 GII/Hu/UK/1990/GII.5/Hillingdon AJ277607 II.P5 GII/Hu/HU/1999/GII.P5/MOH AF397156
II.6 GII/Hu/UK/1990/GII.6/Seacroft AJ277620 II.P6 GII/Hu/JP/2002/GII.P6/Saitama U16 AB039778
II.7 GII/Hu/UK/1990/GII.7/Leeds AJ277608 II.P7 GII/Hu/JP/2002/GII.P7/Saitama U4 AB039777
II.8 GII/Hu/NL/1998/GII.8/Amsterdam AF195848 II.P8 GII/Hu/JP/2002/GII.P8/Saitama U25 AB039780
II.9 GII/Hu/US/1997/GII.9/VA97207 AY038599
II.10 GII/Hu/DE/2000/GII.10/Erfurt 546 AF427118
II.11 GII/Sw/JP/1997/GII.11/Sw918 AB074893 II.P11 GII/Sw/JP/1997/GII.P11/Sw918 AB074893
II.12 GII/Hu/UK/1990/GII.12/Wortley AJ277618 II.P12 GII/Hu/JP/2005/GII.P12/Sakai/04-179 AB220922
II.13 GII/Hu/US/1998/GII.13/Fayetteville AY113106 II.P13 GII/Hu/FR/2004/GII.P13/Briancon870 EF529741
II.14 GII/Hu/US/1999/GII.14/M7 AY130761
II.15 GII/Hu/US/1999/GII.15/GII.15/J23 AY130762 II.P15 GII/Hu/JP/2006/GII.P15/Hiroshima66 AB360387
II.16 GII/Hu/US/1999/GII.16/Tiffin AY502010 II.P16 GII/Hu/DE/2000/GII.P16/Neustrelitz260
II.17 GII/Hu/US/2002/GII.17/CS-E1 AY502009
II.18 GII/Sw/US/2003/GII.18/OH-QW101 AY823304 II.P18 GII/Sw/US/2003/GII.P18/OH-QW101 AY823304
II.19 GII/Sw/US/2003/GII.19/OH-QW170 AY823306
II.20 GII/Hu/DE/2002GII.20/Luckenwalde591 EU373815 II.P20 GII/Hu/GE/2005/GII.P20/Leverkusen267 EU424333

(Continued on next page)
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TABLE 1 Prototype strains Norovirus strains by genogroups and genotypes based upon (9, 10, 7) (Continued)

Capsid genogroup
genotype

Capsid prototype
strain

GenBank
number

Polymerase genogroup
genotype*

Polymerase prototype
strain

GenBank
number

II.21 GII/Hu/IQ/2003/GII.21/IF1998 AY675554 II.P21 GII/Hu/FR/2004/GII.P21/Pont de Roide673 AY682549
II.22 GII/Hu/JP/2002/GII.22/Yuri AB083780 II.P22 GII/Hu/JP/2003/GII.P22/Hokkaido133 AB212306
II.23 GII/Hu/JP/2004/GII.23/Chiba040502 AJ844470

II.Pa GII/Hu/JP/2004/GII.Pa/SN2000JA AB190457
II.Pc GII/Hu/US/1976/GII.Pc/Snow Mountain AY134748
II.Pe GII/Hu/JP/2007/GII.Pe/OC07138 AB434770
II.Pf GII/Hu/FR/1999/GII.Pf/S63 AY682550
II.Pg GII/Hu/AU/1983/GII.Pg/Goulburn Valley DQ379714
II.Ph GII/Hu/JP/1997/GII.Ph/OC97007 AB089882
II.Pj GII/Hu/GR/1997/GII.Pj/E3 AY682552
II.Pk GII/Hu/JP/1996/GII.Pk/OC96065 AF315813
II.Pm GII/Hu/IN/2006/GII.Pm/PunePC24 EU921353
II.Pn GII/Hu/CN/2007/GII.Pn/Beijing53931 GQ856469
II.Pp GII/Hu/JP/2011/GII.Pp/Yuzawa Gira2HS KJ196291

III.1 GIII/Bo/DE/1980/GIII.1/Jena AJ011099
III.2 GIII/Bo/NL/1998/GIII.2/CH126 AF097917
III.3 GIII/Ov/NZ/2007/GIII.3/Norsewood30 EU193658
IV.1 Hu/NoV/Alphatron/1998/NL AF195847
IV.2 Lion/NoV/387/2006/IT EF750827
V.1 Mu/NoV/MNV-1/2003/US AY228235
V.2 GV/Rn/HK/2011/GV.2/HKU_CT2 JX486101
VI.1 GVI/Ca/IT/2007/GVI.1/Bari 91 FJ875027
VI.2 GVI/Ca/PT/2007/GVI.2/Viseu C33 GQ443611

*Polymerase genotypes designated by a letter are ophan genotypes that have not been previously associated with an established reference capsid genotype.
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Viruses with similar antigenic reactivity have been
identified at different times and geographic locations such
that viruses antigenically similar to some prototype viruses
are still circulating, and these strains show relatively good
conservation of amino acid sequences over long periods of
time (22). On the other hand, viruses belonging to some
genotypes appear to undergo antigenic drift through epochal
evolution. This phenomenon is best described for GII.4
viruses, with new variants emerging every 2 to 4 years over
the past two decades. Analysis of the amino acid sequences
of the major capsid protein of GII.4 strains found that
changes preferentially accumulate in the outer portion of the
capsid protein (the P domain, see below) (23). The emer-
gence of new variants with the concomitant occurrence of
epidemic disease suggests that immunity in the human
population drives antigenic drift and the evolution of at least
some norovirus genotypes (24).

COMPOSITION
Virion Morphology, Structure, Size
NV originally was described as a 27-nm particle based on
analysis of particles obtained from stools that were aggre-
gated with antibody (2). Structural analysis of particles from
stool is limited by the necessity to perform IEM due to the
low numbers of particles present in most samples. Based on
such micrographs, NV appeared to have a feathery outer
edge that lacked a definitive surface substructure (Figure 1a);
in certain orientations, NV has minor surface indentations.

A more precise description of the structure of NV is now
available based on the analysis of recombinant Norwalk
virus (rNV) particles produced in insect cells infected with a
baculovirus recombinant expressing the cDNA that encodes
the capsid proteins (Fig. 1c and Fig. 2) (25). The NV capsid

is composed of 180 copies of a major polypeptide (VP1) that
folds to produce the capsid structure and a few (< 5) copies
of another polypeptide (VP2) (26). By negative-stain elec-
tron microscopy, rNV particles have a similar morphology to
the native NV (Fig. 1). The rNV particles have a distinct
architecture and exhibit T=3 icosahedral symmetry (Fig. 2)
(27). The major capsid protein folds into 90 dimers that
form a shell domain from which archlike capsomers protrude
(Fig. 2 b–d). The crystallographic structure of rNV particles

TABLE 2 Prototype Sapovirus strains by capsid genogroups
and genotypes (8)

Genogroup
genotype Prototype strain

GenBank
number

I.1 GI/Hu/JP/1982/GI.1/Sapporo U65427
I.2 GI/Hu/US/1994/GI.2/Parkville U73124
I.3 GI/Hu/SE/1997/GI.3/Stockholm 318 AF194182
I.4 GI/Hu/JP/2000/GI.4/Chiba000496 AJ606693
I.5 GI/Hu/JP/2000/GI.5/Ehime643 DQ366345
I.6 GI/Hu/JP/2000/GI.6/Chiba 000764 AJ606694
I.7 GI/Hu/JP/2004/GI.7/Ehime 04-1680 AB258428
II.1 GII/Hu/UK/1992/GII.1/London U95645
II.2 GII/Hu/MX/1990/GII.2/Mex340 AF435812
II.3 GII/Hu/JP/2004/GII.3/C12 AY603425
II.4 GII/Hu/JP/2003/GII.4/Kumamoto6 AB429084
II.5 GII/Hu/US/2000/GII.5/Cruise ship AY289804
II.6 GII/Hu/TH/2004/GII.6/SaKaeo-15 AY646855
II.7 GII/Hu/JP/2008/GII.7/20072248 AB630067
III.1 GIII/Sw/US/1980/GIII.1/PEC-Cowden AF182760
IV.1 GIV/Hu/US/1990/GIV.1/Hou7-1181 AF435814
V.1 GV/Hu/AR/1995/GV.1/Arg39 AY289803
V.2 GV/Hu/JP/2012/GV.2/NGY-1 AB775659
V.3 GV/Sw/JP/2008/GV.3/TYMPo239 AB521771
V.4 GV/Sea lion/US/2011/9775 JN420370

FIGURE 2 Structure of Norwalk virus particles. (a) Surface
representation of the three-dimensional surface structure of rNV
particles viewed along the icosahedral 3-fold axis. This structure was
determined by image processing of the rNV particles shown in
Figure 1c. The rNV particles have a distinct architecture and they
exhibit T = 3 icosahedral symmetry; the 2-fold, 3-fold, and 5-fold
axes of symmetry are shown. Cuplike depressions are evident at the
3-fold and 5-fold axes. The capsid structure is made up of 90
archlike dimers of a single protein that form two types of capsomers;
A/B capsomeres (n=60) surround the 3- and 5-fold axes of sym-
metry and C/C capsomers (n=30) are located at the 2-fold axes of
symmetry. (b) Summary of the properties of the single protein that
makes up the NV capsid structure. A linear schematic of the three
domains (c, conserved; v, variable; lc, less conserved) in the single
capsid protein and a region predicted to fold into an eight-stranded
antiparallel beta-barrel is shown. (c) X-ray crystallographic struc-
ture of rNV capsid at 3.4 Å resolution, as viewed along icosahedral
2-fold axis. Only backbone atoms of the 180 subunits are depicted,
and the structure is depth-cued, with deeper blue at lower radii and
lighter blue at higher radii. (d) Ribbon presentation of the C sub-
unit of rNV capsid protein. N-terminal arm, S domain, P1 and P2
subdomains are colored in green, yellow, red, and blue, respectively.
N- and C-termini of the capsid protein are indicated. The C-ter-
minus faces a hollow, the N-terminus faces the interior of the capsid,
and the P2 subdomain faces the exterior of the capsid. Figures a, c,
and d kindly provided by B.V.V. Prasad; modified from Prasad et al.
(27, 28), with permission.
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shows that the major capsid protein is folded into two do-
mains, a shell domain and a protruding domain. The shell
domain has a classical eight-stranded beta sandwich motif
found in many viral capsid structures, and the amino acid
sequence of this domain is the most conserved region of the
capsid protein sequence (28). The arches are made from the
protruding domain and are arranged in such a way that there
are large hollows at the icosahedral 5- and 3-fold positions
(Fig. 2b), which appear as cuplike structures in classical
caliciviruses. The three-dimensional structures of other
caliciviruses are quite similar to that of NV (29). The S
domain serves as an icosahedral scaffold (Fig. 2d). The P2
domain is an insert into the P1 domain, and it has the
greatest sequence and structural variability in the protein.
The protruding domain of the classical calicivirus is longer
than that for NV, and the shape of the top of the arch also
differs in such a way that the NV would show a feathery
appearance by negative stain EM.

These three-dimensional structures provide independent
evidence of the similarities of distinct morphologic types of
caliciviruses, as well as structural information on where an-
tigenic epitopes and the cellular attachment site in the virus
capsid might be located. Although not yet proven to be
cellular receptors for NoVs, histoblood group antigens such
as the type A and B trisaccharides bind by extensive hy-
drogen bonding to the outer portion of the P2 domain of GI
and GII NoVs, although at distinct locations on the capsid
(30, 31). The greatest sequence variation in the major capsid
protein is in the top of the protruding arch region, a region
that contains distinct epitopes that change among GII.4
variants (28, 32).

Preparations of recombinant NoV [rNV and rMexico
virus [GII.3]) particles also contain smaller-sized particles
(319 nm) (Fig. 1d) (33). These particles probably represent
an alternative assembly of the single capsid protein, and they
possess similar binding and antigenic properties compared to
the larger particles. Such smaller-sized empty particles also
have been observed in stools of children infected with these
viruses, but it is not known if these smaller particles have any
distinct biological properties.

Genome Organization and Viral-Specific Proteins
The first sequence of the NV genome was obtained from
sequencing clonedDNA(cDNA) from virus partially purified
from stools obtained from volunteer studies (5, 34). The full-
length genomic sequence is known for more than 20 NoV
strains and several SaV strains. Partial sequences of hundreds
of other NoVs and SaVs have also been determined.

The genome is a positive sense, polyadenylated, single-
stranded RNA approximately 7.4 to 8.3 kb in length, exclud-
ing the 3’ polyadenylated tail (6). After a short noncoding
region at the 5’ sequence, the genome of the NoVs is pre-
dicted to encode three open reading frames (ORFs), as
shown in Fig. 3. The first (ORF1) and second (ORF2) ORF
sequences overlap by a short, variable (14 to 17) number of
nucleotides. ORF3 is in a separate reading frame from ORF2,
overlapping ORF2 by one (or a few) nucleotide(s). SaVs
have only two ORFs, with the genes encoded by NoV ORF1
and ORF2 in the same ORF (ORF1) of the SaVs (Fig. 3).

The longest NoV ORF, ORF1, encodes a polyprotein
precursor of nonstructural proteins based on the identifica-
tion of sequences similar to the picornavirus nonstructural
proteins (Table 3). In vitro translation of the ORF1 from
Southampton virus (a GI.2 NoV) yields a polyprotein that is
cotranslationally cleaved to give three major products: a 48
kDa N-terminal protein (NS1-2), a 41 kDa protein NTPase

(NS3), and a 113 kDa protein that is homologous to the
3ABCD region of picornaviruses. The 113 kDa protein can
be cleaved further into a 22 kDa protein (NS4), a 16 kDa
protein (NS5, VPg), a 19 kDa protein (NS6, the 3C pro-
tease), and a 57 kDa protein (NS7, the RNA-dependent
RNA polymerase). Similar findings have been noted when
the ORF1 of a GII. NoV (NoV/Camberwell 101922/1994/
AU) virus) is expressed in COS cells using a simian virus 40-
based expression vector (35). The structures of a GI.1 NoV
protease and of a GII.4 polymerase have been solved (36,
37), and these proteins are being evaluated as targets in the
future developments of antiviral drugs (38, 39).

Proteins expressed from ORF1 are immunoreactive based
on detection by human immune sera of a fusion protein
expressed in a lgt11 library and immunoprecipitation of a 57
kDa protein expressed from ORF1 in insect cells (40, 34)
and the development of immune responses to the NV pro-
tease by infected persons (41). These results indicate that
infected individuals make antibodies to proteins other than
the capsid protein, an observation that should be considered
when interpreting early data on the antigenic relatedness of
these viruses determined by RIA or ELISA using stool ex-
tracts as antigen and sera from adult volunteers.

The second ORF of NV encodes a protein of 530 amino
acids with a calculated molecular weight of 56,571, similar
in size to the viral capsid protein (Fig. 3). The NV ORF2
contains a conserved amino acid motif of PPG that also is
found in the picornavirus capsid protein VP3 (34). Expres-
sion of ORF2 and ORF3 in insect cells infected with a
baculovirus recombinant containing this gene, and the ex-
pression of ORF2 alone in cell-free translation systems
produces products similar in size to that observed for the
capsid protein of native NV particles, confirming that ORF2
encodes the capsid protein that self-assembles into VLPs
(Fig. 1c).

A soluble viral antigen with an apparent molecular
weight of approximately 30,000 kilodaltons (kDa) is ex-
creted in the stools of volunteers infected with NV (34), and
this antigen has been shown to result from the specific
cleavage of the capsid protein (42). The amino terminus of
the soluble protein detected in the stools of volunteers given
NV is the same as that obtained following trypsin treatment
of preparations of rNV particles (42). However, this cleavage
product is not made from intact capsid protein but from
soluble capsid protein; the cleavage site is buried in the
hinge region between the protruding domain and shell do-
main within intact particles. This indicates that this specific
cleavage may not be important in activation of infectivity; it
remains unknown if it affects the immunogenicity or path-
ogenicity of these viruses.

ORF3 is at the 3’ end of the genome. For NV, it encodes a
small protein of 212 amino acids with a molecular weight of
22.5 kDa and a very basic charge (isoelectric point of 10.99).
Sequences of the ORF3 of other NoVs indicate that the
protein encoded by this gene ranges from 211 to 268 amino
acids. The NV ORF3 protein is a minor structural protein,
present in both native virions and VLPs expressed from a
baculovirus recombinant containing both ORF2 and ORF3
(26). In native virions, the apparent molecular weight of the
ORF3 protein was found to be 35 kDa in size. The higher
molecular weight apparently results from phosphorylation of
the ORF3 protein, based on the observation that the 35 kDa
protein is lost following phosphatase treatment of baculo-
virus expressed ORF3 recombinants (26). The role of the
ORF3 protein is still unknown, although it may be involved in
nucleic acid binding and encapsidation of the viral RNA (26).
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TABLE 3 Human calicivirus structural and nonstructural proteins

Name of protein
Protein size
in kDa ORF Function Comments

N-terminal
(NS1/NS2)

37–41 ORF1 Unknown NS1/NS2 is cleaved into two peptides
in some NoV and SaV strains

NTPase (NS3) 40–41 ORF1 NTPase Binds and hydrolyzes NTP
3A-like (NS4) 19–32 ORF1 Unknown Location in ORF1 analogous to picornavirus

3A protein
VPg (NS5) 14–16 ORF1 VPg Binds cellular initiation factors involved

in protein synthesis
Protease (NS6) 13–19 ORF1 Cysteine protease Mediates cleavage of ORF1-encoded polyprotein
Polymerase
(NS7)

57 ORF1 RNA-dependent,
RNA polymerase

May also have protease and polymerase function
as uncleaved precursor protein (NS6/NS7)

VP1 58–60 ORF2 (NoV)
ORF1 (SaV)

Major structural protein 180 copies per virion, part of ORF1 in SaVs

VP2 12–29 ORF3 (NoV)
ORF2 (SaV)

Minor structural
protein

A few copies per virion of this basic protein

FIGURE 3 Genomic organization of noroviruses and sapoviruses. Schematic of the genomic organization of two human genogroup I and
II NoVs, the murine genogroup V NoV and a human genogroup II SaV. The NoVs have three predicted ORFs that include (1) ORF1, a
polyprotein that contains the nonstructural proteins NS1-NS7; (2) ORF2, the major capsid protein (VP1); and (3) ORF3, a minor capsid
protein (VP2). For SaVs, ORF1 is longer and contains the major capsid protein, VP1 (see text for details). Nucleotide numbers denoting ORFs
are indicated for each of the viruses. Molecular weights of each of the viral proteins are also indicated. Among the NoVs, NS1/NS2 forms a
single protein, and for the SaV strain indicated, NS6/NS7 forms a single protein. This information is compiled from GenBank sequences
M87661 (NV), AF145896 (Camberwell), AY228235 (Murine), and AY237420 (Mc10) and selected references (35, 43, 44, 160, 161).
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The overall genomic organization of SaVs differs from
that of NoVs, more closely resembling that of the animal
calicivirus RHDV. As noted earlier, the VP1 gene lies at the
3’end of ORF1. In vitro translation experiments show the
ORF1 of SaV/Mc10/2000/Thailand is cleaved into the same
proteins as were described for NoVs, with the exception that
the N-terminal protein is cleaved into two peptides, NS1
(11 kDa) and NS2 (28 kDa), and no cleavage of the protease
and polymerase (NS6-7) occurs (43, 44). ORF2 is in frame
- 1 relative to ORF1 at the 3’ end of the genome and it could
encode a basic, hydrophilic protein that contains no cysteine
residues and is analogous to ORF3 of the NoVs.

BIOLOGY
Norovirus Replication Strategy
Many human NoVs bind to carbohydrate histoblood group
antigens (HBGAs) present on the surface of epithelial cells
(45). There are strain-specific differences in NoV recogni-
tion of HBGAs, and for some NoVs, no HBGA to which the
virus binds has been identified (46). The specific HBGA to
which a NoV strain binds has been proposed to be a po-
tential viral receptor based upon the lack of susceptibility to
infection of persons who have genetic mutations that pre-
vent the expression of the HBGA on the surface of the cell
(47, 48, 49). For example, mutations in the fucosyl-
transferase 2 gene that inactivate or prevent expression of
the corresponding enzyme prevent expression of secretor-
type HBGAs on gut epithelium and are associated with
absolute resistance to GI.1 strains and to most GII.4 strains.
A number of HBGA-binding patterns exist for the different
NoV strains such that most, if not all, persons have the
potential to be susceptible to at least some NoV strains (46).
To date, HBGAs have not been found to play a role in the
binding of human SaVs to epithelial cells (13).

The mechanism by which the human NoV strains enter
the cell is not known. GII.4 VLPs induce invaginations after
binding to glycosphingolipids and causing their clustering on
the surface of giant unilamellar vesicles; this may be an
initial step in virus cell entry (50). Studies of murine NoV
and porcine enteric calicivirus (a SaV) indicate that virus
entry involves trafficking through endosomes (51). After
entry, the NoV genomic RNA serves as a messenger RNA
template from which the nonstructural proteins are pro-
duced. A subgenomic RNA containing ORF2 and ORF3 is
produced during viral replication and serves as a template for
production of the structural proteins, VP1 and VP2. Besides
the genomic RNA, a major species of subgenomic RNA
(over 2 kb) has also been observed in stools of a volunteer
infected with NV (40). The availability of cell culture for
porcine enteric calicivirus and murine NoV and reverse
genetics systems will allow further characterization and im-
proved understanding of the replication strategies of these
viruses (52, 53, 54).

Host Range and Animal Infection
Natural infections with HuCVs suggest that these viruses are
largely species-specific. Attempts to experimentally transmit
NV and other HuCVs to a wide range of animals (chickens,
mice, guinea pigs, rabbits, kittens, puppies, piglets, calves,
baboons, and various monkey species) have largely been
unsuccessful. Some rhesus monkeys and rabbits have ser-
oconverted when fed HuCV, and a chimpanzee fed NV shed
soluble antigen and responded serologically. More recently,
replication of human GII.4 NoV strains have been suc-

cessfully demonstrated in gnotobiotic piglets and calves and
in immunodeficient Balb/c mice inoculated intraperitone-
ally (55, 56). Nevertheless, most available data suggest that
the host range specificity for HuCVs is narrow. Animal
(porcine, bovine, and lion) strains have been noted in both
the NoV and SaV genera (7, 8, 9), but it is not known
whether these strains can be transmitted to humans. To date,
no virus strain identified in a human has had the sequence of
an animal NoV. The factors responsible for host restriction
are not known at this time. Animal caliciviruses (vesiviruses
and lagoviruses) have been noted to cause extraintestinal
disease and to have a broad host range, being able to infect
more than one species of animal. Additional human illnesses
and cross-transmission between species may be discovered as
the HuCVs become better characterized.

Growth in Cell Culture
The HuCVs have been refractory to cultivation in cell
culture and in animal models. A report noting the propa-
gation of NoVs in suspensions containing three-dimensional
aggregates of human embryonic small intestinal cells (INT-
407) has not been confirmed by other investigators (57).
More recently, the propagation of a GII.4 strain in a B
lymphocyte line (BJAB) has been reported to be dependent
on coinoculation with bacteria expressing histoblood group
antigen (58). Confirmatory studies of this finding are still
needed. A variety of cell lines (including human and animal
cells) bind rNV particles, suggesting that host range speci-
ficity does not occur at the level of cell binding (16). In
addition, NV RNA transfected into several of the mam-
malian cells that bind virus is infectious, producing viral
particles (59). Similar findings have been observed with a
NoV reverse genetics system (53).

Inactivation by Physical and Chemical Agents
Studies of the stability of the HuCVs have been done by
experimental infection of humans. Consistent with the fact
that these agents are the most important cause of food and
waterborne disease, NV is resistant to inactivation following
treatment with chlorine concentrations usually present in
drinking water, and NV is more resistant to inactivation by
chlorine than poliovirus 1, human rotavirus (Wa), simian
rotavirus (SA11), or f2 bacteriophage (60). NV retains in-
fectivity for volunteers following (1) exposure to pH 2.7 for
3 hours at room temperature, (2) treatment with 20% ether
at 4°C for 24 hours, or (3) after incubation at 60°C for 30
minutes (61). NoVs also have retained infectivity after
freezing. However, high hydrostatic pressure treatment of
NoV-inoculated oysters inactivated virus infectivity in a
human infection model (62), although the palatability of
the oyster was adversely affected by the treatment. NoV-
contaminated surfaces can be disinfected effectively using a
combination of detergent and sodium hypochlorite (63). A
variety of cultivable virus surrogates have been used to assess
responses to different inactivation procedures and to com-
pare the results measured using molecular assays with those
for GI and GII noroviruses (64). No single surrogate satis-
factorily represents results seen with human strains, and
among the noroviruses there appear to be differences in
susceptibility from one strain to another.

EPIDEMIOLOGY
Epidemiological studies indicate that NoVs are among the
most common causes of gastroenteritis worldwide (65, 66).
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Geographic and Temporal Distribution
NoVs are the major causes of epidemic gastroenteritis in
both developed and developing countries (65, 66). Infec-
tions by NoVs have been detected on all continents, and
these viruses appear to have a worldwide distribution. SaVs
also are causes of gastroenteritis worldwide but less fre-
quently than NoVs (8). Epidemic viral gastroenteritis usu-
ally occurs in family or community-wide outbreaks, affecting
adults, school-age children, family contacts, and young
children. Epidemic viral gastroenteritis is usually mild and
self-limited, distinguishing it from infantile gastroenteritis
caused by rotaviruses, which is generally a severe (often life-
threatening) diarrheal illness in infants and young children.
Infection with both NoVs and SaVs occur year round, al-
though a distinct increase in occurrence of disease has been
noted during cold weather months for both viruses (8, 67).

Incidence and Prevalence of Infection
Specific incidence data for illness associated with NoV and
SaV infections are not available in the U.S., although nor-
ovirus disease burden has been estimated (68). Investigators
at the CDC calculated that 19 to 21 million norovirus illness
occur annually in the United States. The illnesses lead to
approximately 1.7 to 1.9 million outpatient visits, 400,000
emergency department visits, 56,000 to 71,000 hospitaliza-
tions, and 570–800 deaths per year. Children under 5 years
of age have the highest rates of outpatient visits and hos-
pitalizations while almost all of the mortality occurs in adults
more than 65 years of age. With the introduction of rotavirus
vaccination in young children, noroviruses are replacing
rotaviruses as the viral pathogen associated with the greatest
impact (medically attended illnesses and hospitalizations)
(69).

The CDC estimates that the average person in the
United States will have approximately five norovirus ill-
nesses over his or her lifetime (68). In the United Kingdom,
the Infectious Intestinal Disease II study estimated an annual
incidence of 47 norovirus illnesses per 100 person-years (70),
which is similar to the estimate for the United States. SaVs
were the second most common cause of viral acute gastro-
enteritis in the IID2 study, which is higher than other epi-
demiological studies have noted (70, 71). The risk of
infection and illness is highest in children under 5 years of
age. In low-income countries, the high prevalence of NoV
detection in asymptomatic persons (either due to prolonged
postsymptomatic infection or to subclinical infection) has
made it difficult to assess disease burden. In a multicountry,
case-control study of moderate-to-severe diarrhea (Global
Enteric Multicenter Study, GEMS) of children under 5 years
of age, NoV infection was not associated with a measurable
attributable risk of illness in most participating countries
because of the high frequency of infection in asymptomatic
children (72). On the other hand, in the multicenter Mal-
nutrition and Enteric Disease (MAL-ED) study, GII NoVs
had the highest overall attributable risk as a cause of diarrhea
in the first year of life (73). NoVs also have been detected in
patients with gastroenteritis in the developing world and are
a common cause of traveler’s diarrhea (74, 75).

NV antibody seroprevalence was examined in relatively
large studies performed in the 1970s using reagents from
volunteers and a radioimmunoassay (RIA) or immune ad-
herence hemagglutination assay (IAHA) (15). These studies
indicated antibody to NV is acquired gradually, beginning
slowly in childhood and accelerating in adult years, so that
> 50% of adults possess antibody to NV by age 50. Similar

observations have been made in the UK, Japan, and Sweden
using rNV capsid antigens, although a greater percentage of
adults (89% to 98%) possessed antibody to NV. The higher
detection rate for antibody likely reflects the greater sensi-
tivity of the rNV antibody test (76). Other recombinant
NoV and SaV capsid antigens have been used in ser-
oprevalence studies in both developed and developing
countries (15, 77). NoV-specific antibody is transferred
transplacentally, with up to 90% or more of newborns having
measurable serum antibody (77). Antibody seroprevalence
declines during the first 6 months of life, and then it rises
progressively thereafter as infants and young children acquire
natural infection. Infection with NoVs can occur at a
younger age (less than 1 year) than previously recognized.

A number of different NoV strains circulate in a com-
munity at any given time. During the epidemic period, strain
diversity is greatest at the beginning of the season and de-
clines as the season progresses (78). GI NoVs have been
identified more commonly as causes of traveler’s diarrhea
and are also more commonly linked with shellfish-associated
disease, while GII strains are most commonly associated with
sporadic infection and outbreaks of gastroenteritis (66, 74,
75, 79). The reasons for the observed differences between
genogroups is not known, although NV (a GI NoV) has
been shown to specifically bind to oyster tissues (80, 81). GI
and GII NoVs may exhibit different stabilities under differ-
ent environmental conditions.

Outbreaks of Gastroenteritis
Much of our understanding of the epidemiology of NoVs has
come from studying the cause of outbreaks of water- and
food-borne gastroenteritis. NoVs are now recognized as the
most common cause of outbreaks of nonbacterial gastroen-
teritis in the United States, Europe, and Japan, with 60% to
> 90% of these outbreaks being associated with NoV infec-
tion (66). Outbreaks have occurred in recreational camps,
cruise ships, communities, hospitals, schools (elementary or
college), the military, nursing homes, and families. They
have been associated with contaminated drinking water,
swimming water, consumption of uncooked or poorly
cooked shellfish, ice, bakery products (frosting), various
types of salads (potato, fruit, tossed), and cold foods (celery,
melon, vermicelli, consommé, sandwiches, and cold cooked
ham) (82). Outbreaks can occur year-round and affect pri-
marily school-aged children and adults.

Infections with SaVs were first detected among young
children with gastroenteritis (83), although infection of
adults and the elderly also occur. They have been associated
with outbreaks in orphanages, day care centers, schools,
and hospital wards (13). SaVs also have been associated
with food-borne outbreaks but much less frequently than
NoVs (8).

Nosocomial infection with HuCVs may be quite com-
mon (84). As noted above, asymptomatic infections can
occur (85, 86), and asymptomatic virus shedders may be the
source of some outbreaks. NoV infections occur in immu-
nocompromised hosts, and prolonged ( > 1 year) symptom-
atic shedding leading to severe malnutrition and
dehydration has been described (87). Hospitals and long-
term care facilities are among the most common settings
where outbreaks occur (84). Outbreaks in hospitals in the
United Kingdom have led to the closure of many hospital
wards, with a high economic impact, while more than 50%
of NoV outbreaks reported in the United States occur in
long-term care facilities (88, 89). While NoVs have been
found in the stools of HIV-positive patients, its role in the
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etiology of gastroenteritis or infection in this patient popu-
lation is not greater than in non-HIV-infected controls (90,
91). Outbreaks have been associated with military personnel
during field or shipboard maneuvers and with the elderly,
often in nursing homes or hospital settings (92, 93, 94).
These infections can be devastating because of high sec-
ondary attack rates leading to sustained chains of transmis-
sion, and such outbreaks can last several months. Serial
outbreaks on cruise ships have also occurred (95). Reinfec-
tions with the same agent can occur, as clearly demonstrated
by the susceptibility of volunteers to symptomatic or
asymptomatic infection following multiple challenges with
the same infectious virus (96, 97).

Since the mid-1990s, the GII.4 genotype has been the
predominant cause of NoV outbreaks worldwide (21, 66).
Symptomatic infection with these strains has been positively
associated with secretor status (expression of the FUT2
gene) (98). Novel GII.4 variants emerged over the past 20
years to cause epidemic disease. As discussed above, it is
possible that the development of immunity in the popula-
tion may drive the evolution of these viruses (99, 100).

Transmission
NV is highly infectious, and infections spread rapidly. The
human infectious dose 50% has been calculated to be
31320 genomic equivalents (virions) in genetically sus-
ceptible persons from human experimental infection studies,
with as few as 200 genomic equivalents resulting in symp-
tomatic infection (101). Peak virus shedding in feces is as
high as 1012 genome equivalents per gram, and in vomitus it
has been measured to be as high as 107 per mL (101, 102).
In semi-closed communities or in volunteer studies, illness
attack rates are high ( > 50% to as high as 90%) and patients
present with explosive diarrhea and vomiting. There often is
substantial spread to secondary contacts (> 50% attack
rate), and these characteristics may necessitate the closure
and disinfection of hospital wards, cruise ships, or hotels
(103). Transmission occurs largely by the fecal-oral route,
and exposure risks decrease as sanitary conditions improve
and population density decreases. However, transmission by
the fecal-oral route alone does not fully explain the rapid
spread of these infections. Increasing evidence suggests that
some outbreaks have been due to airborne or fomite trans-
mission (103, 104). Proximity to projectile vomiters has
been identified as a risk factor, and aerosolized viral genomes
have been detected in concentrations up to 2 x 103 genomic
equivalents per m3 from air samples taken from symptomatic
patients’ rooms and surrounding hallways and nursing sta-
tions in health care facilities (105).

An unresolved question related to transmission is the
duration that an affected individual is infectious. The du-
ration of symptomatic illness in healthy adults is 48 to 72
hours. Sensitive antigen detection and RT-PCR assays have
shown that excretion occurs in > 90% of ill volunteers,
shedding is detected in asymptomatic individuals, and anti-
gen shedding starts as early as 15 hours after infection, before
symptomatic illness in approximately one quarter of subjects,
and is detectable in fecal samples for several weeks after in-
fection (85, 106, 102). Correspondingly, epidemiologic
studies confirm transmission of NoVs in association with
presymptomatic (107) and postsymptomatic (108) infection.

PATHOGENESIS
In early volunteer studies with NVand SMA, the incubation
period ranged from 10 to 51 hours and 19 to 41 hours,

respectively (109, 110). Illness usually lasted 24 to 48 hours.
In adult volunteer studies where proximal intestinal biop-
sies were taken (111, 112), histologic changes were seen in
jejunal biopsies from ill subjects (Fig. 4). Symptomatic ill-
ness was correlated with a broadening and blunting of the
intestinal villi, crypt cell hyperplasia, cytoplasmic vacuoli-
zation, and infiltration of polymorphonuclear and mono-
nuclear cells into the lamina propria, but the mucosa itself
remained intact. Histologic changes were not seen in the
gastric fundus, antrum, or colonic mucosa (112) or in con-
valescent phase biopsies. The extent of small intestinal in-
volvement remains unknown because studies have only
examined the proximal small intestine and the site of virus
replication has not been determined. Intestinal biopsies from
NoV-infected children who were small intestinal transplant
recipients showed increased enterocyte apoptosis and in-
flammation that was difficult to distinguish from allograft
rejection (113). NoV infection also is associated with epi-
thelial barrier dysfunction (114). Studies of GII.4 infection
in gnotobiotic pigs demonstrated patchy infection of duo-
denal and jejunal enterocytes, with a few ileal enterocytes
also infected (55).

Clinical studies of experimental human infection also
show that small intestinal brush-border enzymatic activities
(alkaline phosphatase, sucrase, and trehalase) are decreased,
resulting in mild steatorrhea and transient carbohydrate
malabsorption (111). Jejunal adenylate cyclase activity is

FIGURE 4 Histologic alterations observed in a volunteer after
challenge with Norwalk virus. Jejunal tissue from biopsies of a
volunteer prior to challenge (A) and after challenge (B) with
Norwalk virus. The villi are broadened and flattened during Nor-
walk virus gastroenteritis illness. (H&E, x90.) From Agus et al.
(111), with permission.
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not elevated (115) and gastric secretion of HCl, pepsin, and
intrinsic factor is temporally associated with these histologic
changes. In contrast, gastric emptying is delayed (116). It has
been suggested that reduced gastric motility may be re-
sponsible for the nausea and vomiting associated with this
gastroenteritis. Another hypothesis is that symptomatic ill-
ness is due to the host’s innate immune response to the viral
infection.

Virus Shedding and Extra-intestinal Spread
Fecal viral loads are significantly higher among symptom-
atically infected persons compared to those with asymp-
tomatic or subclinical infection based upon epidemiological
and human experimental infection studies (101, 117, 118),
although there is considerable overlap between the two
groups. Other factors can also influence the apparent viral
load, including the assay used (which can vary in amplifi-
cation efficiency based upon virus genotype), patient age,
and clinical setting (119). Thus, there is not a clear viral
load cut-off level that distinguishes between symptomatic
and asymptomatic infection. The duration of NoV fecal
shedding is similar following asymptomatic and symptomatic
infection in otherwise healthy persons (101, 117).

Viral RNA can be detected in the blood of up to one
third of young children with NoV gastroenteritis (120, 121).
The presence of viral RNA in the blood is associated with
higher viral fecal loads and longer hospitalizations for gas-
troenteritis (120). Viral RNA can be detected in the
bloodstream of children with primary immune deficiencies
and in NoV-infected adult stem cell transplant recipients
(122, 123), but it has not been identified in immunocom-
petent adults (124). NoV RNA has also been identified in
cerebrospinal fluid (123, 125). The clinical importance of
the extra-intestinal NoV is unclear at this time.

Immunity and Immune Responses
Adaptive immune responses play a role in protection from
NoV and SaV infection in addition to the innate resistance
to infection observed from failure to express HBGAs on the
gut epithelium. The contribution of adaptive immunity was
difficult to discern in early studies because of the un-
characterized involvement of genetic resistance mecha-
nisms. Nevertheless, these studies found that at least 50% of
adult volunteers became ill following administration of NV
(GI.1) or Hawaii virus (HV, GII.1) (110). Short-term ho-
mologous immunity developed based upon the results of
early challenge studies in which volunteers who became ill
following an initial NV challenge failed to become ill on
rechallenge with the same agent 6 to 14 weeks later (97). In
several volunteer studies elevated pre-existing levels of
serum or intestinal antibody to NV did not correlate with
resistance to illness; instead, higher antibody levels were
associated with increased susceptibility to illness (96, 97). In
contrast, short-term resistance to infection induced by prior
homologous infection correlated with antibody levels in
other challenge studies, and a correlation between the level
of serum antibody and protection has been observed in ep-
idemiologic studies (96, 110, 126).

The recognition of genetic resistance to infection and
illness facilitated the assessment of adaptive immune re-
sponses. Although serum antibody levels measured by ELI-
SA do not predict susceptibility to illness in an experimental
human infection model, higher levels of pre-existing serum
antibody that blocks virus binding to HBGAs are associated
with a decreased risk of illness in secretor-positive individ-
uals administered NV (127, 128). These findings have also

been noted in a GII.4 challenge study (129) and have been
proposed as surrogate for neutralizing antibody and as a
correlate of immunity. Infection leads to an increase in cir-
culating, virus-specific, IgG- and IgA-producing plasma-
blasts 1 week later, and as these cells die off, virus-specific
memory B cells are generated. Higher levels of IgG memory
B cells at the time of virus exposure are also associated with a
lower risk of illness (130). Infection also leads to mucosal
immune responses that are measurable in saliva and feces.
Higher levels of pre-exposure salivary IgA have also been
associated with a lower risk of illness, while higher levels of
fecal IgAwere associated with lower peak levels of fecal virus
excretion (130). T cells responses occur after infection, but
their relative importance is less well characterized (20). The
contribution of past infection with heterologous strains to
protection from infection also remains to be determined, as
heterotypic HBGA-blocking responses can be observed in
both adults and young children (19, 20, 131).

Few studies have examined immunity to SaV infection in
young children. One study that measured immunity to SaV/
Sapporo/82 using a RIA with hyperimmune antiserum that
measured type-specific antibodies found that the presence of
serum antibody was clearly correlated with resistance to ill-
ness but not to infection (132).

CLINICAL MANIFESTATIONS
The hallmark of infection with NV and other HuCVs is the
acute onset of vomiting or diarrhea or both. No prodrome is
seen, and the spectrum of illness may vary widely across
individual patients. For example, in adults infected with the
same experimental inoculum, one volunteer vomited 20
times and required parenteral fluid therapy, whereas a second
volunteer had no vomiting but eight diarrheal stools (3).
The relative frequency of these and other symptoms in adults
experimentally infected with NV (85) (Table 4) is similar
to those seen in natural outbreaks and in infection with
related viruses (110). Of 50 volunteers orally administered
NV, 41 (82%) became infected; of these infections, 68%
were symptomatic and 32% were asymptomatic. The most

TABLE 4 Response of 50 adult volunteers (19 to 39 years
old) administered Norwalk virus

Response

% of Infected
volunteers
(N=41)*

% of Uninfected
volunteers
(N=9)

Seroconversion 98 0
Antigen excretion 88 0
Infection 100 0
Asymptomatic 32 0
Symptomatic 68 0

Symptoms with
clinical illness (N=28)
Diarrhea 86 0
Vomiting 57 0
Nausea 96 10
Abdominal cramps 96 0
Headache/bodyache 96 40
Chills 36 0
Fever (> 37.8°C) 32 0

Data from Graham et al. (85).
*Infection determined by antigen shedding and/or antibody response.
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common symptoms with clinical illness are nausea, malaise,
and abdominal cramps (Fig. 5). Diarrhea, which is usually
watery without mucus, blood, or leukocytes, occurs in most
patients, and vomiting is seen in most. Subjective or docu-
mented fever and chills occur in a minority of patients. The

illness is generally mild and self-limited, with symptoms
lasting 12 to 48 hours, and illnesses caused by the different
NoVs are clinically indistinguishable.

More severe disease can be seen in certain popula-
tions. Illness lasts longer in children < 1 year of age and in

FIGURE 5 Clinical outcome of infection with NV in two volunteers. Clinical course of two volunteers who became ill after challenge
with 8fIIa NV inoculum (at 0 h). Both volunteers were considered to have severe disease. Volunteer 503 was a 29-year-old man and volunteer
516 was a 23-year-old woman (85).
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hospitalized patients (133, 134, 135). Volume depletion
with renal insufficiency and hypokalemia are more common
in the elderly and in persons with underlying disease (e.g.,
cardiovascular, immunocompromised)(136). Disseminated
intravascular coagulation developed as a complication of
NoV infection in a group of previously healthy soldiers ex-
posed to severe environmental stress (137). Chronic diar-
rhea lasting months to years in association with continued
viral shedding can be seen in immunocompromised patients
(87, 113). Most complications are associated with volume
depletion or aspiration of vomitus and can include death,
especially in the elderly. Benign infantile seizures have oc-
curred in young children with NoV gastroenteritis, although
a causal relationship remains to be established (138).

A provisional diagnosis of infection during outbreaks of
gastroenteritis is possible if the following criteria are met: (1)
absence of bacterial or parasitic pathogens; (2) vomiting in
more than 50% of cases; (3) mean (or median) duration of
illness ranges from 12 to 60 hours; and (4) an incubation
period of 24 to 48 hours. These criteria were met in 81% to
100% of ill individuals in 38 NoV outbreaks, although more
recent analyses of the application of the criteria to food-borne
outbreaks investigated by the CDC yielded a sensitivity of 68%
(139, 140). A definitive diagnosis, desirable for both clinical
and epidemiological studies, requires the use of a detection
method for antigen, the viral genome, or antibody responses.

LABORATORY DIAGNOSIS
Because HuCVs cannot be grown in cell culture initial assays
for viral diagnosis were developed using reagents (pre- and
post-infection serum and stool) from volunteer studies (re-
viewed in (15)). The first specific test developed for NV
diagnosis was IEM (2), and this method is still used for the
examination of fecal samples for the presence of NV and
other HuCVs in some diagnostic laboratories. However,
laboratory diagnosis of HuCV infections has changed with
the sequencing of NV and subsequent expression of the NV
capsid protein (Table 5), and molecular diagnostics have
become the gold standard for diagnosis (7). Recombinant
VLPs for NoVs and SaVs also have been used to develop
diagnostic assays described below. The use of some of these
assays remains restricted to research laboratories.

Nucleic Acid Detection
The detection of viral nucleic acids has become the preferred
strategy for identifying NoV and SaV infection because of
the high sensitivity of this approach. A number of different
assay types are currently used for virus detection, although
the availability of these assays varies across different coun-
tries and clinical settings. RT-PCR-based assays are the most
commonly used molecular tests, although isothermal am-
plification methods such as nucleic acid sequence-based

TABLE 5 Comparison of methods to detect HuCVs.

Method Specificity Sensitivity Comments

Detection
of viral
antigen

Electron
microscopy

Depends on
operator
experience

106 to 107 pp/mL* Detects viral particles—least sensitive
and specific method available;
identifies multiple pathogens

Immune electron
microscopy

Depends on
antiserum used

105 to 106 pp/mL Detects viral particles

Enzyme
immunoassay

Genogroup-
specific

Particulate and
soluble antigen
0.025 ng
protein

Detects viral particles and soluble antigen;
low sensitivity and has limited utility
for application to individual patients;
good for outbreak identification when
multiple samples available for analysis

Immunochromatography Genogroup-
specific

3104 genomes Detects viral particles and soluble antigen;
similar limitations as enzyme
immunoassay, but more rapid result;
not currently commercially available
in the United States

Detection
of genomic
RNA

Hybridization Probes determine
specificity

3104 genomes,
if no inhibitors
present

Detects genome; more labor intensive
than other molecular methods

RT-PCR Primers and probes
determine
specificity

10–40 genomic
copies, if no
inhibitors present

Need several primer sets and probes to
detect all HuCVs; can sequence
amplicons from conventional
RT-PCR assays to characterize
virus; real-time assays allow rapid
diagnosis; multiplex assays (also detect
other enteric pathogens)
commercially available

Detection
of seroresponses

IEM Type-specificity
depends on
antigen used

Not known, but
less sensitive than
EIAs using rVLPs

Labor-intensive; rarely used

EIA Cross-genotype
responses occur

Sensitivity depends
on match of antigen
with infecting strain

VLPs can be used as antigen; requires
paired sera; limited to research
laboratories

*pp/mL = physical particles per mL.
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amplification (NASBA) and loop-mediated isothermal
amplification (LAMP) and hybridization-based assays have
also been described. Among the RT-PCR-based assays, both
traditional RT-PCR and real-time RT-PCR assays are used,
with the latter providing more rapid results. An automated
sample preparation and real-time RT-PCR assay system
(Xpert Norovirus Assay [Cepheid]) has received FDA ap-
proval (141). Multi-pathogen assays that identify bacterial,
viral, and parasitic pathogens in fecal samples of persons with
gastroenteritis are also now commercially available (Lumi-
nex xTAG� Gastrointestinal Pathogen Panel [Luminex],
FilmArrayTM Gastrointestinal Panel [Biofire Diagnostics,
LLC]) (142).

Several factors can affect the sensitivity and specificity of
RT-PCR assays (15). Clinical samples and environmental
samples may contain inhibitory substances that prevent
amplification of viral RNA. A variety of methods have been
developed to purify viral nucleic acids from these samples,
and these methods vary in their ability to remove inhibitors
successfully. A strategy for detection of the presence of in-
hibitors is the use of an internal standard RNA that is am-
plified only in the absence of significant amounts of
inhibitor. Primer and probe selection also impacts assay
performance. A number of different primer pairs and dif-
ferent RT-PCR conditions have been described for the de-
tection of NoVs and SaVs (8, 13, 15, 143). No single primer
pair will detect all NoVs or SaVs, and no assay has been
universally accepted as a standard. Several different con-
served regions of the genome have been targets for nucleic
acid amplification (viral polymeraseVP1, capsid-specific,
and NTPase), but recognition that the ORF1-ORF2 junc-
tion is highly conserved in NoVs has made this a prime
target for amplification (143). Because no single primer pair
detects all NoVs or SaVs, two or more primer pairs must be
used to have a reasonable likelihood of virus detection.

RT-PCR assays are most commonly used to detect virus in
stool samples, but they also have been used to detect virus in
vomitus and throat swabs (15). RT-PCR assays are being
used increasingly to detect NoVs in foods (primarily shell-
fish), water samples, sewage, and other environmental
samples (e.g., swabs collected from areas potentially con-
taminated by ill persons) associated with outbreaks of viral
gastroenteritis (15, 82). The potential utility of these
methods for food and water safety is under evaluation.

Antigen Detection
The first immunologic assays developed to detect antigen
and amenable to large-scale application were radioimmu-
noassay (RIA) and subsequently enzyme immunoassays
(EIAs) (15). Human volunteer pre-infection and convales-
cent serum were initially used as capture and detector anti-
bodies in these assays, but these antibody reagents have now
been replaced with hyperimmune and monoclonal antisera
made to rVLPs. Hyperimmune antiserum to rNV VLPs
produced in guinea pigs, mice, and rabbits reacts with high
titer to the immunogen and to native NV in stool (25, 76,
85). Hyperimmune antisera were used to develop an antigen
EIA that has been shown to be highly sensitive and specific
for NVantigen (85, 144). The test sensitivity of the standard
antigen EIA was determined to be 30.025 ng of capsid
protein (1.4 x 106 virions) and antigen was detected in the
stools of volunteers at dilutions as high as 1:10,000 (85).
The rNV antigen EIA detects both virus particles and sol-
uble protein in clinical samples. Antigen detection assays
using hyperimmune antisera generated against a single virus
genotype have been found to be sensitive and specific for

viruses belonging to that genotype, but have had limited
utility due to their type specificity.

Cross-reactive epitopes that are shared within a NoV
genogroup or across genogroups have now been identified,
and monoclonal antibodies that detect GI-specific or GII-
specific epitope have been used to produce more broadly
reactive antigen rEIAs (145). These assays have been
commercialized outside of the United States in a variety of
assay formats, and one kit has been approved for use in the
United States for identification of norovirus outbreaks (7,
146, 147). However, improvements in sensitivity and spec-
ificity are needed before these tests are useful as a diagnostic
for the individual patient, in contrast to application to
outbreak investigations where multiple samples are available
(148).

Serologic Assays
The use of serological assays for diagnosis requires paired
serum samples to allow identification of a change in anti-
body level. Significant rises in virus-specific IgA and IgG
titers can be detected as early as 7 days after infection (101).
Virus-specific IgM antibody also can be detected within two
weeks of infection. The use of serological assays has generally
been restricted to research laboratories.

EIAs to detect antibody responses have been developed
using rVLPs as the antigen (15, 21, 25, 85). Total, class, or
subclass-specific serum antibodies, can be detected depend-
ing on the reagents used to detect the bound human anti-
body. The assay can be modified to detect virus-specific IgA
in fecal samples or to detect virus-specific IgM using an
antibody capture EIA format.

As noted earlier, antibody that blocks binding of VLPs to
HBGAs has been proposed as a surrogate for NoV neutral-
izing antibody since culture systems have not been available
for these viruses (149). Although increases in HBGA-
blocking antibody occur after infection, the magnitude of
antibody response (i.e., fold-rise) is usually lower than that
seen using a standard ELISA.

Heterologous antibody responses can often be detected in
subjects following infection (e.g., antibody rise to GII.2
SMA following infection with GI.1 NV) (19, 21, 150, 151).
A heterologous response only appears to occur if a homol-
ogous antibody response also has occurred, and the heter-
ologous response is of a lower magnitude than that of the
homologous response (e.g., 4-fold rise in antibody titer ver-
sus a 16-fold rise) (151). Heterologous responses involving
IgM or IgA antibody occur infrequently (150, 151).

PREVENTION
No specific methods are available for the prevention of
HuCV infection or illness. Because these agents are highly
infectious, handwashing and disposal or disinfection of
contaminated material may decrease transmission within a
family or institution. Special care must also be given to the
hygienic processing of food in view of the frequent occur-
rence of food-borne outbreaks of NoV infection. Ill food
handlers should not prepare food for a minimum of three
days after their illness, and plastic gloves should be worn to
prepare foods. Consumption of raw shellfish is a risk, since
outbreaks have occurred from the consumption of shellfish
that meet current microbial (bacterial) sanitary standards.
Human breast milk from secretor positive women contains
fucosylated mucins that block binding of some NoV strains
to HBGAs expressed on epithelial cells and may play a role
in protecting infants from NoV infection (152, 153).
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Immunoprophylaxis
Vaccines are being developed to try to prevent norovirus
infection and illness (66). A vaccine based upon using a
NoV VLP as an immunogen is the only candidate that has
been in human clinical trials. This vaccine is immunogenic
when delivered as a monovalent vaccine intranasally or as a
bivalent vaccine delivered intramuscularly (129, 154). Both
routes of administration have led to a modest level of vac-
cine-induced protection following experimental virus chal-
lenge administered shortly after completion of the two-dose
vaccine regimen, decreasing illness or illness severity (128,
155). These vaccine studies have been conducted in adults,
and many additional studies in other populations (e.g., pe-
diatric, elderly, immunocompromised) along with field effi-
cacy studies are needed to determine the potential utility of a
vaccine strategy for prevention of illness or infection. That a
vaccine strategy could prove effective is suggested by the
short-term immunity to reinfection with NV observed fol-
lowing repeated experimental challenge, the apparent
widespread and broad immunity to the SaVs after childhood,
and by the correlation of higher serum HBGA-blocking
antibody levels with protection from illness and infection
(96, 97, 127, 129). The impact of virus diversity, antigenic
drift, past infection history, and waning immunity on vac-
cine responsiveness and effectiveness still need to be deter-
mined. The development of HBGA-blocking monoclonal
antibodies brings the potential for their use in passive
immunoprophylaxis, although the utility of this approach
still needs to be assessed (156).

Management of Outbreaks
Outbreaks can result in significant morbidity and economic
loss because of frequent secondary transmission of diseases.
Outbreaks are a particular concern in closed environments
such as hospitals, nursing homes, or ships because all per-
sonnel can rapidly become disabled. Virus can persist in the
environment and lead to recurrent outbreaks (95). Ill per-
sons should be isolated and handwashing and disposal or
disinfection of contaminated material put into effect im-
mediately. Control measures for outbreaks of viral gastro-
enteritis should focus on the removal of an ongoing common
source of infection (e.g., an ill food handler or the con-
tamination of a water supply), adequate disinfection of
contaminated areas (e.g., with a sodium hypochlorite-based
or other EPA-approved disinfectant), and on the interrup-
tion of person-to-person transmission that can perpetuate an
outbreak in a population after the common source has been
removed (157, 158).

The facts that asymptomatic infection occurs more fre-
quently than previously realized and that antigen may be
shed for 2 to 3 weeks after exposure need to be recognized in
managing such outbreaks. This is particularly important in
instituting and overseeing the hygienic processing of food for
and care of the elderly. The potential for contaminated water
sources should be assessed based upon the outbreak setting,
and possible sources must be eliminated. Methods for out-
break management will probably improve as new tests are
used in epidemiological studies of virus transmission in
various settings. For example, if asymptomatic food handlers
or hospital staff can be identified, they may be furloughed
until they are no longer excreting virus and potentially in-
fectious. Because improvements in environmental hygiene
may not be accompanied by reductions of endemic diarrhea
caused by viruses, immunization may play an important role
in future control.

TREATMENT
As discussed above, the illnesses caused by these viruses are
generally mild and self-limited, and resolution occurs with-
out sequelae (133). Hospitalization for rehydration is occa-
sionally required, but the major impact of this disease has
been morbidity and loss of time from work and school.
Treatment involves symptomatic therapy, with oral rehy-
dration generally being sufficient. In rare cases, parenteral
administration of intravenous fluids is required. Antiemetics
and antidiarrheals may provide some relief of symptoms,
although no controlled studies have been performed to
demonstrate the efficacy of such treatments in HuCV acute
gastroenteritis. Deaths from NV gastroenteritis have been
reported in the elderly and from HuCV infections in im-
munocompromised children, although some of these have
been attributable to other primary causes. The use of human
milk or oral immunoglobulin therapy anecdotally has not
had any therapeutic efficacy in an immunocompromised
patient (159). Currently no antiviral drugs exist to treat the
caliciviruses, but this may change once these viruses are
successfully propagated or with the recent availability of
high-resolution structures of several of the viral proteins that
have enzymatic activities.
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Hepatitis E Virus
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Hepatitis E was recognized as a disease in 1980 following a
large outbreak of unexplained hepatitis in Kashmir, India, in
1978. The outbreak affected 52,000 individuals, mostly
young adults, with a self-limiting hepatitis similar to hepa-
titis A (1). However, this was not hepatitis A, because there
was a very high mortality rate in afflicted pregnant women.
Further, most of those infected had previously been exposed
to HAV (2). In 1983, the causative virus was discovered by
electron microscopy in the stool of a scientist from the for-
mer USSR who drank a pooled fecal extract from Soviet
troops with unexplained hepatitis serving in Afghanistan
(3). The viral genome was sequenced and given the name
HEV in 1990 (4). Many of the historical outbreaks of un-
explained hepatitis in Asia and other developing areas were
subsequently found in retrospect to be caused by HEV (5, 6).

For over 20 years, hepatitis E virus (HEV) was considered
a disease that was mainly endemic in developing countries
and only of clinical relevance in developed countries in
travelers. We now know that this concept is incorrect, be-
cause locally acquired zoonotic hepatitis E has been found in
every developed country where it has been sought. HEV is
endemic in many European countries and hyperendemic in a
minority. In addition to acute infection, zoonotic HEV
causes chronic infection in the immunosuppressed host and
is a surprisingly common contaminant of the human blood
supply. Current thinking is that HEV is a pathogen of global
significance and is probably the most common cause of acute
viral hepatitis worldwide (7).

VIROLOGY
Taxonomy
HEV is a member of the Hepeviridae, a family that consists of
two genera, Orthohepevirus and Piscihepevirus (8). Only one
HEV serotype is recognized. The genus Orthohepevirus con-
tains three species that infect mammals (Orthohepevirus A,
C, and D) and one that infects birds (Orthohepevirus B)
(Fig. 1). The Orthohepevirus A species, which includes
strains that infect humans, contains seven genotypes (HEV
1 to HEV 7). HEV1 and HEV2 are found only in humans,
whereas the other genotypes infect both human and other
animal species, including pigs, wild boar, deer, rabbits,
mongoose, and camels. However, the other Orthohepevi-
ruses do not infect humans: B infects chickens, C infects rats

and ferrets, while D infects bats. Lastly, the Piscihepeviruses
infect the cutthroat trout. Despite the lack of robust criteria,
subgenotypes have been identified within the four major
HEV genotypes (5 for HEV1, 2 for HEV2, 10 for HEV3, and
7 for HEV4) (9). Complete reference genome sequences are
available to facilitate genotyping and molecular epidemi-
ology studies (10). Subgenotypes 1a, 1b, and 1c are preva-
lent in Asia, while subgenotypes 1d and 1e are found in
Africa (9). The HEV viruses found in Europe are genotype 3.
The distributions of 3f, 3c, and 3e strains in human and pig
populations in France are the same, which indicates zoonotic
transmission from this animal reservoir (11). The temporal
distributions of subgenotypes 3f and 3c in the UK and
France seem to be evolving, with increasing frequency of
subgenotype 3c (12, 13).

Virus Structure and Morphology
HEV is a small RNA virus with an icosahedral capsid. Two
forms of fully infectious particles have been described. The
virions shed in the feces are not enveloped, 27 to 34 nm in
diameter, and with a density of 1.27 g/cm3. The virions
circulating in the blood are cloaked in host cell membranes;
their density is 1.15 g/cm3 (14). The host-derived mem-
branes protect the virus from neutralization by antibodies
and may play an important role in cell tropism (14, 15).

Genome Organization and Proteins
The HEV genome is a single-strand, positive-sense RNA of
approximately 7.2 kb. It consists of a short 5¢ noncoding re-
gion that is capped with 7-methyl-guanosine; three open
reading frames (ORFs), ORF1, ORF2, and ORF3; and a short
3¢ noncoding region that ends in a poly-(A) tail (Fig. 2).

ORF1 encodes a non-structural protein about 1700
amino acids long that is involved in HEV RNA replication.
This protein contains several functional domains: a meth-
yltransferase/guanyltransferase, cysteine protease, macro-
domain (X domain), RNA helicase that has 5¢-nucleoside
triphosphatase activity, and an RNA-dependent RNA po-
lymerase (16). A variable region encoding a proline-rich
hinge, the polyproline region (PPR), is an intrinsically dis-
ordered region in which segments of human genes have been
identified (17–22). Immunocompromised patients who
develop a chronic infection have a highly heterogeneous
mixture of PPR quasispecies at the acute phase of HEV
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infection (23). The ORF1 of HEV1 includes a novel OFR,
ORF4 (24). ORF4 is expressed after endoplasmic reticulum
stress, and interacts with eukaryotic elongation factor 1
isoform-1 (eEF1a1), so stimulating virus polymerase activity.

ORF2 encodes the 660 amino acid virus capsid protein.
This protein has three glycosylation sites, Asn 132, Asn 310,
and Asn 562 and an N-terminal signal peptide that drives its
translocation into the endoplasmic reticulum (25). The
capsid protein has been divided into three domains: shell
(S), middle (M), and protruding (P) domains. The P domain
is the major target for neutralizing antibodies and contains a
putative receptor binding domain (26, 27). Capsid mono-
mers self-assemble to form dimers and then the decamers
that encapsulate the virus RNA. The capsid consists of 180
copies arranged as an icosahedron with T=3 symmetry (28).
Immunological and structural studies of the capsid protein
have contributed to the development of a hepatitis E vac-
cine (29, 30). Immunocompromised patients whose HEV

infection becomes chronic are infected with HEV quasi-
species whose genome is highly heterogeneous in regions
encoding the M and P domains of the capsid protein (31).

ORF3 encodes a small protein, 113 residues in HEV3 and
114 residues in HEV1, 2, and 4, that is essential for virus
egress. ORF3 protein is associated only with enveloped HEV
particles, not with naked HEV particles. The ORF3 protein
must be phosphorylated on Ser80 before it can interact with
the non-glycosylated form of the capsid protein (32). The
ORF3 protein contains a conserved PSAP motif that enables
it to interact with the endosomal sorting complex required
for transport (ESCRT), including the tumor susceptibility
gene 101 (Tsg 101) (33–38).

HEV Replication Cycle
The recent development of several cell culture systems has
led to a better understanding of HEV target cells and the
virus replication cycle (39, 40).
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Unenveloped HEV particles attach to the liver cells via
heparan sulfate proteoglycans and other potential receptors
(Fig. 3) (41). Subsequent events include clathrin-mediated
endocytosis involving the dynamin-2 and membrane cho-
lesterol pathways and cytoskeleton remodeling (42, 43).
Quasi-enveloped HEV particles are internalized through a
clathrin- and dynamin-2 dependent pathway but require (i)
Rab5 and Rab7 small GTPases involved in endosomal
trafficking, (ii) endosomal acidification, and (iii) lysosomal
lipid degradation (44).

The virus RNA is directly translated into ORF1 poly-
protein. Whether the polyprotein is cleaved into its separate
functional units or functions as a single multidomain protein
remains unclear. The viral methyltransferase, protease,
helicase and polymerase activities are used to replicate the
genomic RNA to give negative-sense RNA intermediates
that then serve as templates for the synthesis of genomic and
subgenomic positive-sense RNAs. The subgenomic RNA
is translated into the ORF2 and ORF3 proteins (45).
The positive-sense genomic RNA is packaged into progeny
virions.

The tumor susceptibility gene 101 (Tsg101) that interacts
with the ORF3 protein and the enzymatic activities of
vacuolar protein-sorting protein 4 (Vps4A and Vps4B) are
both involved in the release of virions from infected cells
(36). HEV particles may acquire a membrane when they are
released with internal vesicles from the multivesicular body

(MVB) via the cellular exosomal pathway (35). Bile could
degrade the membrane through its detergent action.

Inactivation by Physical and Chemical Agents
Cell culture and in vivo experimental models show that in-
activation of HEV in food products derived from infected
pork liver is achieved after a cooking time of at least 20 min
at an internal temperature of 71°C (46, 47), indicating that
infectious HEV can persist after rare and medium-to-rare
cooking. Viable HEV has been found in a range of pork
products in the human food chain in many countries, and
this has led to the proposition that a key route of infection in
humans is via consumption of undercooked or uncooked
pork. Many pork products are prepared for consumptions by
air-drying and/or curing. It is unknown if these processes
inactivate HEV. Such products are potentially an important
source of HEV infection in humans because they are mostly
consumed without cooking. Chlorination and UV treat-
ment can reduce HEV in drinking water, but experimental
data are still limited (48, 49). Several steps of the
manufacturing process of plasma derivatives have been
studied by applying HEV inactivation or removal experi-
ments (50). Nanofiltration is effective at removing HEV,
ethanol fractionation has limited efficacy, and lowering the
pH is ineffective. Liquid heating, like pasteurization, is
partially successful at removing HEV but depends on process

FIGURE 3. Hepatitis E virus replication cycle.
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conditions. Treatment by solvent, detergent, or amotosalen
does not inactivate HEV.

EPIDEMIOLOGY
Classical Hepatitis E
HEV1 and HEV2 are obligate human pathogens spread
primarily by ingestion of infected water. HEV1 is endemic in
many parts of Asia, particularly in southern countries of the
continent, including India, Pakistan, and Nepal. HEV2 is
much less common and is found in some African countries.
HEV2 caused a large outbreak of hepatitis E in Mexico in
the 1980s, but in recent years there have been few docu-
mented cases. HEV1 and HEV2 cause sporadic cases of
hepatitis E but are also responsible for large outbreaks in-
volving hundreds or thousands of cases. These occur when
there is a breakdown in sanitary infrastructure. Examples of
this occurred in Delhi, India in 1953 to 1954 (5) when
human sewage contaminated the drinking water, resulting in
an outbreak involving over 50,000 cases and the Kanpur,
India epidemic of 1991 with over 70,000 people affected
(51). Outbreaks of hepatitis E have also been particularly
common in African refugee camps over the past 20 years.

Direct person-to-person spread of HEV1 and HEV2 is less
important than waterborne spread, because secondary cases
are rarely seen in household contacts of hepatitis E cases. In
Africa, HEV1 and HEV2 are widely distributed and co-
circulate in some populations. Both genotypes have been
recorded from outbreaks among displaced people. Water-
borne transmission is undoubtedly an important route of
infection in such cases, often exacerbated by heavy rainfall.
However, data from an outbreak of HEV1 infection in
Ugandan refugee camps suggest that intra-household trans-
mission can occur (52).

During an outbreak of hepatitis E the clinical “attack
rate” (the percentage of infected individuals with clinically
evident infection) is variable. This ranges from up to 15% in
India (53) to 30% in an outbreak in Uganda (52). Overall,
the average clinical attack rate is approximately 20% (54).
Previous exposure determines the proportion of the exposed
population susceptible to infection, and geographical vari-
ations in previous exposure are likely to explain variability in
clinical attack rates. However, reinfection can occur when
antibody levels fall below a critical level (7, 55). During
outbreaks young adult males are most likely to have symp-
tomatic infection. For example, in the outbreak that oc-
curred in Kanpur, India (51), approximately 80% of cases
were aged less than 40 years and M:F ratio was 1.7:1. In most
cases the illness is self-limiting, but a high mortality is seen in
pregnant women and patients with underlying chronic liver
disease (7) (see below).

Zoonotic Hepatitis E
For many years hepatitis E in developed countries was re-
garded as an uncommon imported infection, largely found in
travelers returning home from endemic areas of Africa or
Asia. Approximately 10 years ago there were increasing re-
ports of cases of hepatitis E in non-travelers mainly from
Europe and Japan. These were found to be caused by HEV3
and HEV4 with very close sequence homology to the HEV
found in local pigs, wild boar, and deer populations (56).
HEV3 and HEV4 are mainly anthropozoonotic and can be
found in a very wide range of mammals, but the true primary
host is the pig. The animals infected with HEV appear to
have no symptoms. HEV3 is found worldwide, but HEV4 is

geographically limited to East Asia, mainly China and Japan,
and more recently documented in both pigs and humans in
Europe. In contrast to HEV1 and HEV2, large outbreaks of
hepatitis E caused by the zoonotic genotypes have not been
observed and cases are generally sporadic. There have been
occasional small clusters of hepatitis E in humans in devel-
oped countries, which are caused by common consumption
of infected foodstuffs (57).

HEV has been detected in range retail meat (mainly
pork) products in many different countries (58–61). Con-
sumption of meat or meat products (including pig liver
sausage, boar, and deer meat) contaminated with HEV is a
proven and probably principal route of infection, but there
are other ways HEV can skip from its hosts to human beings.
HEV has been found in shellfish in a number of locations
(62–64), and an outbreak on a cruise ship in 2008 was
epidemiologically linked to consumption of this foodstuff
(65). Direct animal contact may be the source of infection
in some cases, because anti-HEV IgG antibodies are more
commonly found in veterinarians and pig farmers than in
control groups (66, 67). Environmental contamination with
animal feces may be another source of infection. This might
occur either directly via contaminated water (68) from farm
water “run-off” or indirectly via contaminated food crops.
The latter possibility is given some plausibility by the de-
tection of HEV in strawberries which had been irrigated
with infected water (Fig. 4) (7). A recent study from France
has shown that drinking bottled water seems to protect
against exposure to HEV (69). These findings suggest that,
as in developing countries with HEV1 and HEV2, zoonotic
HEV might also be spread via contaminated domestic water
supplies. Another recent study from China found HEV4 in
cows and their milk; HEV4 contaminating the milk can
survive pasteurization (70). This route of infection may be
important and deserves further study. However, in most
cases of documented hepatitis E, it is not possible to be
certain of the route of infection. There is no evidence of
sexual transmission and little evidence of person-to-person
spread, except via the human blood supply (see below).
Transfusion-transmitted infection is thought to cause only
a very small minority of human infections, approxima-
tely 1% in a recent study of English blood donors and
recipients (71).

In contrast to HEV in developing countries, HEV3 and
HEV4 tend to affect older males and excess mortality in
pregnant women is not seen. In one study from England the
M:F ratio was 3:1 and the median age 63 years (72). The
finding that older males are most likely to develop clinically
apparent acute hepatitis on exposure to HEV3 and HEV4 is
a consistent observation, but unexplained. It seems likely
that this relates to host factors, rather than differential ex-
posure, because individuals of all ages appear to be exposed
to HEV. One possible explanation is that clinically apparent
hepatitis is more likely to be evident in patients with sub-
clinical hepatic steatosis/fibrosis. In a study from England
some patients with hepatitis E were heavy alcohol consumers
and an excess number were diabetic, both of which are risk
factors for hepatic steatosis and fibrosis (73).

Seroprevalence
The response to infection includes the production of specific
IgG antibodies, which persist and protect against further
infection. However, until recently, our understanding of
anti-HEV IgG seroprevalence has been problematic because
many of the early studies employed serologic assays of very
poor sensitivity (74). This led to gross underestimations of
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seroprevalence and retarded our understanding of HEV as a
pathogen of global significance.

In developing countries, most of the studies are dated and
the majority employed assays of poor quality. These studies
generally show that seroprevalence is low in children and
rises in adolescents and young adults (75). For reasons that
are not understood, the situation in Egypt is different, and
the seroepidemiology is quite similar to that of HAV: rates of
HEV IgG seropositivity rise very rapidly in early childhood

and by early adulthood exposure to HEVappears to be nearly
universal (76). A recent study from Bangladesh showed that
exposure to HEV was found to be an order of magnitude
higher when a more sensitive assay is employed (77). Sero-
prevalence increases steadily from childhood to the age of 40
years, then plateaus in older people at 75% to 80% (Fig. 5).
Only in the last few years have we realized that HEV is
endemic in developed countries and has been so for gener-
ations. One of the key reasons for this delay in our
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50. Hepatitis E Virus - 1213



understanding is that studies from the 1990s showed low
(often < 5%) seroprevalence rates; anti-HEV IgG positive
subjects from developed countries were assumed to be either
those who had traveled to endemic areas or had false-
positive serology due to cross-reactive antibodies (74). In a
Dutch study published in 1993 the anti-HEV IgG seropre-
valence was found to be 1% (78). However, using a validated
assay of high sensitivity, the seroprevalence from around the
same time period was recently found to be 47% (79).

As more recent studies using validated and sensitive anti-
HEV IgG assays have been published, the epidemiology of
HEV in developed countries has become clearer. In south-
west France seroprevalence starts to rise in childhood with a
steady increase, which is sustained until old age (80). In
western European countries, such as the United Kingdom
(81), the Netherlands (79), and Denmark (82), HEV in-
fection was common and seroprevalence rates were high by
the mid-20th century. It appears that a large cohort of the
population was exposed to HEV in the years of turmoil
following the 2nd World War. Toward the end of the 20th
century seroprevalence rates in all three countries fell sig-
nificantly. However, over the last couple of years in the
Netherlands seroprevalence has risen quite sharply, partic-
ularly in young adults (79). The reason for this recent up-
swing in seroprevalence is not known.

Seroprevalence also varies between and within countries.
Countries with a high seroprevalence include Germany
(29%) (83), France (22%) (69), and the Netherlands (21%)
(79). In the Netherlands seroprevalence varies little within
the regions of the country (84). In contrast, seroprevalence
varies significantly in France by region, with values ranging
from 8% to 86% (69). Very high seroprevalence rates are
found in southern France (Toulouse, Marseille, and Corsica)

and in the northeast of the country. In the United Kingdom,
the seroprevalence is 12% to 16% in England (72, 81) and
4.5% in Scotland (85). The reason for these differences is
uncertain but may relate to differential rates of exposure to
HEV due to differences in national and regional culinary
cultures.

Incidence
Every year, an estimated 20 million HEV infections occur in
developing countries, resulting in over 3 million clinical
cases and 70,000 deaths (54). This figure of the “Global
Burden of disease” is an underestimate of the true impact of
HEV in developing countries for two reasons. First, it in-
cludes data from only a limited number of developing
countries. Second, the calculations were based, at least in
part, on seroprevalence data from studies that employed
insensitive assays as shown in Figure 5 from Bangladesh (77).

In developed nations, the incidence of locally acquired
hepatitis E varies between and within countries and over
time. In the United Kingdom the annual incidence has been
estimated at 0.2% (81), the Netherlands 1.1% (84), and in
Southern France 2% to 3% (69). In the French national
study of HEV, incidence mirrored seroprevalence and was
found to be significantly higher in southern and northeast-
ern France (69). In most European countries, particularly in
western Europe, the number of laboratory-confirmed cases
has increased rapidly over the last few years (Fig. 6) (86).
While some of the observed increase can be accounted for by
improved case ascertainment, it appears that there has been
a true increase in incidence in France, England, and the
Netherlands (69, 71, 79). The most dramatic increase has
been in the Netherlands, where the number of viremic blood
donors has increased from 1 in 2,671 in 2011 to 2012 (84) to

FIGURE 6. Laboratory-confirmed cases of HEV in several European countries. The vast majority of infections were locally acquired and
caused by HEV3.
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1 in 600 in 2014 (87), accompanied by rapidly increasing
seroprevalence rates in young adults (79).

The incidence of hepatitis E has also increased recently
in the United Kingdom, and it is currently thought that
there are at least 100,000 infections per year, many of which
are asymptomatic (71). The increased incidence relates, in
part, to improved case ascertainment. However, this has
been accompanied by a true increase in incidence (see be-
low). This increase has been accompanied by a change in
the strains of HEV recovered from human cases. Historically,
HEV RNA causing human disease in the United Kingdom
has had very close sequence homology to HEV RNA found
in the local pig population. In recent years, coinciding with
increased incidence, HEV RNA recovered from human
cases in the United Kingdom now bears much more simi-
larity to HEV found in pigs from the Netherlands and
Denmark. The explanation for this observation is unclear,
but it suggests that there has been a significant and re-
cent increase in HEV contamination of the pork food
chain (12). Targeted blood donor screening for HEV was
introduced in the United Kingdom in March 2016. Initial,
and as yet unpublished, results show a dramatic increase
in the number of viremic blood donors, most marked in
Scotland. Previously the seroprevalence in Scotland was
found to be very low, so currently there appears to be
large amounts of circulating virus in a largely HEV-naïve
Scottish population. There are a number of other “hot-spots”
with high incidence and seroprevalence rates in Europe
(Fig. 7).

PATHOGENESIS
Several animal models of HEV infection have been devel-
oped (88). Chimpanzee, rhesus macaques, and cynomolgus
macaques have been most frequently used in pathogenesis
and vaccine studies. These models are adequate for all

HEV genotypes. Using a low viral inoculum, cynomolgus
macaques can be infected without alanine aminotransferase
elevation (89). Alanine aminotransferase increase was ob-
served when the inoculum was > 102–103 HEV RNA copies/
ml. Other animals such as swine and rabbits can be experi-
mentally infected only by zoonotic genotypes. These models
have been used to demonstrate the existence of extrahepatic
sites of HEV replication (90–92. Human liver chimeric mice
have been developed (93, 94) that can be infected with
genotype 1 or zoonotic genotypes. This model may well
prove a fruitful method of studying chronic infections and
evaluating preclinical antiviral agents.

Studies using animal models of infection and human data
have identified three distinct phases of HEV pathogenesis,
namely (i) incubation period; (ii) acute hepatitis with var-
ious clinical phenotypes (see below); and (iii) convalescent
phase. Cell-culture studies suggest that HEV is a non-
cytopathic virus and that the outcome of acute HEV infec-
tion is determined by the strength of the host’s immune
response. Viral replication in the liver appears about 7 days
after virus transmission but the percentage of infected he-
patocytes is still unclear. Viremia appears a few days before
the onset of symptoms, attains its peak with that of serum
alanine aminotransferase levels, continues for a few weeks,
and is accompanied by prolonged fecal HEV excretion (95).
Although HEV is a hepatotropic virus, immunohistochem-
istry experiments and detection of negative strand of HEV
RNA indicate that it can also replicate in other tissues such
as the gastrointestinal tract (90, 92), kidney (96), central
nervous system (97), and placenta (98).

IMMUNE RESPONSES
As for many other viruses, a concerted action of innate and
adaptive immunity is involved in the outcome of HEV in-
fection and protection. However, our understanding of the

FIGURE 7. European “hot-spots” with high incidence/prevalence of HEV, include southern and northeastern France and the Netherlands
(see main text). Very recent data show a huge incidence in the Czech Republic (86) and a seroprevalence in blood donors in Abruzzo, Italy of
nearly 50% (216).
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molecular mechanisms and the crosstalk between the host
immune response pathways is still limited.

Innate Immune Responses
HEV infection elicits the production of type I and III in-
terferon (IFN) after recognition of the viral RNA as a
pathogen-associated molecular pattern (PAMP) by pattern
recognition receptors (PRR). Secreted IFNs can then induce
interferon-stimulated gene (ISG) transcription via the JAK/
STAT signaling cascade (39, 99, 100). The ORF3 protein
may enhance type I IFN production via a direct interaction
with the PRR retinoic acid-inducible gene I (RIG-I). The
ORF1 protein inhibits RIG-I signaling and prevents IFNb
induction by deubiquitination of RIG-I and TANK-binding
kinase I (TBK1) (101, 102). In addition, the ORF3 protein
has been shown to inhibit the IFN-a-induced phosphory-
lation of Stat 1, thus restricting its activation (103).

Natural killer cells and natural killer T cells show evi-
dence of activation in patients with acute hepatitis E (104).
Gamma-delta T cells are mobilized during acute HEV in-
fection in transplant patients (105).

Cell-Mediated Immune Responses
Potential differences between the different genotypes related
to differences in disease severity and outcome are still un-
known. This is an important area of research for a better
understanding of the pathogenesis of HEV infection during
pregnancy. HEV-specific T-cell responses are weaker in pa-
tients with fulminant acute hepatitis E than in patients with
milder disease (106). Cross-genotype specific T-cell re-
sponses are generated during acute infection and are asso-
ciated with viral control (107). CD4+ and CD8+ T cells
from healthy subjects previously exposed to HEV show
strong and multispecific responses against HEV peptides,
whereas those from immunocompromised patients with
chronic infection do not (108).

Humoral Immune Response
HEV infection is associated with appearance of anti-HEV
antibodies. IgM antibodies are the first to appear and persist
for 6 to 9 months while IgG antibodies persists for several
years. One study detected anti-HEV IgG antibodies in nearly
half the patients who had hepatitis E 14 years previously
(109). Anti-HEV antibodies have been shown to neutralize
the virus in vitro (110). Importantly, this neutralization ca-
pacity is observed only with naked particles (i.e., stool
derived-HEV) (14). The neutralization capacity extends to
heterologous strains belonging to all the four major HEV
genotypes. Current neutralization tests are based on real-time
PCR, immunofluorescence foci assay, and a high-throughput
assay using biotin-conjugated HEV recombinant capsid
protein (111). Neutralization titers of HEV serum samples
are associated with anti-HEV IgG levels. However, the anti-
HEV IgG level in humans conferring absolute protection
against HEV is unknown. Therefore, the duration of natural
protection against HEV reinfection remains unclear.

CLINICAL MANIFESTATIONS
Acute HEV
In developing countries, hepatitis E mainly affects young
adults with sporadic infections and occasional sizable out-
breaks. The incubation period is approximately 40 days. The
clinical phenotype ranges from asymptomatic infection,
through mild self-limiting hepatitis, to acute liver failure,

with an overall reported mortality of approximately 1%.
Symptoms and signs of hepatitis E include anorexia, ab-
dominal pain, nausea, vomiting, fever, general malaise, and
jaundice. Biochemical evidence of hepatitis includes ele-
vated serum levels of liver enzymes and hyperbilirubinemia,
which usually return to normal within a few weeks (7).

The clinical features of hepatitis E in developed countries
are similar to those seen endemically in developing nations,
and are virtually indistinguishable from those observed in
any form of acute viral hepatitis, except that 5% to 10% of
patients present with a primarily neurological illness (see
below). However, HEV infection in developed countries is
commonly asymptomatic (Fig. 8) (7) and clinical illness is
mostly observed in middle-aged and elderly males (72, 112).

CHRONIC HEV
The first cases of chronic HEV infection were reported in
solid-organ-transplant patients (113). Among 14 patients
who had been infected by HEV, 8 had persistent HEV rep-
lication for at least 6 months with increased ALT and pro-
gressive liver fibrosis (113). Thereafter, a large number of
cases of chronic HEV infection have been described in
transplant and other immunosuppressed patients (see be-
low). All cases of chronic HEV infection have occurred in
patients infected by genotype 3 or 4 (7). No case of chronic
HEV1 or 2 infection has been reported. A study of 205 renal
transplant recipients from India found no evidence of
chronic infection with HEV (114).

Most data on the natural history and treatment of
chronic HEV infection have been obtained in solid-organ-
transplant patients. Initially, chronic HEV infection was
defined as persistent replication of HEV for at least 6
months (113). However, in a large cohort of chronically
infected transplant recipients, no spontaneous HEV clear-
ance was observed between 3 and 6 months after infection
without therapeutic intervention (115). Hence, it has been
suggested that HEV replication for more than 3 months
should be the definition of chronic infection. This defini-
tion is still a matter of debate, because recently a case of
spontaneous clearance was observed 4 months after HEV
infection (116, 117). In a large multicenter retrospective
study that included 85 solid-organ-transplant recipients,
66% of patients developed chronic hepatitis and nearly 10%
developed cirrhosis (118). Surprisingly, liver fibrosis pro-
gression was rapid and some patients developed cirrhosis
only 2 to 3 years after infection (118, 119). No correlation
has been observed between HEV viral load and liver fibrosis
progression (120).

Chronic HEV infection and cirrhosis have been observed
in both adult and pediatric solid-organ-transplant patients
(121). The source and route of HEV infection in transplant
recipients does not differ from that in the immunocompetent
(see above). The one exception is that the grafted organ
can occasionally transmit HEV infection (122) to the re-
cipient. As in the immunocompromised patients, the ma-
jority of transplant recipients who develop HEV infection
are asymptomatic (118). However, compared to immuno-
competent patients, chronic HEV in immunocompromised
patients usually produces mild elevations in serum trans-
aminases (ALT typically 100-300IU/L) and HEV serology
can remain negative (118). Therefore, the use of HEV PCR
is mandatory in immunocompromised patients (121), both
to establish the diagnosis and to monitor response to therapy.

In the first report of cases of chronic HEV infection,
patients having lower CD4 and CD8 lymphocyte counts
were more likely to develop chronic HEV infection,
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suggesting that more immunosuppressed patients were at
higher risk of developing chronic HEV infection (113).
More recently, a multicenter retrospective study analyzing
risk factors for the development of chronic infection fol-
lowing exposure (118) suggested that liver-transplant pa-
tients had a higher risk of developing chronic infection
compared to non-liver-transplant patients (118). Also, ALT
and AST levels were lower at HEV diagnosis in patients who
developed chronic hepatitis, suggesting a lower T-cell re-
sponse in these patients, as has been demonstrated in vitro
(31, 108, 118). In patients who developed chronic infection,
the time following transplantation was shorter than in
those who cleared the virus. In addition, the time since
treatment of an acute rejection episode was also shorter, and
patients were more often treated with tacrolimus than with
cyclosporin A (118). Multivariate analysis showed that the
use of tacrolimus was an independent predictive factor for
the progression to chronic HEV infection (118). Large
quasispecies heterogeneity was observed in patients with
persistent HEV compared to those with resolving hepatitis
(23, 31).

In addition to transplant recipients, chronic HEV infec-
tion and cirrhosis have also been observed in a small number
of HIV positive patients, mainly in those having a low CD4
count (7, 123). HEV infection can persist in patients who
improved their immune status (124). Stem-cell transplant
recipients, hematological patients receiving chemotherapy
(125, 126), and patients with rheumatologic or autoimmune
disease receiving immunosuppressive therapy can also de-
velop chronic HEV infection (127, 128).

COMPLICATIONS OF HEV
Hepatic Complications
The mortality of hepatitis E in developing countries is ap-
proximately 1%, due largely to subacute hepatic failure in
patients with preexisting chronic liver disease (12-month
mortality up to 70%) (53). Fulminant hepatic failure occurs
in pregnant women in the third trimester (mortality ap-
proximately 20%) (129). The latter is a unique character-
istic of hepatitis E, and historical studies of outbreaks of
hepatitis with deaths in pregnant females show that water-
borne hepatitis E was probably quite common in Con-
tinental Europe in the 19th century (5). Deaths occur
toward the end of pregnancy and are mainly caused by a
combination of fulminant hepatic failure associated with
obstetric complications, including bleeding and eclampsia.
In addition, the unborn child frequently does not survive
(129, 130). Infected women have higher viral loads than
nonpregnant women (131, 132), and several studies have
shown differences in immunological and hormonal re-
sponses in pregnant women with fulminant hepatic failure
caused by hepatitis E (133). However, the cause of high
maternal mortality in patients with hepatitis E remains
uncertain.

In developed countries, the mortality is unknown.
Hospital-based case series report a mortality ranging from 3%
to 10% (72, 134). Deaths mostly occur from acute liver
failure in older men with preexisting chronic liver disease.
Occasionally fulminant hepatic failure occurs in patients
without underlying chronic liver disease (135). As noted

FIGURE 8. Symptomatic and asymptomatic HEV.
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above, transplant recipients can develop rapidly progressive
cirrhosis and liver failure. This required liver transplantation
in some cases, and a number of patients died.

Extrahepatic Complications
An increasing number of syndromes affecting organ systems
other than the liver have been reported that are temporally
associated with hepatitis E. These occur during both acute
and chronic infection and in developing and developed
countries (Table 1). For most of these extrahepatic mani-
festations, a causal relationship has yet to be established.
However, it is likely that in the case of renal and neuro-
logical syndromes that the relationship with HEV infection
is causal.

Renal
Renal impairment in association with HEV has been defined
best in immunosuppressed transplant recipients with chronic
infection. Renal function deteriorates during the course of
infection and improves with viral clearance. Renal biopsy
shows a range of renal injury, including membranoprolifer-
ative and membranous glomerulonephritis and relapses of
IgA nephropathy with or without cryoglobulins (136, 137).
Renal injury has also been reported in an immunocompetent
patient with acute HEV infection who developed crescentic
glomerulonephritis with cryoglobulins that improved after
viral clearance (138).

Neurologic
Approximately 100 patients with a range of neurologic
damage temporally related to hepatitis E infection (139)
have been reported to date (Table 1), and there are many
more cases not yet published. Neurologic injury was de-
scribed in 5% to 8% of patients from two large cohorts of
patients with mainly acute and chronic hepatitis E from
Toulouse, France and Cornwall, England (134, 140). A
range of neurologic pathology was documented in this study
including Guillain-Barré syndrome, neuralgic amyotrophy,
inflammatory polyradiculopathy, ataxia/encephalitis, and
peripheral neuropathy. In four patients with chronic HEV

infection, HEV RNA was observed in the cerebrospinal
fluid. The incidence of neurological injury is under-
recognized because most patients present primarily with a
neurologic illness without jaundice. The liver function tests
are usually only mildly abnormal and in a minority of pa-
tients were completely normal at the time of presentation.

Case-control studies of hepatitis E in Guillain-Barré
syndrome (GBS) from the Netherlands (141), Bangladesh
(142), and Japan (143) all illustrate that patients with GBS
are significantly more likely than controls to have evidence
of HEV infection. Between 5% to 10% of GBS patients have
evidence of infection at the start of their illness, and inter-
estingly, in a minority viral RNA was found in serum and
stool but not CSF.

Neurologic amyotrophy (NA) is a postinfectious
immune-mediated neuropathy characterized by damage to
the brachial plexus, resulting in severe shoulder pain, mus-
cular atrophy, weakness, and sensory disturbance (144). An
Anglo/Dutch cohort study of patients with NA showed that
10% had evidence of HEV infection at presentation (145).
Patients with HEV-associated NA have been reported only
with HEV3 and are mainly middle-aged males who typically
have bilateral neurologic symptoms and signs in the upper
limbs. This contrasts to NA without HEV infection where
the neurologic damage is unilateral affecting the dominant
arm. Central nervous system involvement has also been seen
in 12 cases of both acute and chronic infection, and in some
cases the outcome was poor, with several deaths (139).

The mechanisms whereby HEV causes neurologic injury
are unknown. It could be immune-mediated, or HEV might
be directly neurotropic. Some evidence suggests that HEV is
neurotropic, and in some cases HEV RNA has been re-
covered from the CSF (139). The HEV quasispecies in the
CSF was different than that recovered from the serum in
one chronically infected patient (146). Another patient
with a peripheral neuropathy and chronic HEV (HEV RNA
in both serum and CSF) showed resolution of his neuro-
logical symptoms, which was temporally related to viral
clearance with ribavirin and interferon (147). Recent
in vitro and in vivo evidence shows that HEV can grow well

TABLE 1 Extrahepatic manifestations of acute and chronic hepatitis E

System Feature Comments

Neurologic � Guillain-Barré syndrome
� Neuralgic amyotrophy
� Meningoencephalitis
� Mononeuritis multiplex
� Myositis
� Bell’s palsy, vestibular neuritis,
and peripheral neuropathy

� > 40 cases reported worldwide
� Acute HEV 3 only, middle-aged males
� Acute and chronic HEV; prognosis poor
� 6 cases reported, HEV3
� 2 cases reported, raised creatine kinase
� Case reports only

Renal � Glomerulonephritis and
IgA nephropathy

� Mainly described in chronic infection with HEV3
but also seen in immunocompetent patients with acute infection

Hematological � Thrombocytopenia
� Monoclonal immunoglobulin
� Cryoglobulinemia
� Aplastic anemia

� Mild thrombocytopenia is common, occasionally severe
� Reported in 25% of cases of acute HEV, clinical significance uncertain
� Occurs mainly in association with renal disease
� Case reports only

Other � Acute pancreatitis
� Arthritis, myocarditis,
and autoimmune thyroiditis

� 55 cases worldwide, HEV1 only
� Single case reports only

There is good evidence to support a causal role for HEV in Guillain-Barré syndrome, neuralgic amyotrophy, meningoencephalitis, and renal syndromes. For the other extrahepatic
manifestations, causality remains to be established.

1218 - THE AGENTS—PART B: RNA VIRUSES



on a range of neurological cell lines and can cross the blood
brain barrier in animals (97, 148).

LABORATORY DIAGNOSIS
HEV infections can be diagnosed either indirectly by de-
tecting anti-HEV antibodies in the serum or directly by
detecting HEV RNA or capsid antigen in the blood or other
body fluids (121, 149). Current data indicate similar per-
formance for all HEV genotypes and subtypes. An initial
incubation period of 2 to 6 weeks (Fig. 9) usually precedes
the IgM response, which is detected around the time the
alanine aminotransferase activity increases, and persists for 6
to 9 months (150). The IgG response can be delayed; it
persists for several years, although the exact duration of this
response remains uncertain. HEV RNA becomes detectable
in the blood and stools during the incubation period and
persists for around 4 weeks (blood) and 6 weeks (feces).
Capsid antigen persists in the blood for about the same
time (151).

Serology
The antigens used in enzyme immunoassays (EIA) are usu-
ally recombinant ORF2 and/or ORF3 proteins from an
HEV1 strain. Sera from patients infected with other geno-
types generally cross-react adequately due to shared ORF2/
ORF3 epitopes. The diagnostic performance of IgM and IgG
assays varies considerably and must be evaluated carefully
(152).

The presence of anti-HEV IgM in the serum is a key
marker of an acute infection. Both conventional microplate
and rapid immunochromatographic commercial assays have
been developed. A validated PCR assay was used as a ref-
erence in studies that showed that the sensitivity of these
assays was > 97% for immunocompetent patients and 80–
85% for immunocompromised patients; their specificity was
> 99.5% 153–155.

The presence of anti-HEV IgG alone is a marker of past
infection. The limits of detection of commercial anti-HEV
IgG assays vary from 0.25 WHO unit/ml to 2.5 WHO unit/
ml (WHO reference reagent established in 2002; National
Institute for Biological Standards and Control Code 95/
584). A specific, sensitive assay (detection limit: 0.25 WHO
unit/ml) has been used to obtain a clearer picture of HEV
epidemiology (74). This assay generally produces higher
estimates of anti-HEV IgG seroprevalence, as highlighted in

a meta-analysis of studies of HEV prevalence in Europe
(156). Nevertheless, the high clinical sensitivity does not
reflect poor specificity; adult populations in Fiji, New Zea-
land, and Scotland who have a very low seroprevalence
(< 5%) were identified using this assay. Similarly, the sero-
prevalence is only 2% in children aged 2 to 4 years living in
southwest France despite the fact that this is a hyperendemic
area (157). Knowing the anti-HEV IgG concentration could
be useful for estimating the risk of reinfection after a natural
infection or vaccination in clinical trials. One study dem-
onstrated that HEV immunocompromised patients with low
anti-HEV IgG concentration (< 7 WHO unit/ml) could
become reinfected and that this could become chronic (55).

Viral RNA Detection
HEV RNA can be detected and quantified in the blood,
stools, and other body compartments using nucleic acid
amplification technologies with primers targeting regions
that are conserved among HEV genotypes. Most real-time
PCR assays, including commercial assays, target ORF3 (158,
159). A transcription-mediated amplification assay (Pro-
cleix HEV) performed on a fully automated platform (Pan-
ther system) is well adapted for high-throughput testing
(160). Lastly, the newly developed loop-mediated isother-
mal amplification (LAMP) assay provides a one-step, single-
tube amplification of HEV RNAwithout special equipment
(161).

The assays based on nucleic acid amplification all require
the WHO international reference panel for HEV RNA ge-
notypes for their validation and comparison of their perfor-
mance. The limit of detection of current assays is 7 to 80 IU/
ml. This feature is relevant not only for diagnosis but also for
defining an optimal strategy (individual or minipool testing)
for blood screening.

HEV RNA can be characterized by sequencing different
regions of the HEV genome such as ORF2 or OFR1 poly-
merase. This can then be used to determine the HEV ge-
notype/subgenotype and hence to identify the source of
infection and the mutations in the polymerase of virus in-
fecting patients whose ribavirin therapy fails (162, 163).
Current studies are examining the prognostic value of these
mutations.

Antigen Detection
HEV infections can be diagnosed by detecting the HEV
capsid antigen using a commercial sandwich EIA. One study
found that the specificity was excellent and the lowest HEV
RNA concentration detected was 800 to 80,000 IU/ml using
serial dilutions with HEV RNA-negative anti-HEV
antibody-negative plasma (164). The diagnostic sensitivity
for an acute HEV infection was 91%, with no significant
difference between immunocompetent (88%) and immu-
nocompromised (94%) patients (164). Although HEV
RNA testing is the gold standard for detecting an active
infection, testing for HEV capsid antigen is technically
simpler, less expensive, and faster. Therefore, this could be a
valuable alternative for diagnosing HEV infections for lab-
oratories with no molecular diagnostic facilities.

Diagnostic Algorithm
The good performance of anti-HEV IgM assays and their
wide availability makes them suitable for use as a first-line
diagnostic assay (Fig. 10). Immunocompromised patients
should be tested for HEV RNA in three clinical settings: (i)
if the anti-HEV IgM is negative and ALTactivity is elevated,
because the immune response of these patients is frequently

FIGURE 9. Kinetics of hepatitis E virus markers during an acute
infection.

50. Hepatitis E Virus - 1219



impaired, (ii) to identify a chronic infection if the HEV
RNA persists for 3 to 6 months, and (iii) to monitor HEV
RNA so as to manage a chronic infection after immuno-
suppression has been reduced or after starting antiviral
therapy. Ribavirin therapy is used to reduce the HEV RNA
concentration in the blood to undetectable levels. A nega-
tive HEV RNA concentration in the feces could also be
necessary to indicate successful eradication of the virus after
treatment has been interrupted (165).

TREATMENT
Acute Infection in the Immunocompetent
Most patients with hepatitis E require no treatment because
they have a mild self-limiting illness. Patients with severe
infections, including patients with fulminant hepatitis,
should receive appropriate supportive care including, where
necessary, admission to an intensive care unit experienced in
dealing with liver disease (see Hepatitis chapter). A few
patients who have presented with severe acute HEV infec-
tion, including patients with preexisting chronic liver
disease, have been given ribavirin (166, 167). A rapid de-
crease in HEV RNA concentration occurred with clearance
of HEV. However, there are no placebo-controlled data
available either in this setting or in patients with chronic
infection.

Chronic Infection in Solid-Organ-Transplant
Patients
Clinical studies have shown that tacrolimus is a more potent
immunosuppressive drug than cyclosporin A (168). In vitro,
both calcineurin inhibitors (tacrolimus and cyclosporin A)
and mammalian target of rapamycin inhibitors (sirolimus
and everolimus) promote HEV replication (169, 170).
Conversely, mycophenolic acid, an inosine monophosphate
dehydrogenase inhibitor, inhibits HEV replication (169).

The treatments for HEV infection were initially evalu-
ated in solid-organ-transplant patients with chronic HEV

infection. In this setting reduction of immunosuppression
that targets T-cells prompts viral clearance in up to 30% of
patients (118). Patients who clear the virus by reducing
immunosuppressive therapy achieved a lower tacrolimus
trough level and needed lower daily doses of steroids com-
pared to those who remained viremic (119). Hence, a
reduction in immunosuppressive therapy seems to be the
first-line therapeutic option. However, since two-thirds of
patients fail to clear the virus despite the reduction of im-
munosuppressive therapy and since this maneuver cannot be
safely performed in high-risk immunological patients, anti-
viral therapy has been employed.

Interferon has a moderate antiviral activity in vitro (170,
171) and has been given to a few liver-transplant patients,
mostly for a 3-month period. A sustained virological re-
sponse was obtained in all patients (172–174). However, the
use of interferon is problematic in transplant patients be-
cause it increases the risk of acute rejection due to its im-
munostimulatory effect (175). This prompted several groups
to use ribavirin alone in solid organ transplant recipients
with chronic hepatitis. Unexpectedly, the results have been
impressive (176–178). In a retrospective French study, the
effect of ribavirin alone was assessed in 59 solid-organ-
transplant recipients with chronic HEV infection (179).
The majority of patients received ribavirin at the daily dose
of 600 mg (n=17) or 800 mg (n=17) for range of 1 to 18
months; most patients (n=36) were treated for 3 months.
Anemia was the main side effect and required ribavirin dose
reduction in one-third of the patients, temporary cessation of
therapy in two patients, and the use of recombinant eryth-
ropoietin in up to 40% of the patients (179). The sustained
viral response (SVR) at 6 months after cessation of therapy
was 78% (n=46) (179). Two patients were lost to follow-up,
another patient was initially a nonresponder, and 10 other
patients relapsed after ribavirin therapy was stopped. The
nonresponder was retreated and achieved SVR. Six of the 10
relapsers who were initially treated for 3 months were re-
treated for 6 months. SVR was then observed in 4 of these
patients; the 2 remaining patients also had viral clearance but

FIGURE 10. Flow diagram for diagnosis of acute hepatitis E virus infection.
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with limited follow up. Hence, the overall SVR was 85%
(179). A lower lymphocyte count at the initiation of riba-
virin therapy and persistent HEV shedding in the stools at
the end of therapy (165) have been associated with more
relapses after ribavirin is stopped (179). A decrease in HEV
RNA concentration of more than 0.5 log copies/mL within
the first week after initiating ribavirin therapy was found to
be a predictive factor for SVR (180). However, ribavirin
trough levels early or late after the initiation of therapy did
not affect virological response or SVR (180).

Ribavirin monotherapy has become the treatment of
choice for chronic HEV infection, but the mechanism of
action remains unclear. It has been suggested that ribavirin
inhibits HEV replication through depletion of guanosine
triphosphate (GTP) (181). In vitro, the combination of ri-
bavirin and mycophenolic acid has a synergistic anti-HEV
effect (169). In vivo, no difference in the slope of HEV RNA
concentration and the number of SVRs was observed be-
tween transplant recipients who received ribavirin either
with or without mycophenolic acid (180). It has been re-
cently shown that ribavirin increases viral heterogeneity and
that ribavirin-induced mutagenesis seems to be reversible
after therapy is stopped (182).

Cases of ribavirin treatment failure have been reported in
patients who have the G1634R mutation in viral polymer-
ase (183). This mutation does not provide ribavirin resis-
tance in vitro but increases the replicative capacity of HEV
(183). In a series of 63 transplant recipients with chronic
infection, 23 (36.5%) had detectable G1634R variants be-
fore therapy (163), but the presence of the G1634R muta-
tion before treatment did not have any impact on the early
virological response, on the SVR, or on virological response
after retreatment (163). Interestingly,G1634R variants were
detected during therapy in patients who relapsed after ri-
bavirin cessation (182). Other dominant mutations were
described in the polymerase region (i.e., K1383N, Y1587F,
D1384G, V1479I, and K1398R) (171). On the one hand,
these mutations increase the replicative capacity of HEV,
and on the other they improve the antiviral activity of ri-
bavirin (162).

In cases of ribavirin treatment failure there is currently no
alternative effective therapy of proven value. Sofosbuvir
may inhibit HEV replication in vitro and the anti-viral effect
is increased when combined with ribavirin (184). However,
it failed to decrease HEV replication (185) in one patient
chronically infected with both HEV and HCV.

Chronic Infection in Non-Solid-Organ-Transplant
Patients
A few case reports and case series have been published on
the treatment of hematological malignancy patients (i.e.,
patients receiving chemotherapy or stem-cell-transplant re-
cipients). Similar to solid-organ-transplant recipients, he-
matology patients have been successfully treated with
pegylated interferon or ribavirin (186–188). Pegylated in-
terferon, ribavirin, or both were also successfully used in HIV
patients (147, 189–191).

Extrahepatic Manifestations
Antiviral therapy has been used in patients presenting
HEV-induced neurological symptoms such as Guillain-Barré
syndrome (140). Although viral clearance is achieved, the
effects on the outcome of neurological symptoms is uncer-
tain. In contrast, antiviral HEV therapy appears to be very
effective in treating patients who developed HEV-associated
kidney complications (136, 138).

PREVENTION
General Risk Reduction
Providing access to clean drinking water is the most im-
portant approach to preventing hepatitis E in developing
countries, but this can prove problematic when the sanitary
infrastructure fails. For example, recent outbreaks have oc-
curred in African refugee camps. Prevention of locally ac-
quired zoonotic infection with HEV in developed countries
is more difficult, because there are a number of animal hosts
and several possible routes of infection (Fig. 4). Prevention
strategies include thorough cooking of pork-containing
foods, appropriate care and precautions when handling un-
cooked pork, and screening of blood donors to prevent
transfusion-transmitted cases.

Vaccination
HEV 239 vaccine (Hecolin�, Xiamen Innovax, China)
consists of pORF2 amino acids 368 to 607 expressed in an
E. coli system that can self-assemble in vitro into virus-like
particles with a diameter of 20–30 nm. It has been tested in
both animals and humans. Two doses of 5 mg, 10 mg, or 20 mg
HEV 239 adsorbed in alum adjuvant when administered 4
weeks apart to monkeys induce comparable antibody re-
sponses that protect the animals from HEV1 and HEV4
(192). In humans, Phase 1, 2, and 3 clinical trials have been
reported from China (193–195). In these studies, the vac-
cine formulation contained recombinant particulate HEV
239 antigens adsorbed to 0.8 mg of aluminum hydroxide and
suspended in 0.5 ml of buffered saline and was given by
intramuscular injection.

HEV 239 vaccine appears to be effective at preventing
HEV infection. In the Phase 3 clinical trial, over 100,000
participants were randomly assigned to receive three doses
of 30 mg HEV 239 vaccine or the hepatitis B vaccine at
months 0, 1, and 6 (195). During follow-up for 12 months
after the last dose, no HEV 239 vaccine recipients con-
tracted hepatitis E, but 15 cases of hepatitis E occurred in
the control group, indicating a vaccine efficacy of 100%
(95% CI, 72–100). In participants who received at least one
dose the efficacy was 96% (95% CI, 66–99); and those re-
ceiving two doses and before the third dose the efficacy was
100% (CI 9–100). In an extended efficacy study (up to 4.5
years after vaccination), the efficacy of HEV 239 was 93%
(95% CI, 79–98) (196). Of the 29 identified hepatitis E
cases whose viral isolates were sequenced, 26 were infected
with HEV4 (3 in the vaccine group and 23 in the control
group), and 3 with HEV1 (1 in the vaccine group and 2 in
the control group). Data from the Phase 2 clinical trial
shows that 2 doses of 20 mg HEV 239 (administered at
months 0 and 6 or months 0 and 1) effectively protect from
HEV infection with an efficacy of 85% (95% CI, 10–99) for
at least 6 months (194).

HEV239 vaccine is well tolerated and no serious adverse
events have been reported. In the Phase 3 clinical trial local
adverse events (pain and swelling around the injection site)
occurred more frequently in the HEV 239 group than in the
control group (195). During extended follow-up, similar
numbers of participants in both the vaccine and placebo
groups experienced serious adverse events, none of which
were related to vaccination (196). Thirty-seven pregnant
women in the HEV 239 vaccine group and 31 pregnant
women in the control group were inadvertently vaccinated.
The vaccine was well tolerated in the pregnant women, with
only one woman reporting mild inoculation-site pain. The
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weights, body lengths, and gestational ages of the newborns
were comparable in both groups (197).

HEV 239 vaccine was licensed for use in China in 2012
(193) but is currently not available in other countries. It may
be potentially of utility in an outbreak setting in developing
countries, because its efficacy after two doses 1 month apart
is 100% (194). However, the issue of vaccine availability in
developing countries in need is complex. There are a
number of issues that have impeded the use of HEV239 in
countries other than China, including lack of vaccine pre-
qualification and insufficient data regarding efficacy against
HEV1, safety and efficacy in pregnant women, and efficacy
against genotype 1. In both developing and developed
countries, hepatitis E has a poor prognosis in patients with
chronic liver disease. Such individuals could be considered
for vaccination against HEV. However, the safety and effi-
cacy of HEV239 in patients with chronic liver disease is
currently unknown. HEV239 is safe and effective in carriers
of HBsAg (198), but how many of the individuals in this
study were cirrhotic is unknown. In developed countries, a
safe and effective vaccine could potentially be used to pre-
vent chronic infection in the immunosuppressed. The safety
and efficacy of the HEV239 in this group of patients is
currently unknown. In developed countries with high levels
of circulating HEV, there has been interest in vaccination of
farmed pigs as a method of reducing exposure of humans.
The acceptability of this approach to the farming commu-
nity is likely to be problematic, as pigs infected with HEVare
asymptomatic. In addition, its efficacy in terms of impact on
human infection is uncertain, because HEV is ubiquitous in
the environment and there are several other animal hosts.

A number of other approaches to vaccine development
are ongoing, including a DNA vaccine, chimeric virus par-
ticles, fusion proteins, and an oral vaccine (199–209). None
of these novel vaccine candidates have yet been used in
humans.

HEV and the Blood Supply
Because HEV infections are widespread and blood donors are
often asymptomatic, there is a risk of virus-containing blood
donations. Transfusion-related HEV infections have been
documented in several countries, including the United
Kingdom, France, Germany, and Japan (121). The blood
components involved in HEV transmissions were fresh fro-
zen plasma (solvent/detergent-treated, amotosalem-treated,
secured by quarantine), pooled or apheresis platelets, and
red blood cells. In a retrospective study in England of 43
recipients given HEV-contaminated blood products and
followed up, the transmission rate was 42%, but only 1 pa-
tient developed symptomatic hepatitis. The patients who
were given blood products with high HEV RNA concen-
trations were more likely to become infected (71). A French
kidney transplant patient was infected with HEV when
treated by plasma exchange for acute humoral rejection
(210).

Published data indicate that the minimum infectious
dose in donations is 3.85 log HEV RNA IU (211). This
information is crucial for assessing the capacity of HEV in-
activation/removal during manufacturing steps of plasma-
derived medicinal products and the accompanying risk of
infection. The same sensitive validated assay was used in
HEV seroprevalence studies of blood donors, identifying
three levels of endemic virus frequency in developed coun-
tries, low (< 10%), intermediate (10%–20%), and high
( > 20%) (212). The incidence of HEV viremia was 1:600 to
1:2600 in countries where the virus was highly endemic,

including France, Germany, The Netherlands, Japan, and
China, and 1:2800 to 1:14500 in the other two categories,
including the United Kingdom, United States, Australia,
and New Zealand. However, HEV seroprevalence and vi-
remia may vary from one region to another within a country,
as illustrated by French studies (69, 213, 214). These epi-
demiological data are essential for defining optimal policies
for screening blood donations for HEV. Universal screening
of blood donors for HEV started in Ireland in 2016. Targeted
screening of donors in the United Kingdom also started in
2016, with screening of donors whose blood products are
destined for high-risk groups, including the immunosup-
pressed (215).

CONCLUSIONS
Our understanding of HEV has changed completely in the
last 10 years. It was previously considered to be a waterborne
pathogen affecting a few resource-poor settings. We now
know that it is a virus of global significance and is also
endemic in many resource-rich countries where it is largely
locally acquired, anthropozoonotic, and causes both acute
and chronic infection. Because it is a very common infection
in such settings, and commonly asymptomatic, it has found
its way into the human blood supply, and viremic donors are
surprisingly frequent in many countries in Europe. Whether
and how donors should be screened for HEV remains a “hot
topic” in the blood transfusion community. The clinical
phenotypes of hepatitis E in humans are still emerging. It is
now clear that HEV can cause a number of extrahepatic
manifestations and in particular a range of neurological in-
juries. The range, frequency, and mechanisms of HEV-
associated neurological injury are as yet uncertain. The
global burden of HEV is unknown. The most recent figure is
an underestimate, because it utilized data from 2005 from a
limited number of developing countries and took no account
of the paradigm shift implicit in the current thinking of HEV
as a global pathogen. Maybe in another 10 years we will have
a much clearer idea about many of these aspects of HEV,
which is proving to be one of the more successful zoonotic
viruses currently affecting humans.
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Astroviruses are present in a wide variety of animal species,
including mammals and birds. In many species, including
humans, these viruses are associated with gastrointestinal
diseases and, more recently, with encephalitis and diverse
neurological manifestations. Human astroviruses (HAstVs)
were first identified in fecal samples of children with diarrhea
by electron microscopy as small particles with a star-like
morphology, the feature that Madeley and Cosgrove (1) used
in 1975 to name this group of viruses (astron-star in Greek).
This morphology, however, is observed in only a small pro-
portion of the particles present in stool samples, and ex-
pertise in electron microscopy is required for their identifica-
tion. Development of more sensitive and specific diagnostic
methods, such as enzyme immunoassays (EIA) and re-
verse transcription, coupled with polymerase chain reaction
(RT-PCR), in diverse formats have revealed that HAstVs
represent serious gastrointestinal pathogens that affect dis-
tinct groups in the population. Adaptation of HAstVs to
tissue culture and the molecular characterization of human,
as well as of animal, viruses have contributed to recent ad-
vances in the understanding of their molecular biology;
however, an animal model to study HAstV pathogenesis is
still required.

The Astroviridae family consists of icosahedral none-
nveloped viruses with characteristic features that distinguish
them from other naked viruses with a monopartite RNA
genome, like those in the Caliciviridae and Picornaviridae
families. Members of the family Astroviridae contain a single-
stranded RNA (ssRNA) genome of positive polarity orga-
nized in three open reading frames. The virions are formed
by proteins that result from the proteolytic processing of a
precursor polypeptide (2, 3). During infection with astro-
viruses, a viral subgenomic RNA (sgRNA) is used as tem-
plate for the synthesis of the structural proteins (4).
Additional features used to distinguish this family are the
lack of RNA-helicase and methyltransferase domains in the
nonstructural proteins and the use of a ribosomal frame-
shifting mechanism to translate the viral RNA-dependent
RNA polymerase (RdRp) (5).

VIROLOGY
Classification
Astroviruses are grouped into the family Astroviridae, which
is divided into two genera: Mamastrovirus, including viruses

infecting mammals (humans, lambs, calves, deer, piglets,
kittens, mice, dogs, bats, rabbits, rats, sea lions, dolphins and
mink among others), andAvastrovirus, including viruses that
infect avian species (turkeys, chickens, ducks, pigeons and
guinea fowl among others). Based on their reactivity in
antibody neutralization assays, HAstVs were initially classi-
fied into eight serotypes (HAstV-1 to HAstV-8) (6–8).
Since the sequence of the hypervariable carboxy terminus of
the structural protein correlates with these serotypes, they
are now commonly inferred by sequencing DNA fragments
obtained byRT-PCR.Next-generation sequencing andmeta-
genomic studies have recently detected genetically diverse
astrovirus strains, and the astrovirus taxonomy is now based
on the degree of identity of the amino acid sequence of the
complete capsid polyprotein (9). The first novel HAstV was
reported in 2008 by deep sequencing of a sample isolated
from a child with acute diarrhea (10). Based on the most
recent classification, at least four genotypes of astrovirus that
infect humans are now recognized. The classical 8 original
serotypes are classified now asMamastrovirus genotype 1, and
the novel HAstVs that include the MLB, VA and HMO
virus lineages are classified into three additional genotypes
(9, 11). A fifth genotype of HAstV has been recently pro-
posed to exist (12). Of interest, the novel HAstVs are more
closely related to animal astroviruses. In total, 33 mamma-
lian and 11 avian different genotype species have been de-
scribed to date (11).

Composition of the Viruses
Astroviruses are 28 to 30 nanometer particles with small
projections from the surface and occasional star-like struc-
ture observed by electron microscopy of fecal samples and
infected cell cultures (1) (Figs. 1A and 1B). Recently, the
three-dimensional structures of immature (see below) and a
proteolytically processed, fully mature infectious HAstV
were obtained by cryoelectron microscopy at approximately
25Å-resolution (13) (Fig. 1C). The structure of both types of
particles showed a solid capsid shell with a diameter of ap-
proximately 350Å and a T=3 icosahedral symmetry. The
uncleaved, immature HAstV-8 particles display 90 dimeric
spikes, compared to 30 globular spikes on the cleaved, ma-
ture and fully infectious HAstV-1 particles, located on the
icosahedral 2-fold axes. Both immature and mature particles
display the same diameters (440 Å). One hundred and
eighty copies of either a 70- or a 90-kilodalton protein are
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predicted to form the virions (13). The crystal structure of
the dimeric surface spike of HAstV-1 and turkey astrovirus 2
(TAstV-2) have been also determined, and putative receptor
binding sites with amino acid compositions characteristic for
polysaccharide recognition (14, 15). Surprisingly, the overall
TAstV-2 capsid spike showed only a distant structural sim-
ilarity to the human astrovirus spike (15).

The astrovirus genome varies in length, depending on the
species of origin, ranging from 6.12 kilobases (HAstV MLB-
3) to 7.72 kilobases (duck astrovirus 1) (16, 17). The genome
of classical HAstVs is around 6.8 kilobases; it is poly-
adenylated at its 3’-end, and, at its 5’-end, has covalently
attached a viral protein genome-linked (VPg) (18, 19). The
genome contains three open reading frames (ORFs) (Fig. 2),
each encoding a polyprotein that is proteolytically processed
into smaller products during the virus replication cycle. The
two ORFs located towards the 5’-end of the genome, desig-
nated ORF1a and ORF1b, encode nonstructural proteins
that are involved in replication and transcription of the ge-
nomic RNA, as well as in other functions relevant for virus
replication, like the proteolytic processing of the precursor
viral polypeptides (5). The ORF2, localized at the 3’-end,
encodes the structural proteins (3, 20) (Fig. 3). As a positive-

sense ssRNAvirus, the RNA extracted from virions is able to
initiate a productive infection (18, 21). Infectious RNA has
also been transcribed from a full-length cDNA clone derived
from the genome of a HAstV-1 strain (22).

The protein product of ORF1a, called nsp1a, is approx-
imately 920 amino acid residues in length. Nsp1a is pre-
dicted to have a serine protease motif and a VPg protein that
shows similarity to the VPg protein of calicivirus (18, 19).
The VPg protein is covalently linked to its RNA 5’-end and
is necessary for virus infectivity. One specific region of nsp1a
downstream from the VPg, in which insertion/deletions are
found, has been suggested to have a role in RNA replication,
since strains with differences in that region synthesize dis-
tinct amounts of viral RNA (23) (Fig. 2). In addition, a
phosphorylated protein derived from the carboxy-terminal
end of nsp1a has also been implicated in RNA replication
(24, 25). The ORF1b encodes the viral RdRp of 515 to 528
amino acids (26).

Proteins nsp1a and nsp1ab are processed at their amino
terminus by a cellular protease, probably a signalase, to re-
lease a 20-kilodalton protein (27, 28) that has motifs in
common with the pestivirus RNA helicase (9, 29), although
the helicase activity of this protein has not been detected.

FIGURE 1 (A) The six- and five-point star-like morphology of astrovirus can be observed in fecal samples by negative staining and EM.
(Reprinted from reference 1 with permission.) (B) Paracrystalline arrays of human astrovirus particles observed by transmission EM in
infected Caco-2 cells; virus clusters (V) are usually localized at the periphery of nuclei (N). (C) Three-dimensional electron cryomicroscopy
density maps of immature and mature HAstV. Mature virions only display 30 of 90 spikes after proteolytic cleavage. (Reprinted from reference
13 with permission.)

1232 - THE AGENTS—PART B: RNA VIRUSES



Most of the downstream cleavage events are thought to be
carried out by the viral serine protease. Proposed sites for
processing have been mapped in HAstV-1 nsp1a, Val409-
Ala410, and Glu654-Ile655 to yield the viral protease (30)
and in Gln664-Lys665 and Gln755-Ala756 to generate the
VPg protein (18) (Fig. 2).

The structural proteins encoded in ORF2 are translated
from a subgenomic RNA (sgRNA) of approximately 2.4
kilobases as a polyprotein precursor of 87 to 90 kilodalton
(Fig. 3). Two domains can be clearly distinguished in this
protein; the first 415 amino acid residues form the highly
conserved amino-terminal domain (more than 80% identi-
cal among classical HAstVs) with two small variable regions,
while the second domain includes the hypervariable region
downstream of amino acid residue 416, whose sequence
identity among different HAstVs can be as low as 36% (31,
32). The hypervariable domain forms the spikes of the par-
ticles and has been proposed to be involved in the first
interactions of the virus with the host cell (14, 33) (Fig. 3).

The ORF2 primary translation product is processed to
yield three final proteins that are present in fully infectious
virions. Thus, the intracellular particles of HAstVs are
constituted by polyprotein VP90, while extracellular virions
are formed by either VP70 or its final cleavage products,
VP34, VP27, and VP25. Proteins in the size ranges 32 to 35,
26 to 29, and 24 to 26 kilodaltons have been found as final
cleavage products of the structural polyprotein of different
HAstV strains, suggesting that trypsin processing of the
precursor capsid polypeptide is similar in other HAstVs (2,
20, 34). Neutralizing antibodies recognize epitopes on the 26
and 29 kilodalton proteins, which are derived from the
hypervariable region of the precursor polypeptide (20).

Biology
HAstVs were originally isolated in primary human embry-
onic kidney (HEK) cells and subsequently adapted to grow in
a continuous monkey kidney epithelial cell line (LLCMK2),

although these cells could not be infected directly with as-
trovirus extracted from fecal specimens. However, HAstVs
can grow in a wide variety of cell lines, mainly of human and
monkey origin, although with different efficiencies (35).
Human cell lines of intestinal (Caco-2, T84, and HT-29)
and hepatic (PLC/PRF/5) origin efficiently support the
growth of different HAstV serotypes. Baby hamster kidney
(BHK) cells, and probably others, support efficient replica-
tion when transfected with authentic astrovirus genomic
RNA or with in vitro transcribed full-length astrovirus RNA,
although they are not easily infected, suggesting that barriers
at the entry level could determine the susceptibility of some
cells to virus infection (22). The hepatic Huh7.5.1 cell line
is an excellent candidate for rescue virus after viral RNA
transfection, since they are at least as permissive as CaCo-2
cells for virus infection, but more efficiently transfected (21).

To efficiently infect cells, HAstVs must be activated by
treatment of the virus with trypsin. Cellular receptors have
not been identified, but the viral spike structure suggests that
the receptor-binding site has an amino acid composition
characteristic for polysaccharide recognition (14). HAstVs
enter cells by endocytosis through a clathrin-dependent
mechanism (36, 37). Upon cell infection, the gRNA is
translated into the nonstructural proteins. These viral pro-
teins use the gRNA as a template to synthesize a full-length
negative-sense, antigenomic RNA (agRNA), which, in turn,
is used as a template to produce the two positive-sense viral
RNAs, the gRNA and a sgRNA, which are colinear at their
3’-ends (38). Conserved sequences at the 5’-end of the ge-
nome, just upstream of the transcription initiation site of the
sgRNA, suggest that the sgRNA is synthesized from an in-
ternal promoter in the negative sense RNA (39, 40). All
three forms of RNA are produced with similar kinetics al-
though their relative proportion is different; the sgRNA is
about 5-fold more abundant than the gRNA, while the
agRNA abundance ranges from 0.7% to 4% of that of gRNA
(38, 41). The production of sgRNA is affected by sequence

FIGURE 2 Astrovirus genome organization and synthesis of the nonstructural proteins. (A) The genome of astrovirus (shown here for
HAstV-8) is organized into three ORFs: 1a, 1b, and 2. A fourth hypothetical ORFx is shown. The genomic RNA is a positive-sense RNA of
around 6.8 kilobases that has a VPg protein covalently bound to its 5’-end and a polyA tail at the 3’-end. (B) Three nonstructural proteins
have been positively identified: the viral protease, a VPg protein, and the RNA-dependent RNA polymerase (RdRp). In addition, other
conserved structural motifs in the nsp1a polyprotein have also been identified: a putative helicase domain (Hel), a coiled-coil (cc) domain,
several transmembrane domains (tm), and a hypervariable region (hvr). The RdRp is synthesized as part of a long polyprotein called nsp1ab,
that results from translation of ORF1a and ORF1b as a single polypeptide, through a ribosomal frame shift mechanism directed by highly
conserved cis-acting sequences (the heptanucleotide AAAAAAC and one pseudoknot) localized in the overlap region between ORFs 1a
and 1b (26). The intermediate protease (viral and cellular) cleavage products of polyproteins nsp1a and nsp1b, as well as the final produced
polypeptides, are not shown here, but can be consulted for HAstV-8 in other publications (28, 40). The cellular protease (red arrow head)
and viral protease (black arrow heads) cleavage sites are indicated.
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changes in the hypervariable domain of the carboxy-terminal
region of the nsp1a protein (23).

Astrovirus replication, as with other positive-sense RNA
viruses, seems to occur in association with membranes, since
the viral structural and nonstructural proteins, including the
RNA-dependent RNA polymerase, as well as the gRNA and
agRNA and infectious virus, are associated with membranes
and colocalize with calnexin [(25, 42), Murillo A et al,
submitted for publication]. Recently, the cellular proteins
present in membranes, to which astroviral proteins and
RNA associate, were determined by LC-MS/MS. Functional
analysis of the protein-protein interaction network showed
some biological processes that were enriched in these mem-
branes, such as gluconeogenesis, fatty acid beta-oxidation,
fatty acid synthesis, long chain fatty acid synthesis and tri-
carboxylic acid cycle (Murillo A et al, submitted for publi-
cation). In astrovirus-infected Caco-2 cells, VP90 assembles
intracellularly into viral particles and is then processed by
cellular caspases to yield VP70 during virus cell egress through
a mechanism that does not involve cell lysis. Extracellular
virions grown in cells in the absence of trypsin are composed
by VP70 (43, 44).

Stability/Inactivation
Astrovirus particles are stable at a wide pH range (3 to 10)
(45) and tolerate exposure to detergents, such as octyglu-

coside (20) and lipid solvents. HAstV infectivity is affected
minimally if the virus is incubated at 4oC for 45 days in
drinking water, although the titer drops by about two log10s
when the virus is maintained at 20oC (46). Temperatures of
60oC for more than 5 minutes drastically reduce infectivity.
At -70 to -85oC the virus infectivity is retained for several
years, although with repeated freezing and thawing infec-
tivity decays. The stability of the infectivity of HAstV is
lower in surface water than in groundwater, and the positive
correlation between the detection of the gRNA and infec-
tivity suggests that the detection of genetic material could be
used to determine water contamination with infectious
HAstV (47). Another indicator of the infectivity of HAstV
particles is the amount of oxidative damage they have ex-
perienced (48).

EPIDEMIOLOGY
Distribution, Incidence, and Prevalence
of Infection
HAstVs have been isolated from fecal samples of patients
with gastrointestinal disease from all around the world.
HAstV infections are recognized mainly in young children,
elderly people and immunocompromised patients, although
infections in healthy adults can occasionally occur. HAstVs

FIGURE 3 Astrovirus genome replication and transcription and synthesis of the structural proteins. (A) The genome of astrovirus (shown
here for HAstV-8) is used as template to synthesize the negative-sense antigenomic RNA (agRNA), which, in turn, serves as template to
synthesize the full-length positive sense genomic (gRNA) and subgenomic (sgRNA) RNAs. The sgRNA is about 2.4 kilobases and has a
polyA tail at the 3’-end and likely also has a VPg protein covalently bound at its 5’-end. (B) The sgRNA is translated into the structural
polyprotein precursor VP90, which contains an N-terminal conserved domain and a C-terminal hypervariable domain. The conserved
domain has a basic amino acid region that is thought to interact with the viral RNA and a second region that has been predicted to be the
shell of the viral capsid. The hypervariable domain conforms the viral spikes, and contains an acidic region towards the carboxy terminus of
VP90. The processing pathway of this precursor protein has been described in detail (3). Briefly, VP90 is assembled into particles, and the
acidic region at its carboxy terminus is processed to yield a protein of 70 kilodaltons (VP70) (43). This processing is carried out by caspases,
cellular proteases activated during virus infection that are involved in cell death by apoptosis. The caspase cleavages correlate with, and are
required for, the release of virions from the cells (43, 44). The released virions formed by VP70 are poorly infectious, and full activation of
their infectivity requires that VP70 is cleaved by extracellular trypsin. Processing of the VP70-containing particles by this enzyme is
sequential, producing final protein products of 34, 27, and 25 kilodaltons through at least eight intermediary polypeptides (3). The black
arrow head represents a site for caspase cleavage and the red arrow heads, sites for trypsin cleavage. The intermediate caspases and trypsin
cleavage products are not shown but can be found in other publications (28, 40).
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are an important cause of viral gastroenteritis in young
children (mostly under five years of age), second only to
rotavirus, although in the last years a clear increase in the
detection of noroviruses and adenoviruses has been noted
(9). About 75% of children older than 10 years have anti-
bodies to astrovirus. With the use of sensitive molecular
methods for diagnosis, the incidence of astrovirus infections
has been estimated at 2 to 9% in children with gastroen-
teritis (9, 49, 50), as compared to less than 2% in healthy
children. These rates were previously underestimated mainly
due to the less sensitive methods employed. Isolated studies
have reported prevalences of HAstV as high as 30% to 61%
in children with gastroenteritis (51, 52). Novel HAstV
strains have been found in multiple stool samples collected
around the world (53), but their correlation with gastroen-
teritis is not clear and, in one report, HAstVMLB1 was more
prevalent in healthy individuals than in patients (54).
MLB1 seropositivity was high in children and was estimated
as 100% in adulthood, suggesting that MLB1 infection is
common (55). Seropositivity for VA-1/HMO-C, depending
on the age, was between 20 and 36% in children and 63% in
adults (56).

HAstVs have been associated with outbreaks in daycare
centers for children (57, 58) and adults (59), in schools and
residential institutions (60), and with neonatal gastroenter-
itis in hospitals (61). Some of the largest outbreaks were
observed in Japan, where more than 4,700 primary and ju-
nior high school students and staff were affected in a single
outbreak (62). HAstV VA-1 was associated with an outbreak
of acute gastroenteritis in a childcare center (63). Outbreaks
in aged care centers showed attack rates between 12 and
100%, with serotype 1 strains being the most common (59).

In immunodeficient patients, the frequency of astro-
viruses reported as a cause of gastroenteritis is variable. Some
studies report HAstVs as the principal viral cause of diarrhea
in HIV-positive patients (12% in patients with diarrhea
versus 2% in patients without diarrhea) (64, 65). Yet other
studies suggest other viruses as the main cause (66). HAstVs
can establish persistent infections in the immunocompro-
mised host (67, 68).

Serotype Prevalence
As noted above, eight HAstV serotypes have been reported,
based on neutralization assays with polyclonal antisera.
Studies from different countries have shown that HAstV
strains of serotype 1 are the most frequently found (in about
50% of the astrovirus-positive samples) (50), although other
serotypes, like serotype 2, have been the most common in
some studies (69, 70). Strains of serotype 7 have been rarely
found (50). The second most prevalent serotype has varied
depending on the particular study (71). Only a few epide-
miological studies of novel HAstVs have been performed to
date and have found MLB1 or MLB3 as the more prevalent
(72, 73). The genotype of novel HAstV is based on the full-
length sequence of ORF2.

Seasonality
In most temperate climates HAstV infections are more fre-
quent in winter, while in tropical regions astroviruses are
more frequently detected during the rainy season (74). Also,
high water flow in areas of poor water quality or sewage
contamination is one of the causes of fecal contamination
(75) and, therefore, of transmission of astrovirus and other
enteropathogens. In a study describing the seasonality of
novel HAstVs, the highest frequency was observed from
March to July (73).

Transmission
Contaminated food or water is the most frequent source of
astrovirus infections. Large outbreaks of gastroenteritis in
different countries (76) and sequence analysis of the astro-
virus strains present in water supplies and fecal samples from
hospitalized patients in South Africa have confirmed that
food and water are important sources for virus infection (77).
Classical HAstVs have been detected in sewage samples
around the world (78–86), and recently HAstV MLB was
found by deep sequencing in sewage samples from United
States, Spain, Ethiopia (87), and Uruguay (88). HAstV is
able to survive on inert materials for long periods, and it has
been suggested that it can also be transmitted through
fomites in nosocomial infections (46).

In general, astroviruses have a limited host range; how-
ever, the identification of novel astroviruses in human
populations, which are genetically more closely related to
animal than to classical human astroviruses, suggests inter-
species transmission; zoonotic events have also been sug-
gested (40, 51, 89). In support of this idea, recombination
between human and both porcine (90) or marine mammal
strains has been reported (91). People who have contact
with turkeys can develop serological responses to turkey
astrovirus, but whether this is the result of viral infection was
not discerned (92).

PATHOGENESIS AND IMMUNE RESPONSE
Pathogenesis
HAstV has a specific tropism for epithelial cells of the small
intestine. However, there is limited information on the
pathogenesis of HAstV infection. Histopathological studies
of biopsies from an immunodeficient patient showed that
astrovirus infections are limited mainly to epithelial cells in
the small intestine, particularly the jejunum, although the
duodenum was also affected (Fig. 4) (68). Studies with this
patient, as well as with turkeys infected with a homologous
astrovirus (93), indicate that inflammation is not central to
illness pathogenesis. The fact that astrovirus induces apo-
ptosis in cultured cells of human origin (43, 94) suggests that
this programmed cell death, frequently associated with a
very minimal inflammatory response, could play a role in
disease pathogenesis. With turkey astrovirus infections, virus
can be recovered from different organs, although the small
intestine seems to be the only organ where the virus repli-
cates (95). Histological studies with tissues from mammals
infected with astrovirus, which are probably more similar to
human infections, indicate that the virus is localized in the
epithelial cells, as well as in subepithelial macrophages of the
small intestine. Intestinal epithelial cells are the primary site
of astrovirus replication in humans, reflecting the high
quantities of virus particles present in fecal samples. Up to
1010 astrovirus particles may be shed per milliliter of stool
(23), although many samples contain much lower amounts
of virus. Virus can persist in fecal samples of infected children
up to two weeks after symptoms disappear, but this period
frequently is much longer in immunodeficient patients with
chronic infections (74). Gnotobiotic lambs, infected with
ovine viruses indicate that the incubation period of the
disease is less than 2 days, and they develop diarrhea that
ends four days postinoculation (96). In this animal model,
infection occurred primarily in the dome of epithelial cells
overlying jejunal and ileal Peyer’s patches, and virus secre-
tion occurred between days 2 and 9 postinoculation. In hu-
mans, the median incubation period in adults was 4.5 days,
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with 75% of cases becoming symptomatic by 5.3 days (97).
The capsid protein could be involved in the pathogenesis
mechanism of astrovirus, since it induces a reduction in the
transepithelial resistance in cultured cells (98).

Astroviruses have been shown to be potential neuro-
trophic pathogens in mink (SMS-AstV) and cattle (BoAstV
CH13 and BoAstV NeuroS1). Viruses were detected in
brain of cattle with a clinical neurologic disorder and in
mink having a neurological disease, termed shaking mink
syndrome (SMS) (99–101). In humans, the nonclassical
HAstV VA-1/HMO-C has been found in neuronal tissue of
patients with encephalopathy (Fig. 5), and this virus groups
phylogenetically with SMS-AstV, BAstV CH3, and BoAstV
NeuroS1. On postmortem examination, the patient’s brain
displayed features consistent with viral infection, since viral
antigen and viral RNA were detected in glial (102) or
neuronal cells (103, 104), while the viral RNAwas absent or
reduced in stool and intestinal tissue. Only one fatal case of
classical HAstV has been reported in a patient with severe
combined immunodeficiency. In this case viral RNA was
found in stool but only in low levels in the brain. The pa-
tient had liver and lung failure, convulsions and evidence of
meningoencephalitis (105). In all the cases where HAstV
has been detected in brain tissue, the patients were immu-
nocompromised.

The high prevalence of antibodies to HAstV VA-1/
HMO-C suggests that the infection in humans is common

but most frequently asymptomatic. Koch’s postulates have
not been established for HAstV VA-1/HMO-C and the
neuropathology, since these viruses have not been adapted
to grow in cultured cells, and currently animal models do not
exist to reproduce the disease. However, data with the SMS-
AstV can be reproduced by intracerebral inoculation of
healthy animals with brain extracts obtained from ill indi-
viduals, and the viral RNA is only detected in diseased
animals (naturally or inoculated) (99).

Members of the Avastrovirus genus are associated with
different diseases in different species. Astrovirus isolated
from ducks cause fatal hepatitis in ducklings (106), while
isolates from chickens are associated with renal and gastro-
intestinal diseases (107). Turkey astroviruses cause not only
enteritis but immunopathology that leads to a disease called
poult enteritis mortality syndrome (108–110); in pigeons
astrovirus has been related to nephritis (111).

Immune Response
The existence of several HAstV serotypes suggests that
neutralizing antibodies exert an immune selection pressure
on the virus. In adult volunteers HAstV seroconversion
occurred after inoculation, and, in some cases, the antibodies
recognized other serotypes, indicating that cross-neutralizing
antibodies can be elicited upon infection (112, 113). The
role of antibodies to control a natural infection is not
clear, and it is not known if primary infections in childhood

FIGURE 4 (A) Photomicrograph of a jejunal biopsy specimen from a bone marrow transplant recipient with astrovirus infection
demonstrating villus blunting, nonspecific alterations in surface epithelial cells and a mixed lamina propria inflammatory infiltrate but
without the presence of viral inclusion bodies (original magnification, x100). Also shown are photomicrographs of duodenal (B) and jejunal
(C) biopsy samples from a bone marrow transplant recipient with astrovirus infection immunostained with anti-astrovirus antibody and
demonstrating progressively extensive staining of surface epithelial cells, most commonly near the villus tips (original magnifications, x40 and
x100, respectively). (D) Electron micrographs of a jejunal enterocyte demonstrating cytoplasmic paracrystalline viral arrays of astrovirus
(original magnifications, x32,000 and x100,000 [inset]). (Reprinted from reference 68 with permission.)
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provide heterotypic protection for subsequent infection, al-
though symptomatic infections in elderly patients suggest
that antibodies acquired early in life (114) do not provide
protection from illness at a late age.

The mucosal immune system could be important in
protecting individuals from repeated astrovirus infections. T
cells that recognize astrovirus antigens in a human leukocyte
antigen (HLA)-restricted manner were found to reside in
the intestinal lamina propria of healthy adults (115). These
HAstV–specific CD4+ T cells produced helper T-cell sub-
type 1 cytokines, interferon gamma and tumor necrosis
factor when activated. Recent isolation of murine astrovirus
and the use of mice defective in the production of T cells
confirmed the role of adaptative immunity in the control of
astroviruses, and the use of knockout mice for STAT-1 sug-
gests that the innate immune response can also have a role in
the immune control of these viruses (116). HAstVs induce
the production of interferon, and viral replication is partially
susceptible to it (117). The capsid protein of HAstVs in-
hibits the complement system (118).

CLINICAL MANIFESTATIONS
A typical astrovirus infection in humans is characterized by
acute gastroenteritis, consisting of watery diarrhea for two to
three days that may be accompanied by vomiting, fever,
anorexia, abdominal pain, and a variety of constitutional

symptoms that typically last no more than four days (74).
Symptoms are similar to those caused by other gastrointes-
tinal viruses like rotavirus and calicivirus, but are usually not
severe enough to require hospitalization. Cases of severe
astrovirus infections have been reported during infections
with serotypes 6 (119) and 3 (120). HAstVs have been
detected in children with intussusception, although astro-
virus infection does not appear to be associated with in-
creased risk of this problem (121–125). The severity of an
astrovirus infection is associated with the immune status of
the patient, since immunodeficient patients have shown
persistent infections with an extended course of infection
and viral shedding (64). Illness due to astrovirus infection
may be more severe in the elderly, given the likelihood of
general debility and underlying serious medical conditions in
many of these patients (59). Death associated with astrovirus
infection is extremely rare.

The clinical manifestations of infection with novel
HAstVs are not clear, since some studies have associated
them with gastroenteritis while others have detected the
virus in the absence of gastroenteric symptoms. The patients
in whom novel HAstVs have been detected in cerebral
tissue had neuropsychiatric manifestations, including irrita-
bility, dystonia, reduced consciousness, withdrawal, ataxia,
memory loss, headache, and vestibulocochlear dysfunction.
Viremia was reported in one case, and the patient developed
respiratory and gastrointestinal complications. The capsid

FIGURE 5 Detection of the capsid protein of HAstV VA-1 in neuronal tissue from immunosuppressed individuals. (A) Immunohis-
tochemistry with an antibody against astrovirus shows extensive staining of cell bodies and processes in the neurophil. Some of the astrovirus-
positive cells have the morphology of pyramidal neurons (indicated by an arrow; scale bar, 50 mm). (B) Electron microscopy of the same
patient in (A) showed a rare focus of crystalline material but no viral particles (scale bar, 2 mm). (C) Indirect immunofluorescence of brain
tissue sections from a 15-year-old boy with X-linked agammaglobulinemia and astrovirus encephalitis (patient), and a control patient with
astrogliosis not caused by astrovirus infection (control). The sections were stained for the astrocyte marker glial fibrillary acidic protein
(GFAP, green) and for viral capsid protein (red); the blue color (DAPI) indicates nuclear counterstaining. Original magnification, · 100.
(Adapted from references 103 (A and B) and 102, with permission.)
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protein or viral RNAwas detected in neurons and glial cells
(Fig. 5). All encephalitis cases have proven fatal (102–104).
One report found classical HAstV-4 in the brain. In this case
no detection of viral antigen was reported, but viral RNA
was detected in postmortem autopsy tissue from several or-
gans including brain; the patient developed multiorgan dys-
function (105).

LABORATORY DIAGNOSIS
Virus Isolation
Caco-2 is the cell line of choice for virus isolation from
human fecal samples (35, 126). Trypsin treatment of the
sample is necessary to successfully adapt HAstV to cells.
Since the cytopathic effect caused by an astrovirus infection
is difficult to observe in most cases, especially in the first
passages in Caco-2 cells, this technique should be com-
plemented with additional methods to enhance specificity
and sensitivity, including immunofluorescence with group-
specific antibodies or RT-PCR EM of infected cells, which
can also be used to confirm the isolation of astrovirus in
culture. Notably, paracrystalline structures around the nu-
cleus are formed by multiple particles (Fig. 1B). As men-
tioned earlier, T84 and PLC/PRF/5 hepatoma cells may also
be used for isolation of human astroviruses directly from fecal
specimens. Other cell lines, like HEK-293, HT29, MA104,
and LLC-MK2, that have been used to grow cell culture-
adapted astrovirus strains, are not easily infected with the
virus present in fecal samples. The novel HAstV strains have
not yet been grown in cell culture.

Electron Microscopy
EM has been used to distinguish this virus from other viruses
of similar size; however, this technique requires qualified
personnel to obtain reliable results, since a low percentage of
particles in fecal samples show the star-like morphology. The
EM detection method requires 106 to 107 particles per gram
of stool (127). Sensitivity by EM can be improved by
treating the sample with astrovirus-specific antibodies in
order to agglutinate viral particles, facilitating detection.

Antigen Detection
Enzyme immunoassays (EIA) have been developed to detect
the classical eight HAstVs in fecal samples. Variations of this
assay have used monoclonal antibodies that recognize a
group antigen, as well as serotype-specific polyclonal anti-
bodies (128–131). EIA (e.g., ProSpecT Astrovirus Test,
Oxoid Microbiological Products, UK) is useful to detect
astroviruses in a large number of samples, showing specifi-
cities in the range of 90 to 98%. It has been estimated that a
positive EIA requires at least 105 and 106 viral particles per
gram of stool (127). The high antigenic divergence of avian
viruses has not permitted the identification of antibodies to
common epitopes to be used in immunoassays to detect all
AstV that infect flocks. Similarly, no antibodies to common
epitopes to detect the novel HAstV and other mammalian
astroviruses have been produced.

Nucleic Acid Detection
Astrovirus nucleic acid can be detected in fecal samples by
RT-PCR. The most useful oligonucleotide primers to detect
serologically distinct strains of classical HAstVs were se-
lected from highly conserved regions, such as the 5’-terminal
region of ORF2, the 3’-end of the genome and the RNA-
dependent RNA polymerase gene (132). However, oligo-

nucleotide primers from the hypervariable region of ORF2
have also been used to genotype human isolates, since the
amino acid sequence of this region correlates with the se-
rotype (133). The sensitivity of RT-PCR (approximately 10
to 100 particles per gram of stool) (127) is higher than the
sensitivity of EIA, although it can depend on several other
factors, such as the primers used, the protocol to obtain the
viral RNA and the reaction conditions. The sensitivity of
RT-PCR to detect HAstV may be enhanced when it is
combined with cell culture. This combined method has been
successfully used to detect human astroviruses in water sam-
ples (134). Sequencing of the amplified DNA fragment by
RT-PCR from a fecal sample can be useful to confirm astro-
virus presence in that sample and to distinguish genotypes.
RT-PCR assays have also been used to confirm the presence
of astrovirus in animal samples.

For detection of both classical and novel HAstVs, primers
that, in principle, could detect all strains have been desig-
ned, although no commercially available assays exist. After
RT-PCR genome amplification with these pan-astrovirus
primers, positive samples are amplified with specific primers,
followed by DNA sequencing of the amplicon to determine
the virus genotype (63). More recent developments include
several protocols for real-time RT-PCR, several of which
are designed as multiplex assays for detection of multiple
pathogens (for instance, Astrovirus Assay, CeramTools,
France; FilmArray, Biomérieux, France; Diagenode, Belgium;
and Seeplex Diarrhea ACE Detection, Seegene, Korea) (9).
The detection of astrovirus has also been reported using
DNA microarray platforms (135–137). Deep sequencing was
used in the identification of MLB and VA HAstVs and is a
useful technique for identification of emerging astroviruses
(10, 63).

PREVENTION
Prophylactic measures to avoid astrovirus spreading in the
population are important but may be difficult to achieve.
Sanitation is particularly important in institutions, such as
daycare centers, aged-care centers, and hospitals with chil-
dren and with immunocompromised patients, where out-
breaks can emerge. Since astroviruses are resistant to a
number of chemical treatments, appropriate disinfectants
should be used. Soapy water and ethanol wipes were shown
to reduce diarrhea due to astrovirus in a medical unit at-
tending children with immune disorders (138). Standard
water chlorination, although not totally effective, can help
to diminish astrovirus viability (46, 47). Universal hygienic
procedures must be used to prepare the food. No vaccines are
available to prevent astrovirus disease in humans. In chick-
ens, vaccination with the recombinant astrovirus capsid
protein induced partial protection against the runting and
stunting syndrome (139).

TREATMENT
As mentioned above, the gastroenteritis caused by astrovirus
is not as severe as that caused by other viruses, and it is self-
limiting. Generally, astrovirus infections do not require a
specific therapy, other than rehydration. However, in immu-
nodeficient patients with persistent infections, intravenous
immunoglobulin administration has been used. Immuno-
globulin therapy of immunocompromised patients with per-
sistent astrovirus infection has resulted anecdotally in virus
clearance and diarrhea elimination (140), but this treatment
did not work for bone marrow transplant patients with
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chronic diarrhea, even though this preparation was demon-
strated to have antibodies to the homologous infecting
astrovirus serotype (138). In this group, virus excretion was
reduced in two patients when T-cell responses started to be
detected after transplantation, suggesting that CD4+ T cells
could be important to control virus replication either directly
or through activation of B cells to produce antibodies (115,
138). No antiviral agents have been developed to control
astrovirus infections, although synthetic flavonoids cause a
dose-dependent reduction of viral antigen synthesis (141).
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The name coronavirus derives from the Latin word “coro-
na,” meaning crown or halo, and this refers to the “crown-
like” fringe of projections seen on the surface of virus
particles when viewed under the electron microscope
(Fig. 1). The first coronavirus to be recovered was infectious
bronchitis virus (IBV) from chickens with respiratory dis-
ease, reported by Beaudette and Hudson in 1937 (1). Murine
hepatitis viruses (MHV) (2) and transmissible gastroenteritis
virus (TGEV) in swine (3) were then recognized as causes of
other animal diseases. The relationship between these vi-
ruses was not appreciated until after the human coronavi-
ruses (HCoVs) were discovered in the 1960s and the
Coronavirus genus was defined. Tyrrell and Bynoe (4) de-
scribed the first HCoV, designated as B814, by inoculating
specimens from a patient with a “cold” onto organ cultures of
human embryonic trachea. Using electron microscopy
(EM), the virus was found to resemble avian IBV (5). At
about the same time, Hamre and Procknow (6) recovered
five HCoV strains from medical students with colds and
cultivated them in human embryo kidney cells. The proto-
type strain HCoV 229E had morphology that was identical
to that of B814 and IBV. McIntosh et al. used the organ
culture technique to recover six further strains, including the
prototype strain HCoV OC43 and three other strains con-
sidered antigenically unrelated to either OC43 or 229E (7).

Until 2002, coronaviruses were perceived primarily as
causes of the “common cold” and were not generally a
subject of major public health or research interest. In the
winter of 2002–2003, an unusual and often lethal form of
pneumonia, a disease subsequently named severe acute re-
spiratory syndrome (SARS), appeared in the Guangdong
Province of China. Within days of this disease spreading to
Hong Kong in late February, international air travelers
seeded outbreaks in Vietnam, Singapore, Toronto in Cana-
da, and elsewhere. By the end of this brief but global epi-
demic in July 2003, 8,096 cases had been recorded, 744 of
them fatal, in 29 countries across five continents. Trans-
mission within healthcare settings was a notable feature,
accounting for 21% of all cases (reviewed in reference 8).

The resurgence of scientific interest in coronaviruses
following the emergence of SARS, supplemented in part by
the development of new culture-independent molecular
methods for detection and identification of viruses, led to
the discovery of three other coronaviruses causing disease in

humans: NL63, HKU-1, and in 2012, Middle East respira-
tory syndrome coronavirus (MERS-CoV) (9–11). HCoVs
229E, OC43, NL-63, and HKU-1 (collectively referred to as
endemic HCoVs below) are endemic in the human popu-
lation and are distributed globally. SARS-CoV is no longer
circulating within the human population, but MERS-CoV
continues to cause sporadic zoonotic cases, sometimes fol-
lowed by clusters of transmission between humans, mainly
within healthcare facilities or families.

VIROLOGY
Classification
Coronaviruses have been classified as members of the order
Nidovirales, positive-sense, single-stranded RNA viruses
that replicate using a nested (“nido”) set of mRNAs. The
family Coronaviridae contains two genera, Torovirus and
Coronavirus. The original basis for classification of the co-
ronaviruses into a separate genus lay in the distinct mor-
phology of the members (12) (Fig. 1). This classification
subsequently has been justified by genetic relatedness and
similar strategies of replication. The Coronavirus genus is a
large one, with representative viruses infecting multiple
species, including chickens, turkeys, ducks, geese, other
birds, rodents, cats, dogs, rabbits, cattle, horses, antelopes,
camelids, pigs, aquatic mammals (dolphins, whales), bats,
and humans. Many of the animal coronaviruses are of great
economic importance. On the basis of genetic homologies,
the coronaviruses are divided into alpha, beta, gamma, and
delta coronavirus groups (Fig. 2). As defined by the Inter-
national Committee on Taxonomy of Viruses, a virus is
grouped into a known genus if the genetic sequence of
RNA-dependent RNA polymerase, nonstructural protein
(nsp) 5, nsp12, nsp13, nsp14, nsp15, and nsp16 share more
than 46% nucleotide sequence homology. Previously, alpha-,
beta-, and gammacoronaviruses had been designated as
group 1, group 2, and group 3 coronaviruses, respectively,
with deltacoronaviruses being a more recently defined
group. Alphacoronaviruses include HCoV 229E and NL63.
Betacoronaviruses are subdivided into groups A–D, with
HKU1 and OC43 included in group A, SARS-CoV in group
B and MERS-CoV in group C. Gammacoronaviruses are
largely avian in origin and include IBV as well as marine
mammalian viruses, whereas deltacoronaviruses include
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viruses of avian species and swine. There is a large diversity
of bat coronaviruses within alpha- and betacoronaviruses,
and thus bat coronaviruses are believed to be ancestral to all
alpha- and betacoronaviruses. Rodent coronaviruses appear
to be intermediate ancestors of the betacoronavirus group A.
Similarly, avian coronaviruses are believed to be ancestral to
gamma- and deltacoronaviruses (13).

Several coronavirus species cause gastroenteritis in new-
born or young animals, and it was therefore not surprising
when coronavirus-like particles (CVLPs) were found by EM
in human feces. The identity of CVLPs in human intestinal
contents and their role in disease are still unresolved. Some
of the confusion about the role of enteric coronaviruses as
causes of diarrhea may be related to the similar appearance of
toroviruses in negatively stained stool specimens examined
by EM. Toroviruses, belonging to a separate genus within
the family Coronaviridae, are well-characterized causes of
diarrhea in calves and horses. Human toroviruses, partially
purified from stool samples, have been shown to be sero-
logically related to both equine and bovine toroviruses (14,
15) and to contain sequences at the 3’ end almost identical
to those of equine torovirus (15, 16). With the help of se-
rologic specificity, EM identification, and genetic charac-
terization, differentiation from coronaviruses is possible
(16). Likely the distinct roles of toroviruses and enteric
coronaviruses will be clarified in the future.

FIGURE 2 Phylogenetic relationships among coronaviruses. The phylogenetic tree was generated with an RNA-dependent RNA po-
lymerase gene using the maximum likelihood method. Supports for branches were estimated by the Shimodaira-Hasegawa-like method and
are shown at major nodes. The four coronavirus genera are indicated in circles. The betacoronavirus lineages A–D are denoted. Human
coronaviruses included in the analysis are underlined.

FIGURE 1 Coronavirus OC16, viewed by EM and negatively
stained. The characteristic round or oval shape is seen, along with
petal-shaped peplomers. Bar, 100 nm.

1244 - THE AGENTS—PART B: RNA VIRUSES



Composition of Virus

Virion Structure
Coronavirus virions are round, enveloped, moderately
pleomorphic, medium-sized particles measuring 100–150 nm
in diameter and covered with a distinctive fringe of widely
spaced, club-shaped surface projections (Fig. 1) (17). The
projections are about 20 nm in length and represent the
spike (S) protein, which aggregates in trimers to form
the characteristic peplomers of the virus. Some members of
betacoronaviruses, including OC43, also contain a shorter
envelope protein, named hemagglutinin esterase (HE).

In EM thin sections of infected cells, virus particles have
a diameter of 85 nm, a typical bilayer external membrane,
and a coiled nucleic acid core that is, in cross section, 9–11
nm in diameter. These particles have been observed to bud
from the membranes of the Golgi apparatus or endoplasmic
reticulum (ER) of an infected cell and to accumulate in
cytoplasmic vesicles (18) (Fig. 3). Infected cells often have
particles on the cell surface that represent virus disgorged
from cytoplasmic vesicles, rather than budding of virus at the
plasma membrane.

Unlike coronaviruses, which are round in shape, tor-
oviruses have a doughnut shape. They have few 20-nm
spikes but have a fringe of smaller spikes, 7–10 nm in length
(19, 20).

Genome
The genome of coronaviruses is the largest known RNA
virus genome, 25.4–31.8 kb in size. It is single stranded,
positive sense, capped, and adenylated. The order of genes
is shown in Fig. 4A and is roughly identical throughout all
coronavirus species, namely, 5¢-replicase–spike (S)–envelope

(E)–membrane protein (M)–nucleocapsid (N)-3¢. In those
species containing the HE gene, this is found between the
replicase gene and the S protein gene. Many species have
additional genes that code for accessory proteins, the pres-
ence of which can vary in different viruses (Fig. 4A).

Major Structural and Regulatory Proteins
The large surface glycoprotein, the S protein, is oriented
with its amino terminus facing outward, is N-glycosylated,
assembles into trimers, and forms the club-shaped surface
projections. The S protein is a prototypical class 1 fusion
protein and is involved in receptor binding and fusion
functions. Following cleavage by cellular proteases into S1
and S2 subunits, the former is involved in interaction with
receptors whereas the latter is involved in fusion of the viral
and cellular membranes. Coronavirus cell and tissue tropism,
disease pathogenesis, and host range are initially controlled
by interactions between the S1 subunit and host cell re-
ceptors; however, proteolytic activation of the spike protein
by host cell proteases also plays a critical role. A number of
host proteases have been shown to process the spike protein
proteolytically, including, but not limited to, endosomal
cathepsins, cell-surface transmembrane protease/serine
(TMPRSS) proteases, furin, and trypsin (21). The spike
protein elicits neutralizing antibody responses.

The HE glycoprotein, found on the surface of some be-
tacoronaviruses, is genetically related to a similar protein in
influenza C virus. The esterase function may have a role in
the release of virus from infected cells. Embedded in the
membrane of the virus particle is the M protein, a 20- to 35-
kDa glycosylated protein that penetrates the viral envelope
three times and has a key role in virus assembly, probably
interacting with the RNA–nucleoprotein complex of the
virus during the maturation of the particle. Also present in
the membrane is a sparsely represented protein, the E pro-
tein. The nucleoprotein itself is a 50- to 60-kDa phospho-
protein, which binds to and presumably stabilizes the
positive-strand RNA of the virus.

The open reading frame 1a/b (ORF1a/b) of the corona-
virus genome encodes a huge polyprotein that is cleaved by
cellular and viral proteases into some 16 nonstructural pro-
teins, including an RNA-dependent RNA polymerase,
several RNases, several proteases, and several other essential
proteins. Unlike other RNA viruses, which lack proofread-
ing mechanisms to correct mutations that occur during
replication of RNA, coronavirus nonstructural protein 14
provides proofreading activity (22). Coronaviruses have a
number of accessory proteins, some of them not essential for
virus replication in vitro but important in vivo. Some of these,
for example, ORF6, ORF3b, and ORF4a, are interferon
antagonists that help the virus evade host innate immune
responses (reviewed in 23, 24).

The proteins of enteric HCoVs have not been well
characterized, although it appears that their size and number
are similar to those of other coronaviruses (25).

Biology

Replication Strategy
The biology of coronaviruses (reviewed in 25, 26) is complex.
Coronaviruses bind to cells through receptors, although the
details are not presently known for all members of the genus.
HCoV 229E binds specifically the metalloprotease human
aminopeptidase N (27), whereas the alphacoronavirus
HCoV NL63 and betacoronavirus SARS-CoV bind specif-
ically to another metalloprotease, angiotensin-converting

FIGURE 3 Coronavirus 229E in WI38 cells. Characteristic
crescents (Cr) of budding particles (B) are seen, as well as particles
that are free in cytoplasmic vesicles.
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enzyme 2 (ACE2) (28, 29). Betacoronavirus MERS-CoV
binds to dipeptidyl peptidase-4 (DPP4; CD26), which is
found on many human tissues including the respiratory epi-
thelium (30), whereas MHVuses carcinoembryonic antigen-
related cell adhesion molecule 1 (CEACAM-1) as a receptor
(31). Betacoronaviruses can also use both S protein and (if
present) HE to bind to 9-O-acetylated neuraminic acid
molecules on many biological membranes as an additional
receptor. HKU1 binds O-acetylated sialic acid residues on
glycoproteins to initiate the infection of host cells (32), but
this sialic acid is not the 9-O-acetylated neuraminic acid
molecule that binds OC43 and bovine coronaviruses.

Viral entry is accomplished through fusion of the plasma
and viral membranes at the cell surface or by receptor-
mediated endocytosis via a clathrin-dependent mechanism.
Once in the cytoplasm, the genomic viral RNA is translated
by host machinery to produce the polyprotein that is then
cleaved by virally encoded papain-like protease and the
main protease to produce (among other proteins) an RNA-
dependent RNA polymerase. This enzyme helps make a
minus-sense copy of the full-length genome and also a set of
nested minus-strand RNAs from the genomic RNA, which

serve as templates for mRNA synthesis (Fig. 4B). Each of the
nested-set mRNAs begins with a leader sequence, identical
to the leader sequence found at the 5¢ end of the full-length
genomic RNA, then an intergenic sequence, then the
translated ORF, and then all bases through to the 3¢-poly-
adenylated end. Thus, all of the mRNAs except the smallest,
that coding for the N protein, are polycistronic, containing
sequences coding for more than one protein, although only
the first cistron in line is actually translated during protein
synthesis (25, 26).

The various viral proteins are synthesized, processed, and
transported by cellular cytoplasmic machinery. Coronavi-
ruses can replicate in enucleated cells. The S protein and HE
are cotranslationally N-glycosylated in the ER and processed
in the Golgi apparatus where the S protein is oligomerized
into a trimer. The S protein undergoes proteolytic cleavage
either intra- or extracellularly, as mentioned above. The M
protein is inserted into the ER shortly after synthesis and
accumulates in the Golgi apparatus.

Assembly takes place when the N protein binds to ge-
nomic RNA and recognizes signals on the M protein in the
ER or the Golgi apparatus. The S protein and HE are in-

FIGURE 4 (A) Genome organization of alphacoronaviruses HCoV 229E and HCoV NL63 and betacoronaviruses HCoV OC43, HCoV
HKU1, SARS-CoV, and MERS-CoV. Genes and open reading frames (ORFs) of the genomes are shown, with accessory genes indicated in
dark grey boxes. Positions of papain-like proteases (PL), chymotrypsin-like protease (3CL), RNA-dependent RNA polymerase (RdRp), and
helicase (Hel) encoded in ORF1a and ORF1b are shown in light grey. (B) The 3’ coterminal nested set of coronavirus mRNA is shown for
HcoV 229E. The black boxes indicate the region of each mRNA being translated.
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corporated into the ER and Golgi membranes at the time of
budding, and viruses accumulate in large numbers in
smooth-walled cytoplasmic vesicles. These fuse with the
plasma membrane and virus is released.

Host Range and Zoonotic Emergence
The host range of coronaviruses is largely determined by the
viral spike–host cell receptor interactions and the depen-
dence of viral spike activation by defined host proteases (see
above). Coronaviruses rival influenza viruses as a group
where human epidemics or pandemics can arise from animal
viruses. Four (HCoV 229E, HCoV OC43, MERS-CoV,
SARS-CoV) of the six currently known HCoVs originated
by zoonotic transmission events within the past few hundred
years (33) (Fig. 2). Ancestral viruses to HCoV 229E exist in
African bats and camelid species, suggesting that 229E arose
from bat viruses with camelids as a potential intermediate
host (Fig. 2) (34, 35). This pathway of emergence is remi-
niscent of zoonotic MERS-CoV infections, which currently
appear to be transmitted from dromedary camels (36, 37),
but it is possible that the ancestral viruses again reside in bat
species (33, 38). HCoV OC43 arose from bovine corona-
viruses (BCoVs), which have also crossed to other animal
species, including other ruminants and camelids (33).
SARS-CoV emerged from Rhinolophus bats (39). Inter-
mediate hosts, such as civet cats within game animal markets
in Guangdong, served as amplifiers for the virus, and these
venues provided the interface for repeated human exposure
(40). Other examples of interspecies transmission between
animals include the emergence of canine CoV (CCoV) II
and feline CoV II from recombination events between ca-
nine, feline, and porcine coronaviruses and CCoV II, which
led to the emergence of TGEV (reviewed in 23, 41).

There are examples of dramatic changes of tissue tropism,
pathogenesis, and virulence associated with genetic changes
in the spike protein. TGEV, a cause of a virulent gastroin-
testinal disease of swine, had tropism for the intestine. Vi-
ruses with deletions of the spike protein gene of TGEV
emerged spontaneously, leading to a change in the tropism
of the virus to the swine respiratory tract. This virus, now
called porcine respiratory coronavirus, causes a milder dis-
ease (41, 42).

Experimental Animal Models
Animal models are important for the investigation of viral
pathogenesis, transmission, and the efficacy of treatments
and vaccines. Successful experimental animal models should
mimic the human disease; share comparable disease severity,
increased in relevant demographic groups (e.g., age); man-
ifest comparable pathology, virus tropism, and receptor dis-
tribution; and mimic the natural route of transmission.
Experimental models for the endemic HCoV have not been
investigated intensively, whereas experimental animal
models for SARS andMERS have been studied (reviewed in
43, 44, 45). Nonhuman primates (NHPs), mice, hamsters,
and ferrets have been investigated for this purpose.

Experimental infection of cynomolgus macaques and
African green monkeys with SARS-CoV led to variable
disease severity. In parallel with the demographics of disease
in humans, aged macaques manifest more severe disease (see
section on pathogenesis). Common marmosets (Callithrix
jacchus) develop multiorgan disease. Experimental infection
of mice leads to virus replication without overt disease, but
disease severity can be increased by using older mice (46),
using transgenic mice expressing the human ACE-2 recep-
tor, or adapting the virus to mice by serial virus passage. The

virus replicates to high titers in hamsters without overt dis-
ease. SARS-CoV infection of ferrets has been reported with
conflicting results.

MERS-CoV infection of macaques is associated with viral
replication and lung infiltration but mild disease. Infection
of marmosets is associated with higher levels of virus repli-
cation and more severe disease; however, the intratracheal
route of infection required has led to controversy regarding
the biological relevance of this experimental model. Mice
are not susceptible to MERS-CoV because mouse DPP4 does
not support viral attachment and replication. Transduction
of human DPP4 into mouse lung via an adenovirus vector
makes mice susceptible to experimental challenge, leading
to an interstitial pneumonia, but not to death. Aged mice
have more severe disease, but still without virus-associated
mortality. Transgenic mice with global expression of human
DPP4 are permissive to robust viral replication, leading to
severe respiratory and generalized disease and death. Ham-
sters and ferrets are not susceptible to MERS-CoV infection.
Dromedary camels are a natural host for MERS-CoV, and
infection causes minimal overt disease. In parallel, experi-
mental intranasal infection of dromedaries is associated with
viral replication and shedding in the nasopharynx associated
with a mild nasal discharge. There is no evidence of virus
dissemination (reviewed in 44).

Growth in Cell Culture
None of the HCoVs grows easily in cell culture without
adaptation by passage. Strains related to 229E can be grown
in primary or secondary human embryonic kidney cell lines,
in diploid human fibroblast lines, and in a few heteroploid
lines (47, 48). The most sensitive cell line for isolation of
229E from clinical specimens appears to be the diploid in-
testinal cell line MA-177 (48). The hepatoma line HUH7
has been recently used with success for isolation of HKU1,
OC43, and 229E from clinical samples (49–51). LLC-MK2
and Vero B4 cells have been helpful in isolation of NL63,
although the cytopathic effects (CPE) are somewhat non-
specific (52). The highest titers of both 229E and OC43
have been obtained by growth in human rhabdomyosarcoma
cells (53). Plaque assays for HCoV-229E can be performed in
human diploid fibroblasts (54), and those for both 229E and
OC43 can be performed in rhabdomyosarcoma and fetal
tonsil diploid cells (53).

Culture of HKU1 has also been possible in primary hu-
man tracheal–bronchial epithelial cells cultured in an air-
liquid interface (55). Organ cultures of human embryonic
trachea, while a sensitive culture system, are not practical for
diagnostic laboratories. Although two strains have been
adapted to growth in suckling mice (56), direct isolation in
mice from respiratory tract specimens has not been reported.

SARS-CoV was isolated first in Vero E6 or fetal rhesus
kidney cell lines with production of CPE (57–59). Vero E6
cells are now routinely used for its growth and also for plaque
assays of infectivity (60). In addition, the virus has been
adapted for growth in a number of other cell lines that ex-
press the ACE2 receptor. MERS-CoV was also initially
isolated in Vero E6 cells, which remain a cell line used for
growing and titrating this virus (11). There are reports that
Caco-2 cells are more efficient for primary isolation (61).

Enteric coronaviruses have been very difficult to propa-
gate in vitro, and most strains have only been detected by EM
of negatively stained fecal preparations (62–65). Their
morphology is sometimes different from that of other coro-
naviruses (66). On the other hand, several strains have been
propagated in intestinal organ cultures (67, 68), and both
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antigenic and biophysical studies have been performed (68,
69). Certain strains were related both to bovine diarrhea
virus and to OC43 (69, 70). One strain, recovered from
infants with outbreak-associated diarrhea and originally
isolated in fetal intestinal organ culture, has been adapted to
growth in a mouse macrophage line and a mosquito cell line
and appears unrelated to other HCoVs or animal corona-
viruses (71).

Inactivation by Physical and Chemical Agents
SARS-CoV and MERS-CoV remain viable for much longer
than other HCoV or influenza when dried on surfaces (re-
viewed in 72). SARS-CoV remains viable up to 9 days in
liquid suspension and 6 days in the dried state (73). SARS-
CoV dried on smooth surfaces retains its viability for over 5
days at temperatures of 22–25°C and a relative humidity
of 40–50% (i.e., typical air-conditioned environments),
whereas virus viability is rapidly lost at higher temperatures
and higher relative humidity (74). MERS-CoV also retains
viability on surfaces for many days and is more stable at low-
temperature/low-humidity conditions. Aerosolized MERS-
CoV retains viability at low temperature and low humidity
(75). MERS-CoV has been isolated from environmental
surfaces of patient rooms and anterooms, such as benchtops,
bed sheets, bedrails, intravenous fluid hangers, and X-ray
devices, for many days (76), indicating the potential for
fomite transmission.

Common disinfectants commonly used in hospital and
laboratory settings are generally effective in inactivating
SARS-CoV. Thermal inactivation at 56°C was highly ef-
fective in the absence of protein, reducing the virus titer to
below detectability; however, the addition of 20% protein
exerted a protective effect resulting in residual infectivity. If
protein-containing solutions are to be inactivated, heat
treatment at 60°C for at least 30 min must be used (73).

EPIDEMIOLOGY
Geographic Distribution
Antibodies to OC43, 229E, NL63, and HKU1 have been
detected in human sera worldwide. Seropositivity appears in
early childhood and increases rapidly with age (77–79).
Similarly, virus RNA from endemic HCoVs has been de-
tected in clinical specimens globally (80–82). Seropreva-
lence of HKU1 in adults appears to be lower than observed
with other endemic HCoV (78). It should be noted that the
type of serological assay used may affect estimates of sero-
prevalence (see Laboratory Diagnosis section, below).

As noted above, SARS emerged in Guangdong Province,
China, in late 2002 and spread to 29 countries (8). However,
the interruption of human-to-human transmission in July
2003 aborted the outbreak. The virus re-emerged to infect
four other persons in contact with live game animals in
December 2003 and January 2004, the virus infecting hu-
mans being similar to SARS-like viruses circulating in civets
and other animals within these markets. These patients had
mild disease and no secondary transmission was detected.
The closure of these live game animal markets prevented
further human zoonotic infections.

Three laboratory-associated infections have subsequently
been reported, one of them leading to limited secondary
transmission within the community (8, 83). SARS was
unusual among respiratory viruses in that asymptomatic in-
fection was uncommon (84). Thus, antibody to SARS-CoV
is found only in those who have had clinical SARS, a small

number of contacts who have been asymptomatically in-
fected, and a fraction of individuals who work in these live-
animal markets and have presumably been exposed to the
precursor SARS-CoV-like virus (40). The continued pres-
ence of the SARS-like bat virus precursor in Rhinolophus
bats implies that the re-emergence of SARS remains possi-
ble (39).

MERS-CoV still remains zoonotic in origin, all zoonotic
infections so far being reported from the Arabian Peninsula
or the Middle East region (85). Travel-associated cases have
been reported in many other countries in Europe, Africa,
and Asia, some of them leading to secondary transmission;
the largest such outbreak outside of the Middle East affected
186 persons in the Republic of Korea in 2015 (85, 86).
Although dromedary camels are infected endemically in
North, East, and Central Africa (87), primary zoonotic in-
fections have not been reported so far in Africa. It is unclear
whether this reflects lack of recognition and diagnosis, dif-
ferences in zoonotic potential of the virus, or other behav-
ioral factors that affect transmission.

The geographic distribution of the gastrointestinal co-
ronaviruses is less clearly delineated. CVLPs have been
found in the stools of adults and children in both resource-
rich and -poor countries, and it has been common to find
them in equal frequencies in both healthy and sick persons.

Incidence and Prevalence

Endemic HCoVs (229E, OC43, NL63, HKU1)
The rate of coronavirus infection among adults with upper
respiratory illness varies by respiratory seasons and year. In an
early 6-year study of 229E infection among medical students,
based solely on rises in neutralizing antibody, only 1% of
acute respiratory illnesses in the period from 1964 to 1965
could be attributed to 229E; but from 1966 to 1967, the
proportion was 35%, giving an overall average infection
attack rate of 15% (88). The proportion of coronavirus-
associated minor respiratory illnesses in a general population
in Tecumseh, MI, during the same peak year was 34% (89),
and a rate of 24% was found in Bethesda, MD (48). Sero-
surveys of OC43 infection in adults have shown similar
proportions. During peak seasons, 25% (89) to 29% (77) of
colds could be associated with OC43 infection; overall, 17%
of individuals developed antibody rises each year.

In a serologic survey of OC43 infection in high-risk adult
populations in Houston, TX, 8–9% of acute respiratory ep-
isodes in outpatient adults with underlying chronic ob-
structive pulmonary disease or asthma were attributable to
OC43 infection (90). In England, a study of asthmatic adults
with acute respiratory symptoms from 1990 to 1992 showed
infection with OC43 or 229E in 16% (91). Serologically
documented infections by 229E or OC43 occur at about
one-half the frequency of rhinovirus infection and the same
as, or somewhat greater than, that of influenza virus and
respiratory syncytial virus (RSV) infections (92, 93). Among
Finnish adults surveyed by serologic techniques over a 10-
month period, 8.5% of colds were associated with infection
with either 229E- or OC43-related strains compared to
52.5% rhinoviruses detected by reverse transcriptase
PCR (RT-PCR) (94). There are few longitudinal sero-
epidemiological studies with HCoVs NL63 or HKU1. In a
small cohort (n=13) of newborn babies followed serologi-
cally for 18 months using an NL63 and 229E nucleocapsid
protein-based enzyme-linked immunosorbent assay (ELI-
SA), all of the babies had maternally acquired antibodies at
birth. After clearance of maternal antibody, 7 and 2 of these
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13 children became NL63 and 229E seropositive, respec-
tively, during the 18 months of follow-up (95).

Using RT-PCR for detection of 229E and OC43, two
community studies of acute respiratory illness have been
performed in patients cared for by general practitioners in
The Netherlands (96, 97). In adults 60 years or older, during
a single respiratory season, these two coronaviruses were
found in 17% of 107 elderly subjects with acute respiratory
disease, in contrast to only 2% of controls. In the same
cohort, 32% of episodes were associated with rhinovirus
infection (2% of controls), and 7% were associated with
influenza infection (0% of controls) (96). In the second
study, subjects of all ages (mean, 35 years) were sampled over
3 years. In contrast to the findings in the exclusively elderly,
in this population coronavirus infection was not signifi-
cantly associated with illness, being found in 6 (3.6%) of 166
influenza-like illnesses, 29 (7.7%) of 376 other respiratory
illness, and 21 (3.9%) of 541 controls (97). There have been
no systematic, adequately controlled studies of either NL63
or HKU1 in adults or children with outpatient respiratory
illness.

Particularly in young children, coronavirus RNA is fre-
quently found in respiratory samples from asymptomatic as
well as symptomatic individuals (97–99). Also, multiple
viruses may be detected in the same clinical specimen, such
that it is often difficult to attribute illness, especially of the
lower respiratory tract, in an individual patient. The level of
confidence of causality of HCoV for lower respiratory tract
infections is enhanced by including an age-matched control
group or by detecting the virus in specimens such as bron-
choalveolar lavage (BAL), lung biopsy, or autopsy speci-
mens, although the latter are rarely available. Concomitant
seroconversion also enhances confidence that the detected
virus is of clinical relevance. Infection rates in six studies of
outpatient or hospitalized patients with acute respiratory
tract disease are summarized in Table 1 (81, 100–104). In
outpatient or hospitalized patients with acute respiratory
tract disease, in which 229E, OC43, NL63, and HKU1 were
sought by RT-PCR, there was evidence of HCoV RNA in
1.7–7.6% of patients, with varying proportions of the four
HCoVs being detected. Coinfections with other respiratory
viruses were detected in about one-quarter of the HCoV
infections, similar rates of coinfections being found for each
of the four HCoVs. In a multiple-year study of acute respi-
ratory illness of all ages in Yamagata, Japan, HCoVs were
detected in 7.6% of infections overall, all four endemic
HCoVs being detected. There was marked winter season-
ality, and monthly detection rates of NL63 exceeded 10% in
3 months, with peak monthly detection rates being as high
as 28.5% (81). In a study of children hospitalized with acute
respiratory symptoms or fever, HCoV-associated hospitali-
zation per 10,000 population was 10.2 [95% confidence
interval (CI) 4.3, 17.6], 4.2 (95% CI 1.9, 6.9), and 0 (95%
CI 0, 3.7) in children aged < 6 months, 6–23 months, and
24–59 months, respectively (105). In an outpatient-based
study where all nontrauma acute illnesses were investigated,
acute respiratory symptoms were the most common pre-
senting symptom, but diarrhea was noted as a presenting
symptom in some (80). Of those patients with HCoV being
the only virus detected, 7.7%, 9.0%, and 9.1% of the pa-
tients with NL63, 229E, and OC43 required hospital ad-
mission. Peaks of activity with one virus often were
associated with subsequent periods (years) of low virus ac-
tivity (80, 81).

Enteric coronaviruses or CVLPs have been most fre-
quently associated with gastrointestinal disease in neonates

and infants less than 12 months of age. Particles have been
found in the stools of adults with acquired immunodefi-
ciency syndrome (AIDS), in some studies more frequently in
the presence of diarrhea than in its absence (106). Asymp-
tomatic shedding is common, and particles are apparently
shed for prolonged periods (65, 107–109).

SARS-CoV and MERS-CoV
During the period of the SARS outbreak (from November
2002 to July 2003), 8,096 confirmed cases were reported
from 29 countries or administrative regions across five
continents, 774 of these being fatal. After the end of the
outbreak in July 2003, four laboratory-acquired infections
were reported in Singapore, Taiwan, and Beijing in 2003 and
2004, one of these leading to limited community transmis-
sion, which was again controlled by public health measures
(83). Another four instances of new zoonotic transmission
occurred in December 2003 to January 2004 in live-animal
markets, in Guangdong Province, China, causing mild dis-
ease, and did not result in detectable human-to-human
transmission (110).

As of early January 2016, 1,626 cases of confirmed MERS
had been reported from 26 countries in Asia, Africa, Europe,
and North America, 586 of these being fatal (111). Primary
zoonotic infections have so far only been reported from the
Arabian Peninsula and the Middle East, with travel associ-
ated cases being reported from other countries.

Seasonality
In temperate regions, OC43, 229E, and, on the basis of more
limited data, also NL63 and HKU1 appear to have peak
incidence in the winter and early spring (55, 81, 112, 113),
but seasonality may be more variable in tropical and semi-
temperate regions (100, 114). Two or three yearly cycles
have been observed with each coronavirus, possibly a result
of population immunity. Unlike seasonal influenza, in which
a given subtype and strain may dominate in multiple
countries in any given year, coronavirus outbreaks are more
localized geographically (112).

Reported cases of MERS appear to show marked seasonal
peaks in the spring-summer period (85). Some of these peaks
are due to large outbreaks within hospitals, and longer-term
follow-up would be required to establish if such a seasonal
pattern does exist. Zoonotic MERS-CoV infections may
increase in the spring, following an increase in virus activity
in camels associated with the camel calving season, which
occurs in the winter and early spring. Higher rates of de-
tection of MERS-CoV are found in camel calves compared
with adults (115).

On the basis of the limited data currently available, en-
teric coronaviruses appear to have little or no seasonality
(116).

Transmission

Endemic HCoVs
Both 229E andOC43, aswell as several less-well-characterized
strains of coronaviruses (B814, LP, EVS, OC16, OC37,
OC38, OC44, and OC48) were transmitted by intranasal
inoculation to adult volunteers in the Common Cold Re-
search Unit, Salisbury, UK, and all produced clinical upper
respiratory illness (117). Presumably, the respiratory route is
the primary mode of infection with these viruses, although
the details of their spread have not been studied in a field
setting. After infection of adult volunteers, virus was
shed beginning 48 hr after inoculation, at about the time
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symptoms began, and shedding continued for five days
(118). Presumably, infected subjects are themselves infec-
tious during this time. Comparable studies have not been
carried out with NL63 or HKU1. Detailed information is
lacking on the mode of spread of the endemic respiratory
HCoV infections; i.e., the relative importance of small ver-
sus large droplets and aerosols or fomite transmission. In
community-based settings, there is evidence of clustering of
transmission within family groups (112).

SARS-CoV
The community transmission patterns for SARS-CoV are
very different from endemic HCoVs. Although the majority
of cases did not transmit infection at all, a few were re-
sponsible for explosive outbreaks, the so-called “super-
spreading incidents” (119). In a number of these instances, it

is the overall epidemiological context rather than the nature
of the individual index patient that was crucial to such
super-spreading events. An unusual transmission event oc-
curred in Amoy Gardens, an apartment complex in Hong
Kong, where over 300 people acquired infection within a
few days from one index case who had diarrhea as well as
mild respiratory illness at that time. It is believed that a
faulty sewage system led to aerosolization of infectious fecal
matter, which then spread by the airborne route to affect
many other residents in this housing complex (120).

The number of secondary cases produced by a single case
was estimated to be 2.2 to 3.7, similar to what is estimated for
pandemic influenza (121). The success of public health
measures in interrupting transmission is that, unlike with
many other respiratory viral infections, it predominantly
took place later in the illness, usually after day 5 of symp-

TABLE 1 Summary of selected epidemiological studies on the prevalence of respiratory coronavirus infection in outpatient
and inpatient populations. Data on other respiratory viruses are shown for comparison, where available.

Description in reference

Parameter
McIntosh
et al. (102)

Esposito
et al. (103)

Matoba
et al. (81)

Lau
et al. (100)

Choi
et al. (101)

Kuypers
et al. (104)

Population sampled Inpatients, children Outpatients,
children

Outpatients,
all ages

Inpatients,
all ages

Inpatients,
children

Inpatients and
ER, children

Location Chicago, IL Milan, Italy Yamagata, Japan Hong Kong Seoul,
South Korea

Seattle, WA

Patient characteristics Bronchiolitis,
pneumonia

All acute
nontrauma
admissions

Acute respiratory
illness

Acute
respiratory
illness

Acute respiratory
illness

Acute respiratory
illness

No. of patients 380 2,060 4,324 4,181 515 1,061
No. of respiratory
seasons

4 1 4 1 5 1

Method for HCoV
detection

Serology RT-PCR RT-PCR RT-PCR RT-PCR RT-PCR

Coronavirus(es) sought 229E, OC43 229E, OC43,
NL63, HKU1

229E, OC43,
NL63, HKU1

229E, OC43,
NL63, HKU1

229E, OC43,
NL63

229E, OC43,
NL63, HKU1

All respiratory viruses
(% positive)

55.0 41 61.9 41.2 60.6 NR

RSV (%) 27.9 8.3 NR 10 23.7 23
Rhinovirus (%) NT 6.3 NR NT 5.8 NT
Influenza viruses (%) 4.0 11.4 NR 15.9 6.4 12
Parainfluenza
viruses (%)

27.5 1.4 NR 5.3 8.0 9

Human
metapneumovirus
(%)

NT 2.3 NR 2.8 4.7 7

Adenovirus (%) 6.8 6.6 NR 5.0 6.8 13
Enteroviruses (%) NT NT NR NT NT NT
Human bocavirus (%) NT NT NR NT 11.3 NT
Coronaviruses (%) 7.9 3.8 7.6 2.1 1.7 6.3
229E% 2.0 0.9 0.1
NL63% 1.0 3.1 0.4
OC43% 0.8 1.8 1.3
HKU1% 0 1.9 0.3

Noncoronavirus
coinfection rate (%)

NR NR NR NR 11.5 NT

Coronavirus
coinfection rate (%)

NR 28 24.4 NR NR NT

HCoV, human coronavirus; RT-PCR, reverse transcriptase PCR; RSV, respiratory syncytial virus; NR, not reported; NT, not tested.
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toms. This provided a window of opportunity for case de-
tection and isolation prior to maximal transmissibility, al-
lowing public health measures to interrupt transmission in
the community (122). In addition, there was extraordinary
cooperation and communication between countries and
public health workers to control spread. It is interesting to
speculate whether SARS-CoV might have become an en-
demic respiratory infection if not for the determined inter-
national global public health efforts implemented in 2003.

MERS-CoV
MERS-CoV infection in humans has been initiated by
zoonotic transmission events, camels being the likely source
of such infection (36). Infection in camels is mild, causing a
“common cold”–like illness, especially in juveniles (123).
The virus is shed primarily from the nose of infected camels,
with virus being shed for a few weeks. Virus is less often
detected in the feces. Although virus RNA was detected in
camel milk, it has so far not been cultured from milk (124).
Given that milk is usually rich in maternally transferred
antibody to MERS-CoV, it is unclear if such contaminated
milk is infectious. However, given the local practice of
drinking fresh, unboiled camel milk, this must be considered
as a potential route of transmission. Camels become re-
infected, resulting in a high prevalence of MERS-CoV
shedding in situations where animals from different origins
are mixed, such as camel abattoirs. Thus, virus shedding is
common in such settings and implies constant exposure of
humans to infected animals although disease does not appear
to be common.

A large population-based seroepidemiological study of
apparently healthy persons older than 15 years of age in
Saudi Arabia revealed an overall seroprevalence of 0.2%,
increasing to 3.6% in abattoir workers routinely exposed to
dromedary camels, implying that there have been many
more infections taking place than has been recognized from
case diagnosis (125). Whereas nosocomial transmission ac-
counts for most of the transmission occurring between hu-
mans (see next section), transmission does occur within
family settings (126). There is evidence of asymptomatic
infection of humans infected zoonotically (127) as well as
nosocomially (128), and transmission possibly occurs from
such asymptomatic or mild infections (129). Thus, a likely
scenario is that most zoonotic transmission is asymptom-
atic or mild and unrecognized. Such infections may some-
times lead to transmission to other humans, where infection
may be detected only in those in whom severe clinical dis-
ease occurs, for example, because of being older in age or
having underlying comorbidities. In such epidemiological
settings, it may be difficult to identify the initial zoonotic
infection.

Nosocomial Transmission
As with other respiratory viruses, nosocomial transmission of
coronaviruses is problematic. One outbreak of respiratory
endemic HCoV in a neonatal intensive care unit caused 10
infections, all associated with symptoms of generalized acute
illness, among 40 premature infants (130). NL63 infection
in hospitalized children has also led to an outbreak in a
neonatal intensive care unit (131). Occurrence of infections
in closed populations, such as military or children’s institu-
tions, have been reported (112). However, the most dra-
matic examples of nosocomial transmission of coronaviruses
occurred with SARS and MERS.

Both SARS and MERS have been merciless in exploiting
lapses in infection control measures within healthcare set-

tings, particularly within modern hospital settings. During
the SARS outbreak in 2003, 21% of cases were in healthcare
workers, often with severe consequences. The virus spread
readily in the hospital environment, particularly early in the
epidemic of 2002–2003, when recognition of the disease was
poor, confirmatory diagnosis was lacking, and appropriate
precautions were not being taken (132). The enforcement of
droplet and contact precautions was strongly associated with
protection (133). However, in some instances when aerosol-
generating procedures were used (e.g., nebulizers, intuba-
tion, and high-flow oxygen therapy), transmission also oc-
curred via small-particle aerosols. The unusual stability of
the virus also likely predisposed it to spread via direct or
indirect contact (see above). Risk factors associated with
SARS outbreaks in hospital wards were narrow space be-
tween beds, lack of availability of washing or changing fa-
cilities for staff, performance of resuscitation in the ward, and
the use of oxygen therapy or bilevel positive-airway-pressure
ventilation (134).

With MERS-CoV, chains of transmission have led to
large outbreaks within healthcare facilities, some involving
over 100 persons and often involving healthcare workers
(86, 135). Some outbreaks have involved multiple health-
care facilities and have continued for months (136). Out-
breaks of MERS-CoV have been associated with failures in
consistent application of patient triage and infection control
precautions; failure in early recognition, diagnosis, and iso-
lation; crowded emergency rooms; and healthcare workers
continuing to work while infected in the early stages with
mild illness or asymptomatically (129, 136). An outbreak
in the Republic of Korea initiated by a returning traveler led
to 185 other confirmed infections in 16 hospitals. Some
44.1% of the cases were patients exposed in hospitals, 32.8%
were family or paid caregivers, and 13.4% were healthcare
personnel (86). Although 91% of cases did not lead to
secondary transmission, five “superspreaders,” all of whom
had pneumonia at initial presentation and came into con-
tact with large numbers of people prior to diagnosis, led to
83% of the cases. In the Korean outbreak, the practice
of seeking healthcare at multiple healthcare facilities, of
having paid caregivers within hospitals, and frequent inter-
hospital transfers were additional factors that appear to have
contributed to spread. Heightened awareness, infection
control measures, patient isolation, and quarantine and
surveillance of known contacts have so far been able to
contain such outbreaks, as illustrated in Saudi Arabia and
Korea.

Risk Factors

Endemic HCoVs
In contrast to other respiratory viruses, infection attack rates
of HCoV in young adults are not much lower than those in
children (89). There is no consistent sex difference in sus-
ceptibility, although an excess of females has been noted in
some community-based studies (112). Increased suscepti-
bility of females to experimental challenge has been noted
(137). HCoV infections (229E, OC43, HKU1, NL63) have
been associated with exacerbation of chronic obstructive
respiratory illnesses, but it is unclear if this reflects increased
susceptibility to infection or more severe illness following
infection (138). Susceptibility to experimental infection by
229E (as well as to rhinoviruses) is increased by psycholog-
ical stress (139). Atopy [as assessed by detectable total im-
munoglobulin E (IgE) in nasal secretions or higher serum IgE
levels] is associated with increased clinical severity following
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experimental 229E infection (140). Immunocompromise
appears to be associated with severe HCoV disease, although
whether because of increased susceptibility, severity, or both
is unclear (141, 142).

SARS and MERS
Increasing age has been associated with increased severity of
disease for both SARS and MERS. In Hong Kong, mortality
rates in patients with SARS aged 0–24, 25–44, 45–64, or
> 65 years was 0%, 6%, 15%, and 52%, respectively (re-
viewed in 8). Severity of MERS also increased with age, but
this may reflect the presence of comorbidities as well as age.
Of reported cases, 76% of patients with MERS had under-
lying comorbid conditions (obesity, diabetes, cardiac disease,
lung disease, immune-compromised) compared to 10–30%
of patients with SARS (143). In the case of MERS, it is
likely that the older age of reported cases reflects the fact
that younger patients have milder disease and remain un-
diagnosed. Genetic polymorphisms associated with low se-
rum levels of mannose-binding lectin were associated with
increased susceptibility to SARS (144). Genetic factors as-
sociated with the risk of MERS remain to be investigated.

The risk of zoonotic MERS is associated with exposure of
the patient or family members to dromedary camels (37).

PATHOGENESIS IN HUMANS
Patterns of Virus Replication
In volunteers infected experimentally with 229E and OC43
HCoVs, infection was detectable in the respiratory tract
from around the time of symptom onset for about five days
(145, 146). During acute infection, all six HCoVs replicate
primarily within the respiratory tract (see section on
Pathogenesis, below). HKU1 has been detected in the feces
of patients with gastroenteritis, but its contribution to these
symptoms is still unclear (147).

Viral load of SARS-CoV RNA, as quantitated by RT-
PCR in the upper respiratory tract (nasopharyngeal aspi-
rates), was low in the first 4–5 days of illness but peaked in
the second week, corresponding to the time at which pa-
tients were maximally infectious (148). Virus RNA was
detectable in the respiratory secretions, feces, and, at lower
frequency, in urine, for 3–5 weeks, even though transmission
was uncommon after the third week of illness (149). SARS-
CoV replicated in the gastrointestinal tract, as demonstrated
by EM evidence of viral replication in intestinal epithelium
(apical enterocytes) in intestinal biopsies and autopsy tissues
(150). Virus RNA was routinely detected in serum and
urine, although it was not certain whether this reflected
spillover of virus replicating in the respiratory and gastro-
intestinal tracts. Viral load in nasopharyngeal aspirates and
in serum from day 10 to day 15 after onset of symptoms was
associated with oxygen desaturation, mechanical ventila-
tion, diarrhea, hepatic dysfunction, and death, whereas stool
viral load was associated with diarrhea (151). Furthermore,
higher initial viral load was independently associated with
worse prognosis in SARS (152).

MERS-CoV RNA has been detected in respiratory
specimens, with higher viral load being found in the lower
respiratory tract (endotracheal aspirates, sputum) than in
upper respiratory specimens (reviewed in 153). The viral
load is also higher in fatal cases than in those who survive
(154, 155). Although virus RNA has also been detected in
the serum, feces, and urine, there is so far no direct evidence
that there is active replication at these sites, although such

replication cannot be excluded. Virus RNA can be detected
for over 30 days after the onset of illness (156), but the
probability of isolating virus from clinical specimens de-
creased with time after hospital admission and with de-
creasing viral load (61).

Pathology
A histopathological study described the nasal mucosa of a
young girl with chronic rhinitis and bronchitis who showed
the typical EM changes of a coronavirus infection (157).
Brush biopsy specimens showed morphologically typical
coronavirus particles in large numbers in cytoplasmic vesi-
cles and the Golgi apparatus of ciliated epithelial cells (and
not in goblet cells). Interestingly, the infected cells appeared
not to show signs of cell death and appeared to have intact
synthetic activity. On the other hand, degenerative changes
affecting the cilia and loss of cilia were seen, likely indicating
decreased ciliary function. It is interesting that EM of SARS-
CoV infection of the human gastrointestinal tract seems to
reveal a similar pattern, with viral replication and budding
occurring with minimal CPE (150, 158).

In SARS, type 1 and type 2 pneumocytes are the key
target cells for the virus, and pulmonary histolopathology
varied according to the duration of illness virus (159–161).
Cases of 10 or fewer days’ duration demonstrated acute-
phase diffuse alveolar damage (DAD), airspace edema, and
bronchiolar fibrin. Cases of more than 10 days’ duration
exhibited organizing-phase DAD, type II pneumocyte hy-
perplasia, squamous metaplasia, multinucleated giant cells,
and acute bronchopneumonia. Multinucleated cells were
observed to be pneumocytes or macrophages (159, 160).
Immunohistochemistry and in situ hybridization studies
showed evidence of SARS-CoV infection in the alveolar
epithelium and alveolar macrophages in lungs of patients
dying within the first 2 weeks of illness, but not at later times
after disease onset. Although the virus spreads to other or-
gans (e.g., the gastrointestinal tract) and symptoms of diar-
rhea were common, disease severity and fatality were due to
the respiratory pathology. Pathological studies of MERS are
limited. In a 45-year-old man who died on day 8 after onset
of illness, the main histopathologic finding in the lungs was
diffuse alveolar damage. Pneumocytes and epithelial syncy-
tial cells showed MERS-CoV antigen by immunohisto-
chemistry. There was no evidence of viral antigen in
extrapulmonary sites (162).

Pathogenesis

Endemic HCoVs
Little is known of the pathogenesis of the endemic HCoVs.
The symptom profile is very similar to that of rhinovirus-
induced colds, and likely comparable mechanisms leading to
upper respiratory tract illness apply (see Chapter 47).

SARS-CoV
The pathology and viral tropism of SARS-CoV have been
discussed above (161). Whether and to what extent im-
munopathology contributes to the disease process is still
unresolved (8). Proinflammatory cytokines, such as inter-
leukin 1 (IL-1), IL-6, and IL-12, and chemokines, such as IL-
8, chemokine (C-C motif) ligand 2 (CCL-2), and C-X-C
motif chemokine 10 (CXCL10), have been found to be el-
evated in plasma of patients with SARS, but it is not clear
whether they drive pathogenesis or are a reflection of virus-
induced cell pathology. In vitro studies suggest that poor
interferon (IFN) induction and signaling occur in SARS-
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CoV-infected macrophages and monocyte-derived dendritic
cells (reviewed in 8, 163, 164). However, plasmacytoid
dendritic cells (pDCs) respond to SARS-CoV infection
with potent type I interferon responses (165). Transcripto-
mic studies of peripheral blood leukocytes from SARS-CoV-
infected patients early in the disease process revealed high
IFN-alpha, IFN-gamma, IFN-stimulated chemokine, and
IFN-stimulated gene (ISG) expression. SARS patients who
recovered then expressed adaptive immune genes, whereas
those with poor clinical outcomes showed deviated ISG
expression, immunoglobulin gene expression levels, persis-
tent plasma chemokine levels, and deficient anti-SARS
spike antibody production, suggesting a malfunction of the
switch from innate immunity to adaptive immunity (166).

Aged macaques infected experimentally with SARS-
CoV developed more severe pathology than young adult
animals (see above). Although levels of viral replication
were similar in both age groups, older animals had pro-
nounced activation of genes associated with inflammation
such as nuclear factor-kappaB (NF-kappaB)-related path-
ways while expression of IFN-beta was reduced. Therapeutic
treatment of SARS-CoV-infected aged macaques with type I
IFN reduces pathology and diminishes pro-inflammatory
gene expression, including IL-8 levels, without affecting
virus replication in the lungs (167).

MERS-CoV
The pathogenesis of MERS is less well studied, and only
limited data exist for humans infected with MERS-CoV.
Experimental infection of ex vivo cultures of human bron-
chus and lung demonstrate that nonciliated epithelial cells
in the bronchus, type 1 and type 2 pneumocytes in the lung,
and lung vascular endothelium are infected by the virus,
reflecting the distribution of the DPP4 receptor, whereas
HCoV 229E did not replicate in human bronchus or lung
(168). MERS-CoV infects and replicates in the alveolar
epithelial cell line A549, but there are no detectable type I
or III IFN responses (168). Human B cells, M1 macrophages,
M2 macrophages, and monocyte-derived dendritic cells did
not secrete type I or type III IFNs upon inoculation with
MERS-CoV in vitro. In contrast, human pDCs secreted large
amounts of type I and III IFNs upon contact with MERS-
CoV (169). MERS-CoV abortively infects CD4 and CD8 T
cells, leading to their apoptosis and possibly explaining the
lymphopenia observed in MERS (170). In BAL cells of two
MERS patients collected in the first week of illness, the
patient with a fatal outcome had poor induction of retinoic
acid-inducible gene 1 (RIG-1), melanoma differentiation
associated protein 5 (MDA-5), interferon regulatory factor 3
(IRF3), IRF7, and type I IFN, whereas the patient who
survived had strong type I IFN responses (171).

Immune Responses

Endemic HCoVs
Serum antibody to the major structural antigens of the virus
(primarily to the S protein but also to the M and N proteins)
is made in adult volunteers in response to inoculation and
infection with HCoV 229E and OC43 (172). Antibody ti-
ters, as measured by ELISA, rise significantly in volunteers
who shed virus (173). In experimental human challenge
studies with HCoV 229E, both circulating and mucosal-
specific antibodies are associated with protection from in-
fection and disease, but only specific IgA antibodies appear
to shorten the period of virus shedding. Total protein in
nasal washings also appeared to protect against infection,

indicating that other locally produced proteins, not yet
identified, may be associated with resistance (137). Volun-
teer studies with 229E and 229E-like strains suggest that
symptomatic reinfection after a period of 1 year is possible. It
is not clear, however, whether this is due to waning immu-
nity or to slight differences in the antigenicities of different
virus strains (174). Sequencing of several variants of 229E
and OC43 has revealed somewhat contradictory data re-
garding the genetic diversity of the S protein over time and
location, but with consensus regarding the lack of evidence
for recombination events (175, 176). Although T cell im-
munity has been well studied in mice, there are limited data
on T-cell responses following human coronavirus infections
(reviewed in 177).

SARS-CoV
The S protein is the predominant target of neutralizing
humoral immunity, and the major antibody neutralizing
epitopes are in the region from residues 441 to 700 of the S
protein of SARS-CoV (8). Neutralizing antibody titers were
shown to rise in the second week of the illness, peak between
week 5 and week 8 after onset, and decline thereafter, with
a half-life of 6.4 weeks (178). All patients who survived
> 28 days of illness became seropositive. By 36 months after
illness, SARS-CoV IgG and neutralizing antibody were
undetectable in 25.8% and 16.1% of patients, respectively
(179). Contradictory findings have been reported on the
association between early antibody responses and disease
severity (178, 179), but the use of corticosteroid therapy may
have confounded these associations. In patients that have
recovered from SARS, T-cell responses have been demon-
strated to both the N and S viral proteins in convalescence,
and memory T-cell responses have been detectable even 6
years after infection (reviewed in 177).

MERS-CoV
MERS-CoV infection is associated with robust neutraliza-
tion and MERS-S1 ELISA antibody responses in most sur-
vivors, typically within 3 weeks of the onset of illness, but a
few patients have marginal or undetectable antibody re-
sponses even after 4 weeks of illness (154, 180). There is yet
little information on the longer-term kinetics of antibody
responses in MERS-CoV infections. Serum antibody titers
correlate inversely with lower respiratory tract viral RNA
loads, but virus RNA may remain detectable for weeks de-
spite development of neutralizing antibody responses (154).
No systematic studies of T-cell responses in patients with
MERS have been reported. The neutralizing antibody re-
sponses are directed primarily at the receptor-binding do-
main of the spike (S1 domain) protein; however, a minor
component of neutralizing antibody response binds to other
parts of the S1 and S2 domains of the spike protein (181).
Although there is genetic diversity in MERS-CoV, all vari-
ants appear to be one serotype with efficient cross-neutrali-
zation between strains (61, 182).

CLINICAL MANIFESTATIONS
Endemic Human Respiratory Coronaviruses
Association of the HCoV strains 229E and OC43 with
human disease has been established conclusively by infect-
ing volunteers intranasally with cultured virus and docu-
menting “common cold”–like symptoms correlated with
evidence of viral replication in the upper respiratory tract
(117, 145, 146, 174, 183). Only 10–30% of inoculated
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volunteers developed symptoms, indicating that most HCoV
229E and OC43 infections are asymptomatic in healthy
adults. The incubation period of 229E and OC43 infection
in volunteers averages 3 days with a range of 2–5 days (145).
The peak of respiratory symptoms is not reached until 3 or 4
days after inoculation. The clinical illness consists of general
malaise, headache, nasal discharge, sneezing, and a sore
throat, symptoms that last for 6–7 days. Cough is seen in
about 25% of the subjects and fever only in approximately
10%. The features of coronavirus URTI cannot be differ-
entiated from those produced by rhinoviruses, but fever,
chills, and myalgia are less prominent than with influenza.
Overall, the character and severity of HCoV illness are
somewhat less severe than those of influenza virus and RSV,
rarely leading to hospitalization (92, 93, 95). In a study of
children with upper and lower respiratory illness that did use
a control group for comparison, an association of PCR de-
tection of HCoV 229E and OC43 with upper and lower
respiratory disease has been demonstrated (184). Similarly,
NL63 has been found preferentially in children hospitalized
with croup, even more commonly than parainfluenza vi-
ruses, which have been traditionally associated with this
disease (101, 185, 186).

A study of 418 patients (mean age 49 years) with
community-acquired pneumonia (CAP) in Hong Kong over
a 1-year period (2003–2004) yielded HKU1 in 10 (2.4%), 9
of them adults (187), although no control group was studied.
The median age of the HKU1-positive patients was 71.5
years (range, 13–96 years); eight of them had underlying
comorbidities and two had fatal outcomes. Clinically, these
patients were not distinguishable from age-matched CAP
patients who were HKU1 negative. Coronavirus infection of
marine recruits has been associated with pneumonia and
pleural reaction in about 33% (188). A 20-month survey
testing all four HCoV types in 540 BAL samples from 279
hospitalized adults identified HCoVs in 29 (5.4%) samples,
one-third of all respiratory viruses detected (189). HCoV
OC43 was identified in 12, 229E in 7, NL63 in 6,
and HKU1 in 4 specimens. Most of the HCoV-positive
patients had clinical and radiological evidence of pneumo-
nia and were immune suppressed or were lung transplant
recipients.

As with other respiratory viruses, prolonged shedding of
virus with or without severe disease can occur in immuno-
compromised patients (141, 142, 190). Endemic HCoVs are
detected in hematopoietic stem cell transplant recipients;
the median duration of viral shedding is 3 weeks, but pro-
longed shedding of at least 3 months can occur. Infection
can be asymptomatic or associated with upper respiratory
tract symptoms. Progression to lower respiratory tract in-
volvement may occur rarely (191, 192).

Acute lower respiratory tract viral infections in patients
after lung transplantation are associated with respiratory
viruses in 66%, with coronaviruses (OC43, 229E, and
NL63) being the second most common behind rhinoviruses
(193). A highly significant association exists between viral
infection and decline in 1-sec forced expiratory volume
(FEV-1), acute rejection, and likely development of bron-
chiolitis obliterans syndrome.

In young children with a history of asthma, acute exac-
erbations were seen during infection by OC43 and 229E
(194), although recent studies using PCR have shown that
rhinoviruses are by far the most important cause of triggering
acute wheezing in children with underlying asthma (195). In
adults with chronic pulmonary disease or asthma, several
serologic studies have shown significant association between

coronavirus infection and acute exacerbations of respiratory
symptoms (90, 91, 96, 196, 197). Infection in the elderly,
particularly in those with underlying cardiopulmonary dis-
ease, is commonly associated with lower respiratory tract
symptoms, although these rarely lead either to hospitaliza-
tion or to death (92, 93).

The role of respiratory coronaviruses in otitis media has
been elucidated by detecting viral RNA in both nasal se-
cretions and middle ear fluids. Among 92 children with
acute otitis media, coronavirus sequences were found in 16
children (17%), with 14 children harboring the virus in the
nasopharynx and 7 harboring it in the middle ear fluid
(198). This incidence was lower than for RSV (28%) and
rhinovirus (35%). Coronaviruses were less frequently found
in middle ear effusions at the time of tube placement (3 of
100) (199).

Overall, 229E, OC43, NL63, and HKU1 are able to cause
upper respiratory tract infections, croup, otitis media, as well
as lower respiratory tract infections, the latter being more
commonly seen in children, the elderly, or those with co-
morbidities (80).

More controversially, there is also evidence for the pres-
ence and persistence of 229E and OC43 virus RNA in the
central nervous system (CNS) in conjunction with chronic
neurologic syndromes, particularly multiple sclerosis and
acute demyelinating encephalomyelitis (200–203). Human
“respiratory” coronaviruses are sometimes capable of enter-
ing the CNS. However, assignment of a pathogenic role in
demyelinating diseases of humans, so well demonstrated in
the murine model, must, however, await further studies.

SARS-CoV
The incubation period for SARS-CoV has been estimated to
average 4–6 days, with a range of 1–14 days (121, 122).
SARS begins with acute onset of fever, myalgia, malaise, and
chills and then progresses to cough. Upper respiratory
symptoms of rhinorrhea and sore throat are uncommon.
Dyspnea and tachypnea develop later in the illness; at this
stage, individuals often have scattered ground-glass periph-
eral lung infiltrates. Over the course of the next several days,
they either improve gradually or worsen with increasing
oxygen requirements; severe cases progress to acute respira-
tory distress syndrome (ARDS). Awatery diarrhea occurs in
some patients, usually associated with clinical deterioration,
mainly in the second week of illness. Other extrapulmonary
manifestations include hepatic dysfunction and CNS man-
ifestations. Overall mortality is between 9% and 12%,
mortality progressively increasing with age (reviewed in 8,
204, 205).

Chest radiographic abnormalities were present in 60–
100% of patients, depending on duration of illness, and
typically encompass ground-glass opacities or focal consoli-
dation over the periphery and subpleural regions of the lower
zones of the lung. Bilateral involvement and shifting opac-
ities are common. High-resolution computed tomography
(CT) scanning reveals abnormalities, even in those with
initially normal chest radiography.

Laboratory abnormalities include leukopenia (particu-
larly lymphopenia in severe cases) and elevated transami-
nase levels. In addition to age, the presence of comorbidities,
more extensive lung involvement, high neutrophil counts,
low CD4 and CD8 counts, and increased lactic dehydroge-
nase levels are predictors of a poor prognosis. High viral
loads in nasopharynx and serum early in the illness and
between days 10 and 15 of illness are independent predictors
of a poor outcome.
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Atypical (sometimes afebrile) presentations can occur
in the elderly or immunocompromised patients, leading to
delayed recognition, sometimes resulting in nosocomial
transmission.

Three months after hospital discharge, patients conva-
lescing from SARS have detectable defects in pulmonary
function, but the impairment is mild in almost all cases.
Many patients have reduced exercise capacity, not ac-
counted for by impairment of pulmonary function (206).

MERS-CoV
The median incubation period for MERS is estimated to be
approximately 5.5–6.5 days with a maximum 14-day incu-
bation period used for contact tracing and management (85,
86). Clinical features of MERS range from asymptomatic
infection to severe pneumonia, often leading to ARDS and
death (reviewed in 143, 207–209). The range of illness is
broadly similar to that of SARS, but the frequencies of
subclinical and mild illness are much higher. Fever (98%),
chills or rigors (87%), cough (dry or productive) (83%), and
shortness of breath (72%) are common presenting symp-
toms; diarrhea or vomiting has been reported by around
one-third of the patients, whereas sore throat (14%) and
rhinorrhea (6%) are uncommon. Common chest radio-
graphic abnormalities include bilateral hilar infiltrates,
unilateral or bilateral patchy infiltrates, segmented or lobar
opacities, and ground-glass opacities, with the lower lobes
being generally more affected than the upper lobes, early in
the illness. Small pleural effusions may sometimes be seen.
Lymphopenia, thrombocytopenia, and high lactate dehy-
drogenase levels are seen in around one-third to one-half of
patients.

Because mild and asymptomatic infections are more
common in MERS, especially in younger persons such as
healthcare workers, the case descriptions and case fatality
ratios are likely biased by case ascertainment skewed to more
severely ill patients. Patients reported with MERS have been
older than those with SARS, and the overall disease pro-
gression of disease from onset to pneumonia (often within
the first week), time to requirement of ventilator support,
and time to death appear to be more rapid in MERS. Factors
predisposing to fatal outcome include age, underlying co-
morbidities, and viral load in nasopharyngeal specimens,
and, possibly, detection of viral RNA in plasma (155, 210).

Enteric Coronaviruses
The clinical features of possible enteric infections with co-
ronaviruses have not been clearly described. CVLPs have
been detected in stools from healthy subjects as frequently
as in stools from those with enteritis (64). On the other
hand, studies of disease in neonates and infants in the first
year of life have found statistically significant associations
between CVLPs and illness, either mild and self-limited
(65, 69) or severe, and, in some neonates, requiring surgical
intervention (62). One study comparing rotavirus and
CVLP-associated diarrhea in children found similar inci-
dences of fever and vomiting, but stools from children ex-
creting CVLPs more often were positive for occult blood
(18% versus 0%) and mucoid (32% versus 8%) (109).

LABORATORY DIAGNOSIS
Viral Detection
As for other respiratory viral infections, specimen collection
should be targeted to the anatomical site predominantly

affected (see Chapter 15). In clinical syndromes involving
the upper respiratory tract, nasopharyngeal swabs or aspirates
are the specimen of choice, with throat swabs being an al-
ternative. In illnesses where the disease largely involves the
lower respiratory tract with minimal involvement of the
upper respiratory tract (SARS, MERS), lower respiratory
specimens, including BAL, endotracheal aspirates (if the
patient is intubated), or sputum, are appropriate. Sputum is
not routinely considered a specimen of choice for viral di-
agnosis, but the experience with MERS suggests that sputum
provides a higher diagnostic yield than throat, nasal, or
nasopharyngeal specimens (154). However, optimization of
methods for RNA extraction from sputum is needed to avoid
occasional false-negative results because of high levels of
mucus. In the case of suspected SARS or MERS, stool, urine,
and blood (serum or plasma) are also useful specimens, al-
though they generally give a lower diagnostic yield than
lower respiratory specimens (154).

Primary isolation of respiratory HCoVs in cell culture is
difficult, and serial passage is frequently required (see above).
Respiratory HCoVs can be detected by immunofluorescence
of cells shed from the respiratory tract using commercially
available reagents (130) or polyclonal (211) or monoclonal
(141) reagents developed in individual laboratories. ELISA
for coronavirus antigen in nasal swabs or secretions has
limited sensitivity (212). ELISA and other antigen detection
assays for detecting MERS-CoV in camel swabs have been
reported, and more evaluation with human specimens is
awaited (213, 214).

RT-PCR, either conventional or real-time, has become the
diagnosticmethod of choice for detection of allHCoV strains.
There have been attempts to develop sets of “pancoronavirus”
primers and probes (131, 215), and such systems have been
used with success (193). However, type-specific primers have
greater sensitivity. With HKU1 viruses, there are three ge-
notypes, and it is important that the primers chosen will
detect all of these (216). With SARS, the small amount of
virus present in all clinical samples obtained in the early
phase of the illness has proven to be a diagnostic challenge,
even with sensitive RT-PCR methods. The use of multiple
specimens (including stool and blood) increases diagnostic
yields in the first few days of SARS illness. Diagnostic
algorithms for MERS typically involve screening with RT-
PCR primers targeting the RNA upstream of the E gene
(upE) and confirmation with primers targeting ORFs 1b or
1a (217, 218). A single negative result does not exclude a
diagnosis of MERS, and repeated testing using lower respi-
ratory specimens must be carried out. Many of the widely
used commercially available multiplex assays for detection of
endemic respiratory viruses do not detect MERS-CoV; thus,
it is important to make a specific request for MERS-CoV
diagnosis when clinically indicated.

Genotyping of MERS-CoV can be carried out by primers
targeting a 615-base-pair-long region in the S2 domain of
the spike gene (219). The full viral genome (or large parts of
it) can be sequenced directly from clinical specimens, es-
pecially when there is high viral load, and viral genetic
analysis can complement epidemiological studies in inves-
tigating outbreaks (e.g., within hospitals) (136). Isolation of
virus in cell culture often leads to the introduction of amino
acid substitutions associated with cell culture adaptation
(220). Thus, virus sequence analysis for molecular epide-
miology is best based on virus sequence derived directly from
the clinical specimen.

The diagnosis of enteric coronavirus infection depends
on finding the characteristic particles in stool samples
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examined by EM. No culture, antigen detection, or nucleic
acid amplification system was available by early 2016.

Serology
A number of serological assays have been used for detecting
coronavirus infections. Historically, complement fixation
(CF), hemagglutination inhibition, and virus neutralization
tests were used for epidemiological studies and for diagnosis
of 229E and OC43 infections. CF antibody responses ap-
peared relatively short lasting and possibly broadly cross-
reactive across the then known as well as unknown endemic
HCoV, whereas neutralizing antibody was more type specific
and lasted many years (112). Neutralization tests (neutrali-
zation of CPE or plaque reduction neutralization tests) are
thus generally regarded as the most specific and the “gold-
standard” serologic tests. ELISA assays and immunofluores-
cence (IF) tests have also been used.

In IF tests, IgM antibodies in response to SARS remained
detectable for more than 6 months after the onset of illness.
While SARS CoV infections induce an anamnestic IgG
antibody response to the 229E and OC43 viruses, these
cross-reactive antibodies remain of high avidity from early
(the first month) postinfection. Thus, assays to detect low-
avidity antibody may be useful for discriminating early
from late antibody responses and also for distinguishing
anamnestic cross-reactive antibody responses from prima-
ry specific responses (221). Line immunoassays based on
nucleoprotein to HCoVs 229E, OC43, NL63, HKU1, and
SARS-CoV have been evaluated. There is considerable
cross-reactivity between the two betacoronaviruses OC43
and HKU1 and between the betacoronaviruses 229E and
NL63 (222). There is, however, no cross-reactivity with
SARS-CoV.

For the serodiagnosis of MERS, ELISA or IF assays based
on whole virus or virus-infected cells may sometimes detect
cross-reacting antibody elicited by other coronaviruses. The
S1 region of the spike protein is more specific. ELISA assays
to detect MERS-CoV S1 antibody have been developed and
commercialized (223). Antibody arrays using the S1 region
of multiple human coronaviruses (including MERS-CoV)
spotted on a glass slide have also been developed (36). Any
sera positive with ELISA, IF, or antibody array tests need to
be confirmed by a neutralization test. Conventional neu-
tralization tests with viruses such as SARS-CoV or MERS-
CoV require biosafety level-3 (BSL-3) containment because
they necessitate the use of live virus. A pseudoparticle
neutralization test expressing the MERS-CoV spike protein
on the surface of a replication-incompetent human immu-
nodeficiency virus (HIV) backbone with a reporter gene has
proved to correlate very well with the plaque reduction
neutralization test results (182, 224). This pseudoparticle
neutralization test does not require BSL-3 containment and
can be performed in BSL-2 laboratories. Kinetics of immune
responses of SARS and MERS are discussed in the section
on Immune Responses (above).

PREVENTION
General
Because MERS can be acquired zoonotically, it is important
to educate persons living within MERS-endemic areas and
those traveling to such regions to avoid close contact with
dromedary camels, drinking fresh camel milk, contact with
other camel secretions, and consuming under-cooked camel
meat. If contact with these animals becomes unavoidable,

appropriate hygiene measures should be used as soon as
possible. The virus is shed mainly from the camel’s nose and
upper respiratory tract; thus, it is particularly important to
avoid contact with these areas. In patients with confirmed
MERS, in addition to infection prevention and control
measures in healthcare settings, tracing and quarantine
(within their homes or in hospital) of close contacts is re-
quired (225).

Infection Control and Prevention
As with other respiratory viruses, infection prevention and
control measures for coronaviruses include administrative
controls to manage patient flow, with clinical triage of those
with acute respiratory infections, prevention of overcrowd-
ing in waiting areas, spatial separation of at least 1 meter
between patients, adequate environmental ventilation, ap-
propriate hand hygiene, and rational use of personal pro-
tective equipment. For patients with acute respiratory
infections, standard precautions should be supplemented by
the use of a medical mask when in close contact (1meter) of a
patient or when entering the patient room. Consider the use
of a mask on the patient to minimize spread of infectious
droplets, especially if it becomes essential to move the patient
outside of the room. When performing aerosol-generating
procedures (e.g., tracheal intubation, tracheotomy, nonin-
vasive ventilation, manual ventilation prior to intubation,
etc.), additional precautions (fit-tested particulate respirator,
eye protection, long-sleeved gowns, fluid-resistant aprons)
are needed (225).

For MERS, specific enquiry needs to be made about
travel to MERS-endemic regions, evidence of risk exposures
(camel contact, visit to healthcare facility in endemic areas,
contact with known MERS patients), contact with an ill
returning traveler from affected countries, or work in a
laboratory where MERS-CoV exposure may have taken
place. When MERS is suspected, additional precautions
include the placement of the patient in a single room,
preferably with negative pressure ventilation; limiting the
number of healthcare workers, caregivers, and family mem-
bers accessing the patient; sending appropriate specimens for
urgent laboratory diagnosis; the use of a particulate respira-
tor, eye protection, gown, gloves, and hand hygiene imme-
diately before and after patient contact or entering the
patient area; and the use of disposable or dedicated equip-
ment (stethoscopes, blood pressure cuffs, thermometers,
etc.). The use of portable X-ray equipment and other diag-
nostic equipment, which can minimize movement and
transport of patients out of the barrier nursing area, needs to
be considered (225). These additional barrier nursing pre-
cautions should be in place for the duration of the symp-
tomatic illness and continued for at least 24 hr after
symptoms have resolved. Patient information, such as im-
mune status and use of immune-suppressive medication
(e.g., corticosteroids), also needs to be considered. MERS-
CoV viral load in respiratory specimens would also be useful
to monitor in this context. However, it is not clear if low-
level MERS-CoV detection by RT-PCR late in the illness
necessarily implies that the patient is infectious.

Vaccines
At present, there is no effective vaccine for any of the hu-
man coronaviruses. Antibodies to the S protein of corona-
viruses are neutralizing, the critical epitopes being those in
the receptor-binding domain. Research on vaccine devel-
opment for SARS-CoV was initiated after the outbreak in
2003, but there was waning of research funding when no
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further cases occurred. Animal studies on vaccine-induced
protection, on adoptive transfer, and on T-cell depletion
suggest that antibody is necessary and sufficient to confer
protection against SARS. Subunit vaccines, whole-virus
inactivated vaccines, vaccines that use various live-virus
vectors, and DNA vaccines have been tested in various
animal model systems, and many of these modalities have
shown promise (226). Phase 1 studies with an inactivated
SARS-CoV vaccine demonstrated safety and immunoge-
nicity (227). However, the persistence of the antibody re-
sponses was not assessed, and, furthermore, volunteers were
young and healthy (age range 21–40 years); thus, immuno-
genicity in older persons remains unclear. Antigenic diver-
sity and lack of cross-neutralization between the human
SARS-CoV used for vaccine development and precursor
SARS-CoV-like viruses found in small mammals in live-
game markets (e.g., civets) and bats, both of which are likely
sources of any new SARS outbreak, pose a problem for
vaccine development (228). However, some monoclonal
antibodies cross-neutralize and cross-protect against both
human and animal (palm civet) coronaviruses, but perhaps
not those from bats, which is one source of potential SARS
re-emergence (229). Vaccines for coronaviruses carry the
risk that paradoxical disease enhancement may occur, as has
been seen with vaccines for feline peritonitis virus (230).
Although such effects were not seen with many of the
vaccines studied, there were some examples of vaccine-
elicited immunopathology. Mice, ferrets, and macaques im-
munized with some SARS vaccines led to Th2-mediated
immunopathology in the lung upon SARS-CoV challenge,
an effect that was more pronounced in vaccines containing
only the N protein (231).

Vaccines against MERS-CoV are being developed, pri-
marily based on generating immunity to the spike protein.
All MERS-CoV strains tested so far form one serotype
with cross-neutralization between strains (see above) (61,
182). Thus, antigenic diversity may not be a problem for
vaccine development. Spike DNA and subunit protein
vaccines have provided protection in experimental mouse
and primate model studies (181). Recombinant vaccines
expressing MERS-CoV spike protein in a vaccinia vector
have provided protection from experimental challenge in
mouse models and in dromedary camels (232). A key re-
maining question pertains to the duration of such immunity,
because there is evidence the natural infection does not
prevent reinfection in camels. MERS vaccines are expected
to go into Phase 1 human clinical trials soon (e.g., NCT
02670187).

Chemoprophylaxis
Adouble-blind, placebo-controlled study of self-administered
intranasal recombinant human IFN-alpha A given both
before and after virus challenge reduced incidence of colds,
the severity of symptoms and signs, and virus replication as
compared with those given placebo (233). Protection by
intranasal IFN against HCoVs has not been demonstrated
under field conditions.

In experimental animal models, MERS-immune anti-
body can effectively prevent and treat MERS-CoV infec-
tions (234, 235). Hence this approach was used as a primary
treatment for a patient with MERS-CoV infection and as
prophylaxis for his spouse, although it was not possible to
assess efficacy in this anecdotal setting (236). Passive im-
munotherapy with polyclonal MERS-CoV immune serum or
humanized MERS-CoV neutralizing monoclonal antibodies
is effective in prophylaxis in experimental models of MERS

(237). Thus, this potential option for postexposure pro-
phylaxis of MERS requires study.

TREATMENT
Supportive Care
No specific antivirals are proven effective for any coronavirus
infection, and good supportive treatment is the mainstay for
clinical management. Syndrome-related symptomatic ther-
apy is indicated. In infections leading to severe respiratory
illness leading to ARDS, as occurs with SARS and MERS,
ventilation using a lung-protective strategy with small tidal
volume is advised (238). The use of corticosteroids in viral
pneumonia leading to ARDS is in general to be avoided,
except in patients with refractory shock or other clinical
indication for corticosteroid use. In a retrospective cohort
study of patients with SARS, corticosteroid use was associ-
ated with worsened outcome and a prolongation of viral
shedding (239).

Antiviral Treatment
Because of the clinical severity and lack of prior data for
SARS, various treatments have been attempted for SARS
patients. During the outbreak of 2002–2003, many patients
were treated with intravenous or oral ribavirin, and those
with severe disease also received systemic corticosteroids,
often in high doses. A systematic review of different treat-
ments used for SARS found evidence for inhibition of
SARS-CoV in vitro by ribavirin, lopinavir, and type I IFN
(239). Observational trials of convalescent plasma or in-
travenous immunoglobulin (IVIG), type I IFN, ribavirin,
and lopinavir/ritonavir were inconclusive. Corticosteroid
therapy worsened clinical outcomes (239) and increased
duration of virus shedding. Pegylated IFN had therapeutic
efficacy in macaques, and IFN-alfacon1 may have had some
beneficial effect in a preliminary clinical study in humans
(240).

Potentially useful drugs for treatment of MERS have been
identified on the basis of the in vitro experimental animal
studies and, where available, any human clinical studies
(240–242). MERS-CoV is inhibited by type I IFN in vitro,
and IFN-alpha2b combined with high doses of ribavirin
modestly reduced viral titers and lung pathology in experi-
mentally infected rhesus macaques (241). Lopinavir/ritona-
vir or IFN-beta1b treatment improved outcome in common
marmosets infected with MERS-CoV, but there are criti-
cisms about the experimental model used (242). One ob-
servational study of IFN-alpha2b combined with ribavirin
treatment in several severely ill patients with MERS found
evidence of lower mortality at day 14 but not at day 28, and
other observational studies have not yielded encouraging
results (210). A number of other compounds (e.g., chloro-
quine, chlorpromazine, loperamide, lopinavir) have shown
inhibitory effects of MERS-CoV in vitro, but their effec-
tiveness in vivo remains unclear (reviewed by 143).

Passive immunotherapy with neutralizing antibodies
from convalescent plasma, equine or camel immune sera,
anti-S monoclonal antibodies, and polyclonal human anti-
bodies from transgenic cows have also been identified as
potentially beneficial (244). Passive immunotherapy has
shown some promise in animal models of SARS (245), and a
meta-analysis of clinical trials demonstrated a possible re-
duction of mortality (244). Clinical trials in MERS patients
are anticipated with one or more of these immunothera-
peutics.
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Arthropod-Borne Flaviviruses
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In 1901 the prototype flavivirus disease, yellow fever, was
the first human illness shown to be caused by a filterable
virus, and, in 1927, it became the first member of the fla-
vivirus family to be isolated. The Flaviviridae derive their
name from yellow (flavus, Latin) fever. From the medical
perspective, the flaviviruses are the most important group of
arthropod-borne viruses (arboviruses). Dengue fever and
dengue hemorrhagic fever (DHF) are major causes of human
morbidity worldwide. Yellow fever remains an epidemic
threat in Africa and South America. Since its introduction
into North America, West Nile virus (WNV) has caused
annual outbreaks of encephalitis and febrile illness in North
America and has spread throughout the Americas as far
south as Argentina; Japanese encephalitis (JE) remains a
major cause of viral encephalitis in Asia.

VIROLOGY
Classification
The Flaviviridae constitute a structurally unique virus family
of positive-sense, single-stranded RNA viruses, divided into
the genera Flavivirus, Pegivirus, Pestivirus, and Hepacivirus.
There are approximately 60 distinct agents in the Flavivirus
genus, most of which are transmitted by arthropods (mos-
quitoes or ticks), and more than half are associated with
human disease. Classification of viruses within the Flavivirus
genus has been traditionally based on antigenic distinctions,
and each of the 60 virus species represents a distinct “spe-
cies” or serotype. Using the neutralization test, flaviviruses
have been classified into at least eight antigenic complexes,
of which six contain human pathogens (1). More recently,
nucleotide sequencing has assumed a prominent role in de-
termining relationships among viruses and identifying which
are termed “species.” The current virus species and their
groupings are shown in Table 1. Twelve virus groups have
been identified, and an additional group of viruses has been
found in insects (insect-specific flaviviruses). Recently a
large number of flaviviruses have been identified from either
mosquitoes or ticks that do not replicate in vertebrate hosts
and have no apparent pathogenic effects in humans (2).
While it is clear that these are related to currently identified
flaviviruses, it is unclear if they are members of the Flavivirus
genus. For this reason, they are not considered further in this
chapter. The classification of the tick-borne flaviviruses is
still being debated (3).

The viruses within the tick-borne, dengue, and Japanese
encephalitis serocomplexes are most closely related to each
other, sharing up to 77% of their amino acid sequences,
whereas homology across the serocomplexes is only 40% to
45%. Immunological cross-protection between viruses is not
observed for agents with < 70% sequence homology, but
incomplete or partial cross-protection may be present across
closely related viruses within a serocomplex. Many closely
related members of a serocomplex are allopatric species (i.e.,
subdivided into geographically isolated populations), so that
immunological interactions do not occur naturally. Ex-
ceptions with overlapping geographic distributions (e.g.,
dengue serotypes, Japanese encephalitis West Nile) will be
noted in the text.

Flaviviruses undergo high rates of mutation characteristic
of RNAviruses, and each species consists of multiple genetic
variants. Genetic variation is tempered by the requirement
to maintain sufficient genetic stability to ensure fitness in
hosts and vectors belonging to different phyla. Recombina-
tion within species contributes to strain variation of hyper-
endemic viruses (such as dengue) that have high rates of co-
infection of hosts and vectors (4). An analysis of flavivirus
phylogenetic changes by comparing complete E glycoprotein
nucleotide sequences showed that the mosquito-borne fla-
viviruses (like dengue) have undergone explosive genetic
diversification within the last 200 years, whereas the more
primitive tick-borne viruses evolved slowly (5), probably
due, in part, to the different ecologies of the viruses. The
recent evolution of dengue viruses is associated with the
expanding size and dispersal of human host and vector
populations, while the tick-borne agents are transmitted in
stable environments between small terrestrial mammal hosts
and vectors with a long reproductive cycle.

Composition
Flavivirus particles are approximately 50 nm in diameter and
have a spherical nucleocapsid surrounded by a lipid-bilayer
envelope with small surface projections, comprised of E
glycoprotein dimers anchored to the virus membrane. The
envelope protects the genome from cellular nucleases. Li-
pases, organic solvents, and detergents disrupt the virus
envelope and inactivate flaviviruses.

The flavivirus genome is a single strand of RNA of pos-
itive polarity containing approximately 11,000 nucleotides
(6) and is composed of a short 5’ noncoding region, a single
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TABLE 1 List of members and tentative members of genus Flavivirus

Vector Group Species Subtype Comments Genomic sequence

Tick-borne Mammalian
tick-borne

Gadgets Gully +

Kadam +
Karshi +
Langat +
Kyasanur Forest disease +

Alkhumra Genetic variant of Kyasanur
Forest disease virus

+

Langat +
Louping ill British +

Irish +
Greek +
Spanish +
Turkish +

Omsk haemorrhagic fever +
Powassan +

Deer tick Genetic variant
of Powassan virus

+

Royal Farm +
Tick-borne encephalitis Central European +

Far eastern +
Siberian +

Tick-borne Seabird
tick-borne

Meaban +

Saumarez Reef +
Tyuleniy +

Mosquito-
borne

Aroa Aroa +

Bussuquara +
Iguape +
Naranjal +

Mosquito-
borne

Dengue Dengue type 1 +

Dengue type 2 +
Dengue type 3 +
Dengue type 4 +

Mosquito-
borne

Kedougou +

Mosquito-
borne

Japanese
encephalitis

Alfuy +

Cacipacore +
Koutango
Japanese encephalitis +
Murray Valley encephalitis +
St. Louis encephalitis +
Usutu +
West Nile +

Kunjin +
Yaounde

Mosquito-
borne

Kokobera Kokobera +

New Mapoon Tentative species
Stratford +

(Continued)

1268 - THE AGENTS—PART B: RNA VIRUSES



long open reading frame containing more than 10,000 nu-
cleotides, and a 3’ noncoding region (3’NCR) of variable
length that is usually devoid of poly A tracts. The long open
reading frame encodes 3 structural proteins at the 5’ end,
which are the capsid (C), premembrane (prM), and enve-
lope (E) proteins. These are followed downstream by 7
nonstructural (NS) proteins in the sequence NS1, NS2A-
NS2B-NS3-NS4A-NS4B-NS5 (Table 2). The structural
proteins are incorporated into the mature virion, whereas
the NS proteins play various roles in virus replication and

polypeptide processing. The polyprotein is co- and post-
translationally cleaved to yield the individual proteins.
Translation occurs at the rough endoplasmic reticulum (ER),
so that the prM, E, and NS1 proteins are translocated,
whereas the others remain on the cytoplasmic side of the
host-cell membrane. Cell-associated virions within the ER
are morphologically identical to extracellular particles.

The capsid protein interacts with RNA to form the virion
nucleocapsid. The prM glycoprotein forms an intracellular
heterodimer, stabilizing the E polypeptide during exocytosis.

TABLE 1 List of members and tentative members of genus Flavivirus (Continued)

Vector Group Species Subtype Comments Genomic sequence

Mosquito-
borne

Ntaya Bagaza +

Ilheus +
Israel turkey

meningoencephalomyelitis
+

Ntaya +
Rocio +
Tembusu +

Mosquito-
borne

Spondweni Spondweni +

Zika +
Mosquito-
borne

Yellow fever Banzi

Bouboui
Edge Hill
Jugra
Saboya

Potiskum
Sepik +
Uganda S
Wesselsbron +
Yellow fever +

No known
vector

Entebbe bat Entebbe bat Genetically Entebbe bat group
is in the yellow fever group

+

Sokoluk +
Yokose +

No known
vector

Modoc Apoi +

Cowborne Ridge
Jutiapa +
Modoc +
Sal Vieja
San Perlita

No known
vector

Rio Bravo Bukalasa bat

Carey Island
Dakar Bat

Batu Cave +
Montana myotis
leukoencephalitis

+

Phnom Penh +
Rio Bravo +
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The prM protein is cleaved before virus release from the cell,
leaving a small M structural protein anchored in the virus
envelope, and releasing the larger 18–19 kDa “pr” glyco-
peptide segment into the extracellular medium.

The E glycoprotein contains antigenic determinants for
hemagglutination and neutralization. Antibodies directed at
E and prM determinants also mediate the phenomenon of
antibody-dependent enhancement (ADE) of infection in
the pathogenesis of dengue hemorrhagic fever (7–9). The E
protein is also involved in attachment to cells and fusion of
the viral and host-cell membrane during virus entry into the
cell, and thus is a major factor in virus virulence. Mutations
in the E gene are often responsible for significant alterations
in biologic functions of the virus and may affect virulence;
however, virulence is multigenic, and evidence suggests that
most virus-encoded proteins and 3’NCR contribute to
pathogenicity.

The three-dimensional crystallographic structure of the E
glycoprotein reveals a head-to-tail dimer composed of a 170-
Å-long rod anchored to the membrane at its basal end with

its long axis parallel to the virion surface (10) and is typical
of a class II fusion protein characteristic of alphaviruses and
flaviviruses. The C-terminus resembles an immunoglobulin
constant domain and is connected by a hinge region to a
central portion of the molecule (domain I) with up-and-
down topology consisting of eight antiparallel strands and
containing the N-terminus. Two long loops (domain II)
extend outward from this part of the protein and play a role
in dimerization of the molecule. A conserved stretch of 14
amino acids at the end of one of the domain II loops is
responsible for fusion of the viral envelope and the mem-
brane of the host cell (11). The fusion event is acid-
dependent and occurs within endosomal vesicles, releasing
the uncoated nucleocapsids into the cytoplasm of the in-
fected cell. The fusion process also results in an irreversible
rearrangement of the E protein into a trimeric form. Domain
III contains a ligand(s) involved in binding-cell receptors.
An Arg-Gly-Asp (RGD) protein sequence in domain III
is involved in attachment to glycosaminoglycan receptors
(e.g., heparan sulfate) on cell membranes, but other ligand-

TABLE 2 Flavivirus proteins and their known or suspected functions

Protein Location
Mol

mass (kDa)
Function

Replication Immunity

C Capsid 9–12 Associates with RNA in nucleocapsid T cell epitopes
prM Premembrane

(immature
virion)

18–19 Chaperone for E protein; proper folding
and stabilization during virus
maturation and exocytosis

Protective immunity (minor role,
induces low titer neutralizing antibody)

M Membrane
(mature
virion)

7–9 Control of fusion events (with E) T-helper epitope?, induces low titer
neutralizing antibody

E Envelope 55–60 Receptor binding; mediation
of membrane fusion in
endosome and virus
internalization; dissociation
of nucleocapsids

Neutralizing (protective) antibody,
CTL epitope(s), Th epitopes, immune
enhancement, hemagglutination
inhibition antibody

NS1 Nonstructural 42–50 Involved in RNA replication
and virion assembly/maturation

Antibody, complement-dependent
cell lysis; CTL epitopes

NS2A 18–22 Assembly; release ? CTL epitope; interferon antagonist
for West Nile virus

NS2B 13–15 Central domain associated
with functional NS3 protease

NS3 67–70 Serine protease (posttranslational
processing of viral proteins),
helicase, nucleoside
triphosphatase, RNA
5’-triphosphatase;
RNA capping

Nonneutralizing antibody; CTL epitopes

NS4A 16 Integral membrane protein; induces
endoplasmic reticulum membrane
rearrangement; regulates ATPase
activity of NS3 helicase; part
of replication complex

? CTL epitope; induces autophagy

NS4B 27–28 Integral membrane protein;
part of replication complex

? CTL epitope; RNA interference; formation
of stress granules; unfolded protein response;
interferon antagonist for West Nile
and dengue-2 viruses, and others?

NS5 104–106 RNA-dependent RNA polymerase,
methyltransferase, RNA capping

Nonneutralizing antibody; CTL epitope;
interferon antagonist for Langat
and Japanese encephalitis viruses;
induction of IL-8

1270 - THE AGENTS—PART B: RNA VIRUSES



receptor interactions probably also occur. To date, no cell
receptor has been conclusively proven for any flavivirus.
Discontinuous (conformational) neutralization determi-
nants are scattered across all three structural domains but
tend to be located on the accessible surface of the E protein,
with critical determinants located on domain III and near
the fusion peptide region. In addition to infectious virions,
several noninfectious subvirus structures are present on, or
are released from, infected cells.

The NS1 protein both is released extracellularly and
is associated with the plasma membrane of infected cells
in the form of a dimeric structure anchored to glycosyl-
phosphotidylinositol (12). The secreted form is antigenic
(“soluble complement fixing” antigen), containing both
virus-specific and cross-reactive epitopes, and for dengue is
also detectable in blood for diagnostic purposes.Antibodies to
NS1 do not react with the virion and exhibit no neutralizing
activity. Protective immunity is mediated by antibody- and
complement-mediated lysis of cells bearing NS1 targets (13).

NS3 functions as a serine protease, involved in post-
translational cleavage of the virus polyprotein, and also has
RNA helicase, NTP phosphatase, and RNA triphosphatase
activities. The protein is present in cell membranes, stimu-
lates virus-specific T-cell responses, and is a target for attack
by cytotoxic T cells containing multiple dominant epitopes
for CD4+ and CD8+ T lymphocytes in both mice and hu-
mans (14). Like NS3, the NS5 protein is also highly con-
served; it functions both as the RNA-dependent RNA
polymerase in virus replication and as a methyltransferase in
5’ cap methylation. The functions of the other NS proteins
in replication are poorly defined. NS2A, NS4A, and NS4B
function as interferon antagonists for West Nile and dengue-
2 viruses (15), while NS5 has the same activity for Langat
and JE viruses.

Replication Strategy
Flaviviruses enter cells by attachment to heparan sulfate or
other, as yet undefined, receptors, followed by uptake of the
virus into cells by receptor-mediated endocytosis in clathrin-
coated vesicles. Subsequent low-pH-induced fusion of the
viral envelope and endosomal membrane involves an acid-
mediated change in the configuration of Domain II of the E
glycoprotein. The nucleocapsids are released into the cyto-
plasm, after which the uncoated genomic mRNA is trans-
lated into a polyprotein that includes the polymerase,
protease, and helicase enzymes (NS5 and NS3) required for
continued replication. This genomic RNA also forms the
template for synthesis of complementary negative RNA
strands, which serve in turn as templates for full-length plus
strands. The progeny genomic mRNA serves two functions.
First, it synthesizes additional negative strands that serve as
templates for more progeny-genomic RNA that will be as-
sembled into virions, and, second, it translates the mRNA to
yield additional nonstructural and structural viral proteins
required for continued replication and virion assembly. As-
sembly of virus particles occurs in close association with ER.
Virus particles are transported through the ER to the plasma
membrane, where they are exocytosed.

Propagation in Cell Culture
Many cell-culture types of human, monkey, rodent, swine,
and avian tissue origins are useful for the replication and
assay of flaviviruses (Table 3). Monkey kidney cells (Vero,
LLC-MK2), hamster kidney (BHK-21), porcine kidney
(PS), human adrenal carcinoma (SW-13), as well as primary
chick or duck embryo cells, have been widely used. Virus

titers of 106 to 108 tissue-culture-infective doses (TCID50),
or PFU per milliliter, are readily achievable for most viruses
in the genus. Both cytopathic effects (CPE) and plaque/focus
formation are observed in these cells, but these vary con-
siderably with the specific virus and host cell (see below).
Flavivirus replication in cultured cells may also be measured
by detection of antigen or nucleic acid in the cytoplasm of
cells by immunocytochemistry or in supernatant fluids by
enzyme-linked immunosorbent assay (ELISA), complement
fixation (CF), or reverse-transcriptase polymerase chain re-
action (RT-PCR).

Mosquito cell cultures, including C6/36 Ae. albopictus
cells, are widely used for virus isolation or assay. Cytopathic
effects (CPE; syncytium formation) and plaque formation
occur after infection with some viruses, but others are
noncytopathic. Tick-borne flaviviruses replicate in tick cell
cultures without causing CPE. The mosquito-borne group
viruses replicate well in mosquito, but not tick cell, cultures;
the converse is true for the tick-borne group viruses (16),
whereas the no-vector group does not replicate in either.
While most flaviviruses replicate in vertebrate cell cultures,
some flaviviruses replicate in mosquito or tick cells only (2).
Some viruses can replicate to some extent both in tick and
mosquito cell cultures (e.g., WNVand St. Louis encephalitis
[SLE] virus), which correlates with occasional field obser-
vations.

Multiplication in cell culture includes a rapid absorption
phase, followed by an eclipse phase of approximately 10 to
12 hours, after which infectious virus first appears and enters
a log phase of replication lasting 18 to 24 hours. Peak titers
in fluid phase cultures may appear after 24 hours at high
multiplicities of infection, but multiplication of some flavi-
viruses is considerably slower. Persistent infection without
cytopathology has been demonstrated in a variety of ar-
thropod and vertebrate cell lines. Progeny virus from such
cultures may have altered antigenic properties, reduced vir-
ulence, or temperature sensitivity.

Inactivation by Physical and Chemical Agents
Flaviviruses are rapidly inactivated by ionic and nonionic
detergents, trypsin, ultraviolet light, g-irradiation, formal-
dehyde, b-propiolactone, ethyleneimine, and most disin-
fectants, including chlorine, iodine, phenol, and alcohol.
The viruses are optimally stable at temperatures below
- 70oC, and they are rapidly inactivated in blood or other
liquids within 30 min at 56oC. Flaviviruses are optimally
stable at pH 8.4 to 8.8 and, with the exception of some tick-
borne viruses, are rapidly degraded at low pH. Sensitivity to
acid, bile, lipases, and proteases in the gastrointestinal tract
generally precludes infection by the oral route, although tick-
borne encephalitis may be acquired by ingestion of milk.

BIOLOGY
Host Range and Route of Infection
The host range of specific flaviviruses varies considerably by
individual agent (reviewed by Weaver and Barrett) (17). In
general, laboratory rodents (mice and hamsters) are suscep-
tible to infection and develop lethal encephalitis after in-
tracerebral inoculation (Table 3). Many hosts that get
clinical disease are dead-end hosts due to low viremia such
that biting mosquitoes/ticks cannot be infected during
feeding (Table 3). Flaviviruses all have transmission cycles
involving wild vertebrate species and infect their natural
vertebrate hosts via the bite of blood-feeding arthropods.
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TABLE 3 Host range and cell culture systems most useful for isolation and assay of flaviviruses, and vectors demonstrating infection and transmission in the laboratory

Virusa
Laboratory host
(lethal infection)a

Economically
important animala,f Nonhuman primatea Cell culture Arthropod vector

CEE viruse SM (i.c., i.p.), WM (i.c.),
WH (i.c.), CE

Goat, sheep
(encephalitis, i.c.)

Rhesus, cynomolgus
(encephalitis, i.c.)

Vero, CE, BHK, HeLa, PS Ixodes ticks

DEN virus SM (i.c.)b, WM (i.p.)d Rhesus (s.c., viremia) LLCMK2, BHK, PMK, C6/36 Aedes and Toxorhynchites
mosquitoes

JE viruse SM (i.c., i.p.), WM (i.c.), CE Horse (encephalitis,
i.c., i.n.), pig
(viremia, s.c.)

Vero, LLCMK2, CE, C6/36 Culex and Aedes mosquitoes

KFD viruse SM (i.c., i.p.), SH (i.c.),
WM (i.c., i.p.)

Rhesus (viremia,
i.c., s.c.)

BHK, PMK, LLCMK2,
Vero, HeLa, CE

Haemaphysalis ticks

OHF viruse SM (i.c., i.p.), WM (i.c., i.p.),
WH (i.c.), GP (i.c.)

Muskrat
(hemorrhagic disease)

Rhesus
(encephalitis, i.c.)

BHK, PS, HeLa, CE Dermacentor ticks, Culex
and Aedes mosquitoes

MVE viruse CE, SM (i.c., i.p.), WM (i.c., i.p.),
WH (i.c., i.p.)

Sheep (encephalitis, i.c.) CE, PS, BHK, Vero, LLCMK2

POW viruse SM (i.c., i.p.), WM (i.c., i.p.) Rhesus
(encephalitis, i.c.)

BHK, LLCMK2, Vero, PS Ixodes ticks

ROC viruse SM (i.c., i.p.), WM (i.c., i.p.),
SH (i.c., i.p.), WH (i.c., i.p.)

DE, Vero, PS, BHK, MA-104 Aedes mosquitoes

SLE viruse SM (i.c., i.p.), SM (i.c., i.p.);
WH (i.c.), WH (i.c.)

Rhesus
(encephalitis, i.c.)

DE, CE, Vero, LLCMK2,
PS, BHK, SW13

Culex mosquitoes

WN viruse SM (i.c., i.p.), WM (i.c., i.p.),
chick (i.c., s.c.), WH (i.c.)

Horse (viremia) Rhesus
(encephalitis, i.c.)

CE, BHK, Vero, LLCMK2,
PS, C6/36

Culex, Aedes, and Anopheles
mosquitoes

YF virus SM (i.c., i.p.), WM (i.c.),
WH (i.c.), WH (i.p.)c

Rhesus, cynomolgus
(encephalitis, i.c.;
hepatitis, s.c.)

AP 61, Vero, LLCMK2,
BHK, SW13, C6/36

Aedes and Toxorhynchites
mosquitoes

aAbbreviations: CEE, Central European encephalitis; DEN, dengue; JE, Japanese encephalitis; KFD, Kyasanur Forest disease; OHF, Omsk hemorrhagic fever; MVE, Murray Valley encephalitis; RSSE, Russian spring-summer encephalitis; SLE,
St. Louis encephalitis; WN, West Nile; YF, Yellow fever; SM, suckling mouse; SH, suckling hamster; WM, weaned mouse; WH, weaned hamster; GP, guinea pig; i.c., intracerebral route; i.p., intraperitoneal route; i.n., intranasal route; s.c.,
subcutaneous route; DE, primary duck embryo; CE, primary chicken embryo; BHK, baby hamster kidney; SW13, human adrenal carcinoma; Vero, LLCMK2, MA-104, monkey kidney; PS, porcine kidney; C6/36, A. alboptictus; AP61, A.
pseudoscutellaris.

bOften requires adaptation by brain serial passage.
cOften requires adaptation by liver serial passage.
dAG129 and nude mice.
eHumans are dead-end hosts due to insufficient viremia for a mosquito/tick to pick up the virus during feeding.
fAll economically important animals are dead-end hosts.

1
2
7
2



Several mosquito-borne zoonotic viruses in the JE complex
cause central nervous system (CNS) disease in both humans
and domesticated livestock, particularly horses. Viruses in
this group also infect wild birds, which serve as intermediary
hosts in transmission cycles. In a balanced virus ecosystem,
wild birds infected with flaviviruses typically do not suffer
overt clinical signs of disease (e.g., Japanese encephalitis
virus) but sometimes this is not the case (e.g., West Nile
virus in American crows). Rodents, insectivores, and birds
are involved in transmission of TBE complex viruses, typi-
cally without causing disease in these hosts. Tick-borne
flaviviruses also cause zoonotic disease in humans and do-
mestic livestock. Kyasanur Forest disease virus (a member
of the TBE complex) causes fatal illness in nonhuman pri-
mates, and Omsk hemorrhagic fever causes illness and death
in an exotic rodent species (muskrats) introduced from
North America to Russia. Yellow fever and dengue viruses
are principally human pathogens but also infect certain
nonhuman primates and, in the case of yellow fever, produce
a similar illness (hepatitis) in certain neotropical monkey
species.

Arthropod-borne flaviviruses are infectious for mosquito
and tick vectors by the oral route and replicate to high titers
in arthropod tissues. Of the approximately 60 flaviviruses, 16
have no known arthropod vector and are presumably
transmitted directly between specific vertebrate-reservoir
host-species, including rodents and bats. Contact infection
of these hosts may be transmitted by the respiratory or oral
route or by bites. Only isolated cases of human illness caused
by a rodent-borne (Modoc virus) or bat-borne virus (Dakar
bat virus) have been reported, but this observation may re-
flect lack of exposure rather than host-range restriction.

Arthropod Infection
Medically important flaviviruses are transmitted by the bite
of infected mosquitoes or ticks, which are true biologic (as
opposed to mechanical) vectors. After ingestion of a blood
meal containing virus, replication occurs in midgut epithe-
lial cells, and virus is released into the hemolymph, whence
it invades the salivary gland. Ultimately virus is secreted in
saliva during refeeding on a susceptible vertebrate host. The
interval between the ingestion of virus-containing blood and
the salivary secretion of virus (extrinsic incubation period) is
critical to transmission, because this interval must not ex-
ceed the lifespan of the arthropod. Increased temperature
shortens the extrinsic incubation period and may thus in-
crease the rate of virus transmission in nature. In general,
flaviviruses do not induce pathologic changes in the ar-
thropod vector.

Mosquito-borne flaviviruses are amplified in nature by
sequential passage through vectors and vertebrate hosts.
Because of the small volume of blood ingested by the vector,
the threshold concentration of virus in vertebrate blood
required to infect 1% of vectors is quite high (33 to 5log10
infectious units/mL). Hosts that do not circulate virus at
high titer, the so-called “dead-end hosts,” are excluded from
transmission cycles. This is true for human beings in the case
of most flaviviruses, notable exceptions being dengue and
yellow fever. Ticks imbibe much larger volumes of blood
over a long period of time. This adaptation requires down-
regulation of the host’s coagulation, inflammatory, and im-
munological responses by proteins contained in tick saliva
(18). TBEVs are transmitted efficiently from infected to
uninfected ticks via tick saliva shared during simultaneous
feeding on a vertebrate host. WNV can be transmitted from
infected to uninfected mosquitoes feeding on birds.

Vertical transmission in arthropods is an important
mechanism for overwinter survival of some flaviviruses.
Flaviviruses infect the genital tract of male and female
mosquitoes, and virus enters the ovum at the time of fertil-
ization. Venereal transmission of flaviviruses from male to
female mosquitoes also occurs. The mechanism of trans-
ovarial transmission of tick-borne flaviviruses remains to be
elucidated.

PATHOGENESIS
Virus-Host Interactions
Human disease caused by flaviviruses may be classified syn-
dromically as either (i) CNS infection; (ii) hemorrhagic fe-
ver; or (iii) fever-arthralgia with or without rash. By contrast,
mice develop encephalitis after infection with most flavivi-
ruses, with the exception of mice deficient in both alpha/beta
and gamma interferon receptors where some strains of yellow
fever and dengue viruses induce viscerotropic disease in this
model (19–22), and have been widely used as a model for
study of pathogenesis. After the bite of a mosquito or tick,
flaviviruses replicate in dendritic cells with subsequent
spread to regional lymph nodes, whence they are transported
via lymphatics to the thoracic duct and then to the blood-
stream. Langerhans’ dendritic cells are important for trans-
port of virus to lymphoid tissues (23, 24). After inoculation
of virus in mosquito saliva, replication in local tissues may
occur for several hours before vascular dissemination. Com-
ponents of mosquito or tick saliva appear to facilitate flavi-
virus transmission by interfering with aspects of both innate
and adaptive immunity (25, 26). After dissemination to, and
replication in, extraneural tissues, large amounts of virus are
shed directly into the blood. Viremia is terminated around
1 week after infection by both innate and adaptive immune
responses (27). Depending on the specific agent, extraneural
cells and tissues involved in flavivirus replication include
macrophages and other lymphoid cells, skeletal muscle and
myocardium, smooth muscle, and endocrine and exocrine
glands. Major differences have been noted between specific
cell types in their ability to sustain infections. Although no
comprehensive analysis of flavivirus-cell interactions in vivo
is possible, the special interaction of dengue viruses with
dendritic cells and monocytes/macrophages, of dengue and
yellow fever viruses with hepatocytes, and of the encephalitis
viruses with neural cells underlie pathogenesis.

Invasion of the CNS appears to be closely linked to virus
replication in extraneural sites and to the level of viremia.
Factors that impair the blood-brain barrier, including im-
maturity, traumatic disruption of the barrier, or concurrent
infection of the brain with unrelated agents, potentiate
neuroinvasion, and encephalitis (28). The mechanism by
which flavivirus particles enter the central nervous system
during natural infection remains uncertain. Postulated
mechanisms include entry via leukocytes, direct entry across
the blood-brain barrier, and entry by retrograde axonal
transport via the peripheral nervous system (27). In addition,
there is evidence that the innate immune response can either
contribute to inhibition or promotion of neuroinvasion (29–
31). In the mouse, WNV RNA can be detected in the
brainstem and spinal cord within the first 2 days of infection,
and viral antigen was observed in the cortex, hippocampus,
and choroid plexus by the third day, suggesting multiple
routes of CNS invasion (32). Although neuroinvasive fla-
viviruses can be identified from most regions of the central
nervous system, a predilection for involvement of the
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anterior horn cells of the spinal cord, as well as the thalamus,
substantia nigra, pons, and cerebellum, accounts for the
acute flaccid paralysis and movement disorders clinically
observed following infection in monkeys and humans.

Persistence of immunoglobulin M antibody following
acute infection has been noted for some flaviviruses, raising
the question of persistent infection (33). Several animal
models have demonstrated viral persistence, and chronic
infections sometimes associated with progressive neuropa-
thology have been observed (33). In humans, persistent
infection with recurrent neurologic disease has been re-
ported in patients following JE and TBE.

Age-related resistance in mice is manifested around 1 to
2 weeks of age with maturity of the blood-brain barrier, at
which time parenteral injection of virus elicits inapparent
infection, whereas intracerebral inoculation still causes le-
thal encephalitis. In humans, some flaviviruses (e.g., SLE
virus, WNV) cause severe disease principally in the elderly,
whereas others have a bimodal distribution with an excess of
cases at both age extremes (e.g., JE and Murray Valley en-
cephalitis [MVE]).

The genetic background of the host plays an important
role in susceptibility to infection (34). In the mouse, pres-
ence of a truncated form of the 2’-5’-oligoadenylate syn-
thetase (OAS) gene located on chromosome 5 increases
susceptibility to flavivirus encephalitis (35). Although a
similar mutation has not been observed in humans, an in-
creased frequency of an OAS-like allele that contained a
splice-enhancer site was observed in patients hospitalized
with WNV infection (36). Humans with a deletion in the
CCR5 gene may be at higher risk for a poor outcome fol-
lowing WNV infection (37, 38).

Immune Responses
Innate immune responses, including natural killer (NK)
cells, alpha/beta interferon (IFN-a/b), and other cytokines,
and nitric oxide production by macrophages, are the first
line of defense and also modulate the acquired, virus-specific
immune responses that rapidly follow infection (39). In re-
cent years a considerable body of information is being ob-
tained about the innate immune response, particularly to
WNV and dengue (40, 41), as a paradigm for the flavivirus
genus as a whole. These studies show that once a flavivirus
has infected a cell, there is a cascade of intracellular signaling
that results in production of IFN-a/b. This, in turn, induces
intracellular antiviral responses that subsequently initiate
the adaptive immune response. Specifically, once the virus
uncoats inside the cell, pattern-recognition receptors, such
as toll-like receptors (TLRs), recognize double-stranded and
single-stranded RNA (e.g., TLR-3, TLR-7, and TLR-8) and
result in induction of IFN-a/b. Similarly, retinoic-acid-
inducible gene I (RIG-I) and melanoma differentiation-
associated gene 5 (MDA5) recognize viral dsRNA and lead
to induction of IFN-b. IFN-a/b is secreted by virus-infected
cells and triggers an “antiviral state” in surrounding cells via
signaling pathways involving Janus Kinase and signal trans-
ducer and activation of transcription (JAK/STAT) molecules
that lead to expression of a variety of IFN-stimulating genes
that have antiviral activity. The situation is complicated
because it has been found that various cell types in the body
vary in their ability to mount an antiviral response. Not
surprisingly, flaviviruses have developed multiple approaches
to overcome the intracellular antiviral responses and sig-
naling cascades by utilizing nonstructural proteins in various
roles (Table 2), and this “war” between the host’s innate
immune response and the functions of viral proteins will

ultimately determine whether or not a virus infection results
in clinical disease. Abortive (subclinical) infections, which
are the norm, are the presumed result of robust innate- and
acquired-immune responses that out-pace virus-mediated
cell damage, as well as virus-induced apoptotic cell death
that limits the progression of infection in the host.

Antibodies appear to play the primary role in protec-
tion against reinfection, while both antibodies and cellular
immune responses are responsible for clearance of virus-
infected cells and recovery from active infection. Neutral-
izing antibodies directed against determinants on the E
glycoprotein provide long-lived, virus-specific protection
against reinfection. Thus, infection by one virus gives life-
long immunity to that particular virus but not to other fla-
viviruses. Infection also elicits antibody responses against the
NS1 nonstructural protein that decorates the surface of in-
fected cells, and anti-NS1 antibodies may protect against
reinfection and play a role in recovery from infection.

Pathologic events in vivo are principally the result of di-
rect virus injury, although immunopathologic mechanisms
are implicated in some preclinical models. The extent to
which the host’s immunologic response to infection plays a
role in pathogenesis in human infection is uncertain, except
in the case of DHF (see below). In flavivirus encephalitis,
neuroinvasion and rapid accumulation of viral antigen in
the critical target tissues occur late in the course of infection
and may potentially elicit inflammatory responses that en-
hance lesions and accelerate death of infected cells. NK cells
and CTLs lyse infected neurons, and CTLs interact with
infected astrocytes (42). Infection of these cells in the brain
appears to result in an enhanced expression of MHC-I, with
increased CTL recognition of infected cells. The increase in
MHC-I molecules on the infected cell surface may be in-
duced by interferon or may be a result of flavivirus peptide
transport to the ER. In addition to cell-mediated clearance,
antibodies can be shown to cause early death in mice in-
fected with yellow fever and MVE viruses (43, 44). This
effect is attributed to complement-mediated cytolysis of in-
fected cells. Infiltration of neutrophils into perivascular areas
of the infected brain, in response to tumor necrosis factor
alpha (TNF-a) and neutrophil chemotactic factor, results
in the expression of inducible nitric oxide synthase activi-
ty, which appears to increase pathogenesis (45), possibly
by inducing apoptosis. An additional possible immuno-
pathological mechanism is antibody binding to glucosyl-
phosphatidylinositol-anchored NS1, followed by signal
transduction, activation of superoxide anions, and apoptosis
(12). The relevance of such experimental observations to
human disease is an area of active research, including the
effects of active and passive immunization against heter-
ologous flaviviruses on the course and outcome of neurologic
infection. There is evidence for cross-protection between
flaviviruses in humans, whereas cross-reactive immuno-
pathological responses have not been clearly defined except
in the case of dengue disease.

The most important example of immunopathologic re-
sponse in humans is antibody-dependent enhancement
(ADE) of flavivirus replication in Fcg-receptor-bearing pe-
ripheral blood monocytes (7). This phenomenon is thought
to determine the severity of dengue (see section on DHF
below), although excessive pro-inflammatory innate im-
mune responses may also contribute to severe dengue disease
(46). Antibody attack against molecular mimics has also
been postulated to play a role in dengue pathogenesis. The
dengue E protein contains a 20-amino-acid region of ho-
mology with plasminogen, the mediator of fibrinolysis, and
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anti-E antibodies might interfere with fibrinolysis and con-
tribute to disseminated intravascular coagulopathy (47).

Flavivirus NS proteins are processed in a major histo-
compatibility class I (MHC-I)-dependent fashion resulting
in serotype-specific and cross-reactive T-cell clones. Cyto-
toxic T cells, recognizing NS proteins in infected cells, are
involved in postinfection virus clearance. The structural
proteins, particularly E and prM, as well as NS1, stimulate
MHC-II-restricted responses and generate antibodies pro-
tective against subsequent infection. However, the E and
NS1 proteins also play a role in the generation of cytotoxic
T lymphocytes (CTLs).

Virus-Specific Factors in Virulence
Differences have often been noted in the expression of dis-
ease caused by the same flavivirus among individual patients,
among geographic regions, or between the early and late
phases of an epidemic. These variations may be due in part
to strain-specific differences in virulence genes. Virulence is
multigenic, including mutations in the E gene affecting at-
tachment and uncoating, and/or in nonstructural genes and
3’NCR affecting replication rate. Neurovirulence determi-
nants in the E protein genes of yellow fever virus, JE virus,
and tick-borne encephalitis virus (TBEV) have been par-
tially mapped by comparing virulent strains and attenuated
vaccines derived from wild type virus, or by attenuated
neutralization escape mutants and mutants unable to bind
brain-membrane receptors (48, 49). E-gene virulence de-
terminants include (i) amino acid residues at the interface of
domains I and II involved in reconfiguration of the E protein
and trimer formation under acidic conditions in the endo-
some; (ii) residues (E98 to E120) in the fusion domain at the
end of domain II; (iii) residues (E305 to E315) in the upper
lateral surface of domain III involved in virus-cell attach-
ment (49); and (iv) residues in the C-terminal stem-anchor
region involved in E-protein conformational changes during
fusion. Other studies have identified mutations in non-
structural genes, NS1, NS2A, NS3, NS4A, NS4B, and NS5
and in the 5’ and 3’UTR that result in a decrease in viru-
lence by downregulating the rate of virus replication.

FEATURES OF SPECIFIC FLAVIVIRUSES
Viruses Causing Central Nervous System Infection

Japanese Encephalitis Virus

Biology
JE virus is the prototype of an antigenic complex that

includes SLE and MVE viruses, WNV, and several other
flaviviruses of lesser medical importance (Table 1). Al-
though JE virus represents a single antigenic serotype (50),
fine distinctions of no recognized clinical importance exist
between JE virus strains serologically, genetically, and by
biological assays, such as cross-protection in mice and neu-
rovirulence. Five distinct genotypes (genetic clusters) of JE
virus exist: genotype I includes isolates from Cambodia and
northern Thailand; genotype II includes isolates from In-
donesia, southern Thailand, and Malaysia; genotype III in-
cludes isolates from temperate regions of Asia: Japan, China,
Taiwan, India, Nepal, Sri Lanka, and the Philippines.

Transmission of JEV is epidemic in temperate zones with
the majority of cases occurring in summer months, whereas
transmission is endemic in tropical zones and occurs year-
round at lower rates. Genotypes III and GI-b are found in
temperate areas, while GI-a and GII are found in tropical

areas (51). Genotype IV includes certain isolates from In-
donesia only. Genotype V has been isolated only on rare
occasions and has recently re-emerged after almost 60 years
of undetected virus circulation in Korea, China, and Tibet
(52, 53, 54). Phylogenetic studies suggest that JE virus
originated in Indonesia/Malaysia and spread from there into
different parts of Asia with genotype IV being ancestral to
the other genotypes. Genotype III was the dominant geno-
type in Asia until the mid-1990s and has been gradually
replaced by genotype I over time, such that genotype I is now
the dominant genotype. The mechanism of genotype re-
placement is not known at the present time.

Epidemiology

Distribution and Geography. JE is transmitted in nearly
every country of Asia from the far eastern end of Russia to
areas of Pakistan in west Asia (Fig. 1). Approximately 68,000
cases are reported annually from the region, including 13,600
to 20,400 deaths (55) principally from China, Southeast
Asia, and India. In most areas, transmission is endemic with
annual fluctuations in the number of cases, depending on
environmental factors. Within a single country, transmission
may be localized to certain regions where appropriate ecologic
conditions prevail (in general, in rural areas where rice is
grown). In developed countries such as Japan, South Korea,
and Taiwan, the low incidence reflects high immunization
rates despite the persistence of enzootic virus transmission.

Incidence and Prevalence. Estimates of the subclinical/
clinical infection ratio usually center around 250:1, although
values range from 25:1 to 1,000:1 (56). Exposure to JE virus
occurs in childhood, and antibody prevalence approaches
80% by early adulthood. Annual incidence rates in locations
of endemicity typically range from 1 to 10 overt cases/
100,000, and epidemic attack rates may exceed 100/100,000.
Case fatality rates of up to 30% have been reported, with
neurologic or psychiatric sequelae in 20 to 30% of survivors.
The estimated annual incidence is 5.4 per 100,000 and 0.6
per 100,000 in the 0 to 14- and ‡ 15-year-old age groups,
respectively (55). Vaccination has reduced JE incidence in
many countries. In Japan and other developed Asian
countries, JE risk is highest in the elderly, reflecting high
vaccine coverage of children and undefined biological risk
factors associated with aging. In areas with overlapping
religious and cultural affiliations (e.g., Malaysia and
Indonesia), Muslims who eschew pork and do not keep
pigs are at lower risk; conversely, Hindu Bali and principally
Buddhist Chinese Sarawak have the highest reported JE
activity in their respective countries. Household crowding,
low socioeconomic status, and lack of air conditioning
appear to be risk factors for acquiring JE.

In countries where JE is endemic, JE is mostly a disease of
children and young adults due to the fact that most adults are
already immune. Increased incidence in the elderly has been
reported in several countries, presumably due to waning of
seroprotective immunity. Prior antiflavivirus antibodies do
not appear to protect against infection with JE virus but may
decrease morbidity (57). Repeated clinical infections have
not been reported, but subclinical reinfections are common
in areas of endemicity and probably provide natural immu-
nity and boosters to immunization.

Transmission. With the rare exception of laboratory-
acquired cases, infection is transmitted only by bites of
infected mosquitoes. In temperate regions, JE virus is
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transmitted in the late summer and early fall after the virus
has been amplified by vector mosquitoes and pigs, and, in
some areas, by a preceding phase of amplification in birds
(Fig. 2). Pigs play a central role in virus amplification
because they develop high and sustained levels of viremia
and because their high body temperature and large hairless
body surface area attract thousands of mosquitoes nightly.
The ubiquitous place of pigs as backyard or even cohabiting
livestock animals in rural Asia has led to high levels of human
exposure in rural villages and often in household premises. In
developed countries (like Japan), the centralization of pig

rearing and modernized agricultural methods have served to
reduce JE virus transmission. On the other hand,
deforestation and agricultural development, especially the
creation of irrigation schemes, have contributed to an
increase in JE and other mosquito-borne diseases in other
areas (e.g., central Sri Lanka and the Terai of Nepal).

The principal JE vectors are Culex mosquitoes that use
ground pools and especially rice paddies for their larval
stages. Culex tritaeniorhynchus is the principal vector in most
areas of Asia; other important vectors include Culex annulus
in Taiwan and Hong Kong; Culex vishnui, Culex gelidus,

FIGURE 2 Transmission cycle of JE virus. Broken lines indicate speculative portions of the transmission cycle.

FIGURE 1 Geographical distribution of JE.
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Culex pseudovishnui, Culex fuscocephala, Culex bitaenio-
rhynchus, and Anopheles hyrcanus in India and Nepal; C.
gelidus in Indonesia; Culex annulirostris in the Pacific and
Australia; and Aedes togoi in Russia. Most JE vectors are
zoophilic, preferring animals to humans; exophilic, biting
outdoors; and crepuscular, most active in the evening and
night.

The transmission season is well defined in temperate ar-
eas (e.g., northern China), with onset of cases in June, a
September peak, and disappearance by October. Farther
south, the transmission season begins earlier and ends later.
More complex seasonal patterns are observed in tropical
areas where mosquito densities are correlated with mon-
soons. Vector density and infection rates typically increase
following the initiation of rice cultivation midyear. Mos-
quito infection rates are modulated by rising herd immunity
in pigs, but high vector abundance in the wet-cool season
(October–December) ensures a continued risk of human
infection.

Pathogenesis
The vast majority of infections are cleared before neu-

roinvasion occurs and are subclinical or lead to mild illnesses
without CNS signs. Circulating antibody plays a critical
part, and heterologous flavivirus immunity (e.g., from prior
dengue virus infection) may limit peripheral virus replica-
tion and neuroinvasion. Disruption of the blood-brain bar-
rier may be a risk factor for neuroinvasion, because persons
with fatal JE are more likely to have had concurrent neu-
rocysticercosis than persons dying of other causes; dual in-
fections with herpes simplex virus or mumps virus also have
been reported. Functional and structural changes due to
hypertension, cerebrovascular disease, and head trauma have
also been suggested as factors contributing to neuroinvasion.

At autopsy, inflammatory reactions are found in the
myocardium, lungs, liver, spleen, lymph nodes, and kidneys.
The brain appears swollen, and the ventricles may be nar-
rowed by edema. Herniation of the cerebellar tonsils and
hippocampal uncus may occur. The meninges are congested,
and inflammatory changes are present. Pathological changes
are distributed principally in the thalamus, substantia nigra,
brain stem, hippocampus and temporal cortex, cerebellum,
and spinal cord. Histopathology shows focal neuronal de-
generation, diffuse and focal microglial proliferation, and
perivascular cuffing (78). Infected neurons contain antigen
in their cell bodies, axons, and dendrites, suggesting that
virus spreads from cell to cell within the brain. Antigen-
containing neurons may have no associated microglial re-
action until cell death has occurred. Small amounts of virus
antigen may be present in vascular endothelia.

Infection elicits a broad inflammatory response of mac-
rophages, T and B cells in perivascular cuffs, and predomi-
nantly Tcells in the brain parenchyma. A greater proportion
of CD4+ T cells are seen in the CNS than in the blood.
Degeneration of infected neurons, microglial proliferation,
and neuronophagia lead to the formation of gliomesenchy-
mal nodules. Intrathecal antibodies have been associated
with a favorable outcome in some series, suggesting an im-
portant role for antibody-mediated virus neutralization in
the brain. However, others suggest that specific antibodies
cannot reach virus spreading directly from cell to cell and
that neuronal damage occurs by an immunopathological
mechanism. This view is supported by observations of in-
trathecal neurofilament protein antibodies and myelin basic
protein antibodies in 49% of cases and their association with
fatal outcome (58). Immune complexes, found in the cere-

brospinal fluid (CSF) of 17% of patients, are associated with
death (35). Immune CD4+ and CD8+ T cells proliferate in
response to JE virus or infected cell lysates, but cellular
proliferative and humoral responses are not correlated, and
no association between cellular proliferative response and
outcome has been found (58). In vivo models indicate that
activation of microglial cells may produce pro-inflammatory
mediators instrumental in inducing neuronal cell death
(59).

Clinical Manifestations
After a mosquito bite, 4 to 14 days elapse before the onset

of symptoms. A prodromal illness of fever, headache, leth-
argy, nausea, and vomiting lasting several days precedes the
onset of CNS signs. Neurologic signs reflect damage to
the brain stem, thalamus, cerebral cortex, and spinal cord.
The central feature is an altered state of consciousness,
ranging from mild mental clouding to drowsiness and stupor,
or agitation and delirium (60). Some children exhibit per-
sonality changes, slurred speech, and mutism. Early-onset
seizures occur in at least half of hospitalized children and a
quarter of adults. Seizures are usually generalized tonic-clonic
but may also be partial motor or with more subtle clinical
manifestations, such as twitching of a digit or eyebrow or
nystagmus. Patients with subtle seizures are usually in status
epilepticus. Extrapyramidal features include dull, expres-
sionless faces, generalized hypertonia, and cogwheel rigidity.

Significant stupor or coma is usual, tremor and invol-
untary movements are common, and signs of meningeal ir-
ritation may be present. Disconjugate gaze and facial and
other cranial nerve palsies are found in one-third of cases.
Papilledema is seen in fewer than 10% of cases. The mus-
cular tone is usually increased, and hyperreflexia and path-
ological reflexes may be elicited. Weakness or paralysis may
be generalized or asymmetric in distribution and spastic or
flaccid in character. Autonomic disturbances, especially
hyperpnea, may occur.

A modest peripheral leukocytosis may be present in the
first week of illness. The serum sodium often is depressed due
to inappropriate ADH secretion. The CSF typically is clear
and under normal pressure, with normal or mildly elevated
protein and normal glucose concentrations. A pleocytosis of
10 to several hundred white cells is typical in the first week
of illness, and the cell count may remain elevated until the
third week. EEG tracings show generalized delta-wave
slowing, consistent with a thalamic involvement. Computed
tomography (CT) scans show diffuse white matter edema
and nonenhancing low-density lesions mainly in the thala-
mus, basal ganglia, and pons. Unilateral or bilateral thalamic
hemorrhages are common. Magnetic resonance imaging
(MRI) discloses a similar pattern of high-signal-intensity
lesions in the thalamus, basal ganglia, cerebellum, pons,
midbrain, and spinal cord.

Defervescence occurs during the second week of illness;
choreoathetosis and extrapyramidal signs may appear as
other neurologic manifestations improve. The substantia
nigra is a site of predominant injury in some patients, as
detected by MRI (61, 62) and clinical presentation, with
cogwheel rigidity and opsoclonus during the acute phase and
emergence of typical Parkinsonism during convalescence,
from which patients generally recover (63). The illness is
fatal in 10 to 35% of cases, most often within the first week,
and fatality rates have been decreasing with improved
clinical management. Children younger than 10 years are
more likely to die and to have serious neurologic sequelae,
such as motor weakness and paralysis, abnormal muscular

53. Arthropod-Borne Flaviviruses - 1277



tone, seizures, blindness, ataxia, and extrapyramidal move-
ment disorders (64). Convalescence is slow; consciousness
and motor functions are gradually regained. One-third to
one-half of patients surviving the acute illness have such
major neurologic sequelae 1 year later, and EEG abnormal-
ities may be present in 50% of recovered children. At 5 years
after recovery, 75% have behavioral disorders and subnormal
performance on age-standardized psychological tests.

JE acquired during the first and second trimesters of
pregnancy has led to fetal death and abortion, with recovery
of virus isolates from products of conception (65). It is un-
known whether congenital infection causes fetal malfor-
mations, as occurs in pigs. The few reported cases of JE in the
third trimester have been associated with a normal fetal
outcome.

The most common complications are bacterial infections,
especially pneumonia, and stasis ulcers. In a few cases, clin-
ical relapse occurred several months after recovery from the
acute illness. JE virus–infected peripheral-blood mononuclear
cells were demonstrated in these and other asymptomatic
recovered patients, implying the persistence of infection.
Evidence of subacute JE virus CNS infection has been
demonstrated in 5% of cases by detecting JE virus or antigen
in CSF 3 weeks after recovery or intrathecal IgM at 50 to 180
days. The clinical significance of these findings is unclear.

Diagnosis
In Asia, the most important diagnostic considerations in

children with signs of acute CNS infection are bacterial
meningitis, tuberculosis, malaria, typhoid fever with associ-
ated tremors and ataxia, dengue disease with encephalopa-
thy or encephalitis, WNV encephalitis, MVE (in Australia
and Papua New Guinea), Nipah virus encephalitis, and
enterovirus (particularly enterovirus 71) infection. Other
disorders that overlap the clinical presentation of JE are
hyperthermia and scrub typhus. JE occasionally may present
as Guillain-Barré syndrome (GBS) or acute psychosis. In
Asia, the percentage of children presenting with acute en-
cephalitic illness, who had JE, ranged from 23 to 67%.
Central hyperpnea and extrapyramidal signs were the best
clinical predictors (sensitivity of 41% and specificity of 81%)
that the illness was JE (66).

JE virus rarely can be isolated from blood early in the
illness, usually no later than 6 to 7 days after infection. Virus
is seldom recovered from the CSF except in cases with a poor
outcome. RT-PCR of CSF specimens is not a more sensitive
technique. Immunofluorescence (IF) staining of CSF
mononuclear cells provides laboratory confirmation most
rapidly but has a reported sensitivity of only 60% (67).

The standard laboratory diagnostic method is serology by
IgM capture ELISA, which has a sensitivity approaching
100% when both CSF and serum samples are tested and
samples from 1 to 2 weeks after onset are used. An evalua-
tion of three commercially available IgM capture ELISA kits
demonstrated sensitivities of at least 89%; however, speci-
ficities ranged from 56 to 99% (68). Specificities were at
least 96% when dengue virus IgM-positive samples were
excluded. Subsequently, two IgM capture ELISAs were field
tested with reasonable sensitivities and excellent specificities
and little cross-reaction with dengue (69, 70). Samples
taken too early in the illness may be negative. Anti-JE virus
IgM was detected in nearly all serum samples collected at
least 9 days after symptom onset and in all CSF samples
collected at least 7 days after symptom onset (26). This and
all serologic tests are limited by the potential for cross-
reactions with cocirculating flaviviruses, principally dengue

virus and WNV. Representative flavivirus antigens relevant
to the patient’s site of exposure should be included in sero-
logic tests. Some laboratories have established diagnostic
IgM ELISA absorbance ratios based on comparative reac-
tivities to the respective antigens. Fourfold changes in IF,
hemagglutination-inhibiting (HI), CF, and neutralizing an-
tibodies (in order of increasing specificity) may provide a
clear diagnosis in patients with their first flavivirus infection,
but cross-reactions may be uninterpretable for patients with
multiple previous flavivirus infections or immunization with
JE and yellow fever vaccines.

Prevention
In areas of Asia where JE is endemic, childhood vacci-

nation has led to significant declines in disease incidence,
and in some countries the near disappearance of the disease.
Approximately half of the countries where JE is endemic
have routine immunization programs. Formalin-inactivated,
mouse-brain-derived vaccine is still produced in a few
countries, but manufacture is being phased out in place of
Vero-cell-culture-derived inactivated vaccines. The Vero-
cell-culture-derived vaccine (IXIARO) was introduced into
the United States in 2009 and replaced the mouse-brain-
derived vaccine manufactured by BIKEN (Osaka, Japan; li-
censed as JE-VAX) in 2012. The vaccine is licensed for use
in those aged > 2 months in the US (and > 6 months of age
in endemic countries). The vaccine is supplied as a two-dose
primary immunization series, given on 0 and 28 days, with
children aged 2 months to £ 3 years getting half of the dose
used in those 3 years or older. Vaccinees are not to visit JE
endemic areas until at least 7 days after receiving the second
dose of vaccine. It is approved for HIV-infected and im-
munocompromised individuals, although the immune re-
sponse induced may be less than that in healthy individuals.
An accelerated 0- to 7-day immunization regimen is non-
inferior to the standard 0-, 28-day regimen (71).

A live, attenuated vaccine (SA14-14-2) produced in
primary hamster kidney cell culture was licensed in China in
1988, and more than 350 million doses have been admin-
istered as a single dose vaccine in those aged 8 months or
older. The vaccine and was shown to be 96% effective with
no evidence of reactogenicity in Nepalese children 5 years
after immunization (72). In addition, there is a live, atten-
uated recombinant-chimeric yellow fever/JE vaccine based
on the yellow fever 17D vaccine virus backbone with the
structural protein genes (premembrane and envelope protein
genes) of SA14-14-2 virus (73). This vaccine has been li-
censed as a single-dose vaccine for those aged 9 months and
older in Australia and some Asian countries.

Exposure to JE mosquito vectors can be reduced by
avoiding rural areas and outdoor activity during the evening,
staying in air-conditioned or well-screened quarters, using
repellents, and wearing long-sleeved clothing and long
pants. Specific public health interventions to control vector
mosquitoes are implemented in a few locations. These in-
clude the addition of larvicides and predatory fish to irri-
gated fields and periodically changing their water level to
interfere with the vectors’ aquatic stages. In epidemic
emergencies, adulticide applications provide short-term re-
ductions of vector mosquito populations.

Treatment
No specific antiviral therapy is currently available, and

there is little published on candidate antivirals. In a double-
blind, placebo-controlled trial, IFN-a2a did not improve
the outcome of patients with JE (74). The introduction of
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intensive-care equipment and training has reduced the
mortality rate from more than 30 to 5%. Acute coma, sei-
zures, and respiratory failure necessitate rapid anticonvulsive
therapy, ventilatory support, and intensive monitoring of
fluid and electrolyte balance. Osmotic agents to reduce in-
tracranial pressure may be needed in some cases; a controlled
study of early dexamethasone therapy found no clinical
benefit (or harm) with its routine use (75). Hyponatremia
due to inappropriate ADH secretion is a frequent compli-
cation usually responsive to free water restriction alone.

Murray Valley Encephalitis Virus

Biology
MVE virus is a member of the JE antigenic complex and

has a close genetic relationship to JE virus. Australian MVE
virus strains share a high degree of sequence homogeneity,
whereas strains from Papua New Guinea differ, indicating
that this area may represent a separate focus of virus activity.
The host range of MVE virus and susceptibility of cell cul-
tures are shown in Table 3. Alfuy virus, also found in Aus-
tralia, is a distinct species from MVE virus (76).

Epidemiology

Distribution and Incidence. MVE virus occurs in
Australia, Papua New Guinea, and probably islands in the
eastern part of the Indonesian archipelago (77). Localized
seasonal outbreaks or sporadic cases have been reported
intermittently from southeastern Australia, the Kimberley
region in Western Australia, and the Northern Territory.
Although the disease is clinically severe, incidence has been
low. The last major outbreak was in 1974 involving 58 cases
over a wide geographic area, including Queensland,
Northern Territory, South Australia, the Ord River Basin
of Western Australia, and Papua New Guinea. In 2011, the
largest outbreak since 1974 caused 17 cases (including 3
deaths). Significantly, half of the cases did not live in areas
where they were infected (78).

MVE primarily strikes the young and the elderly, with
approximately 50% of the cases in infants and children
under 10 years old and 25% in persons over 50 years old. An
excess of cases among males has been observed. The case
fatality rate is 15 to 30% and long-term sequelae in 30 to
50%; only 40% have complete recovery. Subclinical infec-
tions are frequent, and it is thought that only one in 150 to
1,000 infections results in clinical illness. Serologic surveys
conducted after epidemics have revealed evidence of recent
infection in 4.5 to 36% of the residents. Attempts to asso-
ciate MVE virus with mild febrile illnesses without neuro-
logic signs have not been successful.

Virus circulation is seasonal, occurring during the sum-
mer months (January to May), and is associated with periods
of abnormally high rainfall over two consecutive years.
Ecological factors influencing vector density, such as the
development of irrigation projects, have been linked to the
emergence of MVE epidemics.

Transmission. The primary summertime transmission
cycle involves wild avian hosts and Culex annulirostris
mosquitoes, a species that breeds in temporary pools.
Aquatic birds, such as herons, egrets, and pelicans, serve as
the major viremic hosts, but mammals (especially rabbits
and possibly kangaroos) may also play a role in transmission.
Culex annulirostris has been implicated in tangential
transmission of MVE virus to humans, which are dead-end

hosts. No human-to-human spread is recognized. The
overwintering mechanism and the factors responsible for
emergence of intermittent epidemics are unknown.

Pathogenesis
Like other members of the JE virus complex, MVE virus is

highly neurotropic. The virus has been recovered from hu-
man brain tissue obtained postmortem. Pathological findings
are similar to those in JE (79) and are limited to the CNS.

HI and neutralizing antibodies appear during the first
week after onset. IgM antibodies appear early and may persist
for weeks. Immunity to reinfection is believed to be lifelong.
The presence of closely related flaviviruses in Australia,
including Kunjin virus (WNV) and JE, dengue, and Koko-
bera viruses, complicates serodiagnosis.

Clinical Manifestations
The incubation period is 1 to 4 weeks. The clinical fea-

tures of MVE (80) include a 2- to 5-day nonspecific illness,
which precedes CNS involvement, with sudden onset of
fever, headache, myalgia, generalized malaise, anorexia, and
nausea. This is followed by the onset of nuchal rigidity and
neurologic signs. In infants the disease progresses rapidly,
and coma and death may occur within 24 hours of onset of
neurologic signs, often with clinical signs of involvement of
the brain stem and spinal cord. The clinical features are
classified by illness severity (81): (i) mild cases with altered
levels of consciousness and variable neurologic abnormali-
ties, but without coma or respiratory depression, and stabi-
lization of neurologic signs within 5 to 10 days; (ii) severe
cases with seizures, coma, and paralysis, often requiring re-
spiratory assistance; and (iii) fatal cases with spastic quad-
riplegia and progressive CNS damage or severe disease with
superimposed bacterial infection. Seizures and flaccid pa-
ralysis are rare in adult patients. The CSF shows pleocytosis,
which shifts from polymorphonuclear to mononuclear
predominance after a few days of onset; normal or mildly
elevated protein; and normal glucose concentration. Neu-
rologic sequelae occur in up to 40% of the mild cases and in
all of the severe cases from which patients recover. Abnor-
malities include cerebral atrophy, paraplegia, impaired gait
and motor coordination, and intellectual deterioration.
Recovery or death generally occurs within 2 weeks of onset.
Respiratory failure, intercurrent bacterial infections, and the
residual neuropsychiatric deficits represent the most impor-
tant complications of MVE.

Diagnosis
Viremia is present early in infection, but virus isolation or

viral nucleic acid detection from blood (or CSF) has not
generally been successful. Serologic diagnosis is based on
ELISA or HI, CF, or neutralization tests. IgM antibodies
appear to be quite specific and useful for early diagnosis, the
test becoming positive around 4 to 9 days after onset and can
persist for months. Cross-reactions with Kunjin virus and
other flaviviruses may confuse interpretation. An epitope-
blocking ELISA with MVE virus monoclonal antibodies
distinguished MVE virus infections from those with other
flaviviruses. Postmortem diagnosis is possible by examina-
tion of brain tissue by virus culture, direct detection of the
virus genome by RT-PCR, or detection of virus antigen by
immunohistochemistry.

Prevention
No vaccine is available. It is unknown whether active

immunization with JE vaccine would provide a degree of
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cross-protection against MVE. However, mice immunized
with inactivated mouse-brain-derived JE vaccine and chal-
lenged with MVE were not protected, and, in fact, had
accelerated deaths, consistent with an immunopathologi-
cal process. In contrast, the live chimeric JE vaccines,
ChimeriVax-JE [yellow fever 17D vaccine virus backbone
with JE premembrane and envelope protein genes], gave
complete and durable ( > 5 months) protective immunity
against MVE virus challenge (82). In areas prone to recur-
rent epidemics (e.g., the Murray-Darling River basin), re-
duction of Culex annulirostris breeding by use of larvicides is
practiced. Treatment of MVE is symptomatic.

Treatment
Treatment of MVE is symptomatic and consists of good

general management and nursing care, especially in the
semicomatose and comatose patient, and respiratory support
as required. No effective antiviral chemotherapeutic agent is
available (80). Neither IFN nor ribavirin has been studied.

Powassan Virus
Powassan virus is related to the eastern hemisphere’s TBE
viruses and is maintained in a cycle between ticks and ro-
dents (83). Two lineages of Powassan virus exist in North
America. Lineage 1 Powassan virus is associated with Ixodes
cookie ticks and woodchucks and Ixodes marxi, ticks and
squirrels. These ticks rarely bite humans. Lineage 2 Powassan
virus, sometimes called deer tick virus, is associated with
Ixodes scapularis ticks, the same tick that transmits Lyme
disease, babesiosis, and anaplasmosis.

Since its discovery in 1958, Powassan virus has become
recognized as an uncommon cause of encephalitis in Russia,
eastern Canada, and the north central, northeastern, and
upper Midwestern United States. The incidence of Po-
wassan virus infection appears to be increasing from 2004
through 2013, during which 57 cases were reported to the
United States Centers for Disease Control and Prevention.
Infection mostly occurs from June to September.

The reported incubation periods range from 8 to 34 days
(84, 85). However, patients infrequently recall a tick bite,
because ixodid ticks are small and can be easily overlooked.
Symptomatic patients typically present with fever, weakness,
paralysis, somnolence, gastrointestinal complaints, head-
ache, and confusion; seizures can occur. The case-fatality
rate is 5 to 10 percent, with a high incidence of residual
neurological dysfunction among survivors, including hemi-
plegia, headaches, minor memory impairment, and persis-
tent ophthalmoplegia (84–86).

The diagnosis of Powassan virus infection can be made by
demonstration of IgM antibody by capture immunoassay of
CSF, a fourfold rise in serum antibody titers against the virus,
or isolation of virus from or demonstration of viral antigen or
nucleotide sequences in tissue, blood, or CSF. IgM anti-
bodies alone should be confirmed by demonstration of IgG
antibody by another serologic assay (e.g., neutralization).

No specific vaccine or antiviral treatment is available.
Flaviviruses associated with rare and sporadic cases of

human disease are shown in Table 4.

Saint Louis Encephalitis Virus

Biology
Saint Louis encephalitis (SLE) virus is a member of the JE

antigenic complex. Antigenic cross reactivities between SLE
and other members of the complex are demonstrable with
polyclonal and monoclonal antibodies. All SLE strains be-

long to a single serotype defined by neutralization, but strain
variation occurs at the molecular level. The nucleotide se-
quence of the SLE E gene shows < 10% nucleotide differ-
ence among strains spanning a > 60-year interval (87, 88).
Genomic conservation suggests that the virus is adapted to a
highly constrained system of virus maintenance in vectors
and vertebrate hosts. SLE virus strains from North America
and from Central and South America can be divided into
seven lineages, which are predominantly, but not strictly,
geographically distinct (88).

Among commonly used laboratory animals, hamsters are
most susceptible to lethal infection, followed by mice (Table
3). Young animals are most susceptible to lethal encephalitis.
Neurovirulence is greater with epidemic, than with en-
demic, strains. SLE virus is lethal for chick embryos or after
intracerebral inoculation of young hatchling birds, but birds
infected naturally develop asymptomatic viremic infections.
Birds are the principal hosts, amplifying virus in the trans-
mission cycle. The absence of overt disease associated with
SLE infection of birds is due to a long co-evolution of virus
strains with their hosts in the Americas. Although various
wild and domestic mammals can be infected with SLE virus,
these infections are also usually asymptomatic. Antibodies
have been found in a wide array of wild mammals in North
and South America. Additional information on host range
and cell culture susceptibility is given in Table 3.

Epidemiology

Distribution and Geography. SLE virus is widely
distributed in the Americas. Although cases have been
reported from nearly all US states, incidence is highest in
states in the Ohio-Mississippi River basins and on the Gulf
Coast (Fig. 3). The geography of SLE in the United States
can best be understood in terms of its three enzootic
transmission cycles sustained by Culex pipiens and Cx.
quinquefasciatus in the Ohio and Mississippi river basin states
and areas farther east; Cx. nigripalpus in Florida; and Cx.
tarsalis in the central and western states, west of, and
including, Minnesota, Iowa, Kansas, Oklahoma, and west
Texas (Fig. 4). In the east, SLE is transmitted periodically in
localized, and sometimes regional, outbreaks occurring at
intervals of years and even decades apart but without
significant enzootic or endemic transmission in intervening
years.

Incidence and Prevalence. More than 10,000 SLE cases
have been reported in the United States over the last five
decades, although only 1 to 12 cases per year were reported
from 2004 to 2013, most likely due to competition for the
same mosquito vectors by West Nile virus (Fig. 5). However,
a concurrent outbreak of SLE and West Nile virus occurred
in Phoenix, Arizona, in 2015 (89). Most cases have occurred
as sporadic outbreaks, with the largest resulting in 1,967
reported cases from 31 states in 1975. Population
seroprevalence rates are generally low, with seroprevalence
ranging from 3 to 15% following outbreaks. Only 1 of
approximately 300 infections is clinically apparent.
Although infections are uniform across the age spectrum,
clinical attack rates rise steeply with age, resulting in
inapparent/apparent infection ratios ranging from 800:1 in
children younger than 10 years to 85:1 in adults.

SLE in eastern states follows an unpredictable pattern
of localized outbreaks, usually in urban areas (90). The
principal vectors, Cx. pipiens and Cx. quinquefasciatus, are
typically found in peridomestic habitats. Adult mosquitoes
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TABLE 4 Flaviviruses causing sporadic human diseasea

Virus
Human disease Veterinary disease Geographic Transmission

No. of cases Clinical features Severity species affected distribution cycle

Banzi virus < 10 Nonspecific febrile illness Self-limited None known Southern and East Africa Mosquitoes (Culex)-rodents
Bussuquara virus 1 Fever, arthralgia Self-limited None known Brazil, Colombia,

Panama
Mosquitoes (Culex)-rodents

Edge Hill virus 1 Fever, myalgia, arthralgia Self-limited None known Australia Mosquitoes (Aedes)-wallabies
Ilheus virus 6 Fever, myalgia, encephalitisb Potentially severe

(no deaths)
None known Brazil, Colombia, Panama, Trinidad Mosquitoes (Psorophora)-birds

Kokobera virus 3 Fever, rash, arthralgia Self-limited None known Australia, Papua New Guinea Mosquitoes (Culex)-?
Koutango virus 1c Fever, rash, arthralgia Self-limited None known West Central Africa Ticks (several genera)-rodents
Kunjin virus < 20 Fever, rash, encephalitis Potentially severe

(no deaths)
Horses (rare)e Australia, Sarawak, Thailand Mosquitoes (Culex)-birds

Langat virus < 10 Fever, encephalitisb Potentially severe
(no deaths)

None known Malaysia, Thailand, Russia Ticks (Ixodes)-rodents

Louping ill virus 39d Similar to CEEf Potentially severe
(no deaths)

Sheepg United Kingdom, Ireland Ticks (Ixodes)-sheep, grouse

Modoc virus 1 Aseptic meningitis Self-limited None known Western United States, Canada Rodent-rodenth

Negishi virus 3+i Encephalitis Potentially fatal None known Japan, China Ticks-?
Rio Bravo virus 6 (11) Febrile illness, meningitis,

orchitis
Self-limited None known Western United States, Mexico Bat-bat

Sepik virus 1 Febrile illness (hospitalized) Self-limited None known New Guinea Mosquitoes (Mansonia)-?
Spondweni virus 3 Fever, arthralgia, rash Self-limited None known South and West Africa Mosquitoes (Aedes)
Usutu virus 1 Fever, rash Self-limited None known South and Central Africa Mosquitoes (Culex)-birds
Wesselsbron virus < 20 Fever, arthralgia, rash,

encephalitis
Potentially severe

(no deaths)
Sheeph Sub-Saharan Africa, Thailand Mosquitoes (Aedes)-?

aThe recognition of these diseases has often occurred in the setting of general virus investigations and surveillance projects. Infection (disease) may be more common than indicated, and the clinical spectrum may differ from that delineated by
the few recognized cases.

bIncludes cancer patients intentionally infected who developed encephalitis.
cLaboratory infection.
d26 cases were laboratory infections.
eEncephalomyelitis.
fIn one case a hemorrhagic diathesis was described.
gEncephalitis (cerebellar syndrome). Sporadic disease also described in dogs, horses, cows, goats, pigs, and deer.
hVirus without known intermediate arthropod vector; transmission by contact or aerosol.
iIncludes a laboratory infection.
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use open house foundations and urban storm sewers as resting
sites, and polluted ground water is available for their larval
stages. Outbreaks often have occurred in small towns or in
older lower socioeconomic sections of cities. Older con-
struction, featuring open foundations, porches, lack of air
conditioning, and poor screens, contributes to an increased
risk of exposure. Local or regional outbreaks occur infre-
quently, sometimes separated by decades when, for unknown
reasons, virus transmission in the enzootic cycle becomes
sufficiently intense to create substantial human infection risk.
The overwintering mechanism for SLE virus remains unclear.

SLE transmission in Florida has followed a pattern of
periodic focal or widespread outbreaks, but the disease may
be absent. Drought conditions might concentrate Cx. nig-
ripalpus mosquitoes in relatively moist, densely vegetated
“hammock” habitats at a time when nesting birds also make

use of the hammocks (91). This forcing of birds and mos-
quitoes together fosters epizootic SLE amplification. During
subsequent wet periods, infected birds and mosquitoes dis-
perse and carry the virus from the hammocks.

In the west, SLE is transmitted perennially and at a low
level in the enzootic transmission cycle; this results in spo-
radic human infections, a higher level of naturally acquired
immunity, and, occasionally, outbreaks that are usually
smaller than those occurring in the east.

SLE cases are usually noted no earlier than June and peak
in August and September. Transmission may continue as late
as December/January in Florida and in parts of southern
California. Elevated temperatures enhance multiplication of
SLE virus in Cx. tarsalis. Rainfall patterns also markedly
influence SLE virus transmission. Years of high spring and
summer rainfall or excessive runoff from snowmelt favor
vector density, and virus amplification in areas where Cx.
nigripalpus andCx. tarsalis are responsible for transmission. In
contrast, mid-summer drought conditions appear to favor
amplification in the Cx. pipiens-Cx. quinquefasciatus trans-
mission cycle, because these vectors breed in stagnant water
pools susceptible to being flushed and cleaned by rainfall.

FIGURE 4 Transmission cycle of SLE virus and WNV. Both
viruses are transmitted in a cycle between birds and Culex mos-
quitoes. C. pipiens is an important vector in the northern United
States and Canada. Culex quinquefasciatus is important in the
southern United States, whereas C. tarsalis is important in the
western United States. In addition, C. nigripalpus is a vector in
Florida. Other mosquito species may be “bridge” vectors to horses,
humans, and other dead-end hosts, which typically do not develop
high-level viremia and do not participate in the transmission cycle.
However, bridge vectors likely have a minor role compared to en-
zootic vectors in viral transmission to dead-end hosts.

FIGURE 3 SLE neuroinvasive disease cases by state, 2004–2013.

FIGURE 5 Number of reported cases of SLE, 1932–2012.
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Risk Factors Associated with Human Disease. Risk of
exposure and infection are independent of age, but clinical
attack rates and severity of illness, as measured by case-
fatality ratio, all rise sharply with age. Age-specific rates
are approximately 10-fold higher in persons older than 70
years than in young adults and children. Hypertension,
arteriosclerosis, and other chronic diseases have been noted
in fatal cases. Although such associations with symptomatic
illness have not been controlled for age, they suggest that
virus neuroinvasion might be facilitated through
compromised vascular endothelia.

The principal risk factor for Cx. tarsalis–borne SLE is
residence in, or outdoor occupational or avocational expo-
sure to, rural areas where the enzootic cycle is maintained.
Risk is greatest in persons who are outdoors in the evening
when Cx. tarsalis is most active. In Florida, a similar pattern
holds because Cx. nigripalpus has analogous exophilic cre-
puscular biting habits. In some Cx. tarsalis–borne outbreaks,
risk has been higher in males, possibly reflecting occupa-
tional or avocational exposures. The peridomestic habits of
SLE vectors (Cx. quinquefasciatus and Cx. pipiens) elsewhere
in the eastern states have been associated with higher inci-
dence in females in some outbreaks, although this pattern is
not consistent. Risk factors, such as lack of air conditioning,
poor screens, and sitting on an unscreened porch, suggest
that exposure occurs indoors or near residences. In some
urban outbreaks, a large proportion of cases have occurred in
homeless people.

Transmission. Natural infections are transmitted by
mosquito bites. Laboratory infection occurred by mucous
membrane or respiratory exposure in one reported case. SLE
virus antigen has been recovered from nasal secretions of
infected mice, and hamsters can be experimentally infected
by intranasal inoculation, suggesting the potential for
infection via the olfactory apparatus. No nosocomial cases
or instances of congenital infection have been reported. One
possible transmission via breast milk has been reported.

Pathogenesis
Pathological changes in humans have been reported only

for the CNS; however, SLE virus has been isolated from the
vitreous humor, lungs, liver, spleen, kidneys, and blood. In
fatal cases, the brain and meninges appear to be congested,
but cerebral edema is unusual. Pathological changes are
widely distributed in the brain and spinal cord but are most
pronounced in the substantia nigra, thalamus, hypothala-
mus, cerebellar and cerebral cortices, basal ganglia, and the
brain stem and cervical spinal cord. Changes are most
prevalent in gray matter nuclei, but lesions also are found in
the subcortical and deep cerebral white matter and long
tracts of the brain stem and spinal cord. Microscopic changes
consist of diffuse parenchymal inflammation and substantial
perivascular infiltrates with destruction of vessels and ex-
tensive microgliosis. The inflammatory infiltrate is a mixture
of small lymphocytes, histiocytes, plasma cells, and rare
neutrophils. Degenerating neurons may be surrounded by
microglial nodules. Axonal destruction and demyelination
are not usually present. SLE virions have been identified by
electron microscopy and SLE antigen by immunohisto-
chemistry in postmortem brain samples.

Clinical Manifestations
The incubation period has been estimated to be 4 to 21

days. Illness begins with nonspecific symptoms of malaise,
fever, headache, and myalgias, sometimes accompanied by

cough, sore throat, abdominal pain, vomiting, or diarrhea.
Dysuria, urgency, and incontinence are early symptoms in
some patients. The illness may evolve quickly, with devel-
opment of meningismus, increased headache, tremulousness,
ataxia, and mental clouding. Other patients have a more
insidious progression of nonspecific symptoms, especially
myalgias, backache, headache, photophobia, and gastroin-
testinal complaints, followed days later by neurologic
symptoms.

Neurologic involvement most frequently results in an al-
tered state of consciousness, which may be clinically subtle,
manifested by only mild confusion or decreased cognitive
facility. Deep coma occurs in about 15% of cases. Most pa-
tients exhibit tremors involving the eyelids, tongue, lips, and
extremities. Cranial nerve palsies are present in about 25%
and are often asymmetrical or unilateral. Cerebellar signs are
also common; ambulatory patients may exhibit an ataxic gait.
Involuntary movements, such as myoclonic jerking, nystag-
mus, and, rarely, opsoclonus, may be present. Convulsions are
unusual, occurring mainly in children and, in severe cases, in
adults and signal a poor prognosis. Nuchal rigidity is variable
and may be more common in children. Presentation with
focal weakness or paralysis is unusual. Occasional cases have
presented with Guillain-Barré syndrome.

The peripheral white cell count is usually normal or
slightly elevated. Proteinuria, microscopic hematuria, and
pyuria are found in some patients. More than one-third of
cases have hyponatremia due to inappropriate antidiuretic
hormone (ADH) secretion. Transaminases may be slightly
elevated. Lumbar puncture discloses an elevated opening
pressure in the range of 200 to 250 mmHg in about one-third
of cases and CSF protein elevated above 45 mg/dL in more
than two-thirds of cases. A moderate CSF pleocytosis of five
to several hundred cells is typical, with the proportion of
mononuclear cells increasing from 50 to 100% during the
first week of illness. Electroencephalograms (EEGs) show
diffuse generalized slowing and delta-wave activity. Focal
discharges and spike activity have been observed occasion-
ally. Neuroimaging may show hyperintensity of the sub-
stantia nigra on T2-weighted images.

Defervescence and neurologic improvement are seen
over several days, with a rapid reversal of altered sensorium.
Overall, 17% of cases are fatal; deaths generally occur within
the first or second week of illness. A prolonged convales-
cence is typical, characterized principally by emotional la-
bility but also by asthenia, forgetfulness, headache, tremor,
dizziness, and unsteadiness; such manifestations may persist
for months to years after initial recovery. Muscle tremors,
asymmetric deep tendon reflexes, and visual disturbances are
present in about one-third of patients several months after
the acute illness. One patient had postinfectious encepha-
lomyelitis; otherwise, chronic, persistent, or relapsing in-
fections have not been reported.

Diagnosis
SLE should be considered in patients with onset of acute

encephalitis in summer or early fall and with exposure to an
endemic or epidemic focus. Clinical features may overlap
those of other virus infections, especially WNV, enterovi-
ruses, western and eastern equine encephalitis, and herpes-
virus. Mycoplasmal, bacterial, and fungal meningitis,
especially partially treated bacterial meningitis, leptospirosis,
cat scratch encephalopathy, and listeria encephalitis, may
cause a CNS syndrome similar to SLE.

The limited viremia preceding onset of neurologic
symptoms precludes virus isolation in most cases with
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clinical encephalitis. Virus isolation from CSF is generally
unsuccessful, but virus can be recovered from brain and
other postmortem tissues. Viral antigen can be detected by IF
or immunocytochemical staining in brain tissue, but the
sensitivity of this technique is low because of the sparse
distribution of infected cells. Antigen detection ELISAs and
RT-PCR developed to identify infected mosquitoes have not
been evaluated on clinical samples, but they are likely to be
less sensitive than serology.

The principal serologic tests in use are IgM capture
ELISA and IF. When both CSF and serum samples are ex-
amined, sensitivity of the former test approaches 100% by
the 10th day after onset. The sensitivity of indirect IF is
lower, especially when CSF is examined or if only acute-
phase serum is examined. When both IgG and IgM are
measured by indirect IF or ELISA in paired serum samples,
sensitivity approaches 100%. Cross-reactive antibodies in
patients who have had previous flavivirus infections, espe-
cially dengue virus and WNV, limit the specificity of sero-
logic tests. More specific serologic tests (e.g., neutralization)
are needed to sort out such reactions. Viral RNA detection is
usually used for blood donations and transfusions.

Prevention
Efforts to prevent SLE epidemics are based on mosquito-

and bird- or sentinel-chicken surveillance that measures
enzootic virus activity in the spring and summer. Early in-
creased transmission in the enzootic cycle signals the possi-
bility of spillover to humans and should trigger emergency
mosquito control with insecticides and public health warn-
ings to avoid mosquito exposure. Reduction of larval habitat
by improving drainage is a long-term approach to reduce
risk. Repairing screens, avoiding outdoor exposure in the
evening, and applying mosquito repellents may reduce
mosquito exposure. No vaccine is currently available.

Treatment
No specific antiviral therapy is currently available. As

with other flaviviruses, ribavirin is active in vitro at relatively
high concentrations, but there is no evidence for its clinical
efficacy. A nonrandomized, unblinded clinical trial sug-
gested a possible benefit of IFN-a2b treatment in patients
with neuroinvasive disease (92).

Tick-borne Encephalitis Virus (CEE and RSSE)
Russian spring-summer encephalitis (RSSE) virus was iso-
lated from human brain tissue in the far east of the former
Soviet Union in 1937. A similar disease was first described in
Czechoslovakia in 1948, and the causative virus (Central
European encephalitis [CEE] virus) was shown to be sero-
logically related to RSSE virus. These agents, transmitted by
the bite of small ixodid ticks, cause severe neurological in-
fections and represent an important health threat over large
areas of Europe and Asia.

Biology
Originally the TBEV virus complex contained 14

antigenically-related agents, 8 of which were human path-
ogens (Table 1). Genetic studies have resulted in the TBEV
complex being divided into two complexes: mammalian
tick-borne virus group and seabird tick-borne virus group.
Within the mammalian tick-borne virus group are nine
distinct species: Gadgets Gully, Kadam, Kyasanur Forest
disease, Langat, Louping ill, Omsk hemorrhagic fever, Po-
wassan, Royal Farm, and TBEV (3). TBEV has three sub-
types: central European encephalitis (CEE; also called

western subtype), Russian spring-summer encephalitis
(RSSE; also called far eastern subtype), and Siberian (also
called Vasilchenko virus) (93, 94). Louping ill has at least
five subtypes (British, Greek, Irish, Spanish, and Turkish),
and Kyasanur Forest disease virus has Alkhumra virus as a
subtype. The close antigenic and genetic relationships of
these viruses create difficulty in identifying individual virus
species, and, hence, much debate. Indeed, debate remains
whether the Turkish subtype is a distinct species. Nonethe-
less, immunity to CEE and RSSE is cross-protective. Within
a subtype, strains are relatively homogeneous, varying by a
maximum of 2.2% nucleotide variation, while a maximum
difference between subtypes is 5.6%. It is proposed that the
TBEVs evolved approximately 2,000 years ago (5). Evolu-
tion of this group of viruses is characterized by the emergence
of a small number of stable lineages, reflecting the slow rate
of transmission of these agents and restricted movements of
vectors and terrestrial (rodent) hosts.

The host range and cell culture susceptibility of tick-
borne flaviviruses vary substantially (Table 3). Within a
subtype, virus strains may vary considerably with respect to
virulence (95). Single amino acid changes in the E gene
have been shown to alter the virulence of CEE virus (10).
Most domestic livestock (cows, goats, and sheep) develop
viremia and secrete virus in their milk but do not develop
clinical illness. Dogs are susceptible to encephalitis acquired
by tick bite.

Epidemiology

Distribution and incidence. TBE occurs in an endemic
pattern over a wide area of Russia and the independent states
of the former Soviet Union, Central and Eastern Europe,
and Scandinavia, Switzerland, Germany, Italy, Greece,
Albania, China, and Japan (Fig. 6). Austria, the Czech
Republic, Slovakia, Slovenia, and Hungary experience the
highest incidences, with several hundred cases each year and
morbidity rates between 1 and 20 per 100,000. In Russia,
3,000 to 6,000 cases occur annually, and the highest
incidence is in western Siberia, with morbidity rates of 5
to 10 per 100,000. In Japan, sporadic cases of RSSE occur in
Hokkaido. Among American military personnel and
travelers in Germany, the risk of infection was found to be
approximately 1 per 1,000 person-months of exposure (96).

TBEV has relatively constant distribution coinciding
with ecologic habitats favorable for tick activity. TBEV is
usually found in valleys and nearby rivers with adequate
habitats for ticks; however, in recent years, TBEV has also
been reported at altitudes up to 2,100 m above sea level
(97). The risk of human exposure to ticks largely depends on
outdoor activities. Occupations (forestry and farming),
mushroom- and berry-picking, and recreational activities in
forested and scrub areas are risk factors for infection. Ap-
proximately two-thirds of the cases occur in young adults (20
to 40 years of age), and males are at slightly higher risk than
females. Serologic surveys indicate that subclinical infec-
tions are not uncommon, and the case-infection ratio is
between 1:25 and 1:200. Antibody prevalence varies widely
with region but is in the range of 10 to 30% in adults living
in endemic areas of Eastern Europe.

Transmission. RSSE occurs between May and August,
whereas CEE cases occur between May and October. The
natural transmission cycle involves larval and nymphal
ixodid ticks and wild rodents and insectivores (98). Ixodes
ricinus (the species also responsible for the transmission of
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Lyme disease in Europe) and Ix. persulcatus are responsible
for transmission in Europe and Russia, respectively (Fig. 7).
Ixodes ovatus is the vector in Hokkaido, Japan. In nature,
ixodid vectors may reach high population densities (100–
500/m2), with up to 20% of the ticks infected with virus.
Mixed infections of ticks with Borrelia burgdorferi and tick-
borne encephalitis viruses are common, and concurrent
infection of humans with both diseases have been reported.

The active transmission cycle is initiated in the spring
when adult and nymphal ticks emerge from hibernation.
Adult ticks feed on large mammals, including domestic
livestock, and lay eggs that produce larvae, a small proportion
of which are transovarially infected. Goats, sheep, cows, and
other large mammals are critical to maintaining vector pop-
ulation, but these hosts are not involved, or are rarely in-
volved, in virus transmission to ticks. Infected overwintering
nymphal ticks feed together with larval ticks on small rodents
and insectivores. Rodents may develop viremia and infect
attached ticks, but direct transmission apparently also occurs
between infected and uninfected ticks co-feeding on small
mammals in the absence of detectable viremia (99). These
mechanisms for passage from nymphal to larval ticks ensure
amplification of the virus. CEE and RSSE viruses are passed
from larva to nymph and from nymph to adult during tick
molting. Human infection occurs on exposure to adult ticks
that were infected during the previous or current season.

Infected sheep and goats secrete virus, with concentra-
tions as high as 105 PFU/ml in milk, and human outbreaks
with RSSE or CEE viruses have followed ingestion of un-
pasteurized sheep’s or goat’s milk or cheese. Since flaviviruses
are inactivated by gastric acid and intestinal bile, it is likely
that virus entry occurs in the oropharynx, presumably via
tonsillar lymphoid tissue. Laboratory infections with RSSE
and CEE viruses occurred frequently, often by the aerosol
route, before the use of biological containment procedures
and vaccines. Regardless of the route of infection, the pa-
tient is not contagious and does not perpetuate transmission
by ticks or interhuman contact.

Pathogenesis
Pathological findings are limited to the CNS and are

generally similar to those in other flavivirus encephalitides,
with a predilection for damage to brainstem structures.
Lymphocytic infiltration of the meninges and perivascular
inflammation, neuronal degeneration and necrosis, neuro-
nophagia, and glial nodule formation around necrotic neu-
rons are widely scattered throughout cerebral and cerebellar
cortices, brain stem, basal ganglia, and spinal cord. The
anterior horn cells of the cervical cord are especially affected
in RSSE, which explains the lower motor neuron paralysis of
the upper extremities, a hallmark of the disease. Indeed, the
pathological picture and clinical manifestations (flaccid
paralysis) may lead to confusion with poliomyelitis, but, in
TBE, the cerebral cortex is more heavily involved. Apop-
tosis has been proposed as one mechanism of cell death in
TBE (100). An interesting feature of members of the TBEV
complex is their propensity to cause persistent infections in
experimentally infected monkeys, hamsters, and, possibly,
humans. Chronic infection in animals is characterized by
mutations in the virus (possibly related to evasion of the
immune response) and destructive changes to neurons and
other cell types in the brain in the absence of significant
inflammation. Chronic progressive human encephalitis and
seizure disorders in humans (including “Kozhevnikov epi-
lepsy,” a form of epilepsia partialis continua) have been as-
sociated with RSSE virus (101), and virus has been isolated
from the CSF of a patient with a disease clinically resembling
amyotrophic lateral sclerosis (102).

Clinical Manifestations
Up to two-thirds of patients have a history of tick-bite.

The incubation period is 7 to 14 days. CEE and TBE-Siberia
usually have a biphasic course, with an initial grippe-like
illness lasting about a week and characterized by fever of
38 to 39o C, chills, malaise, headache, arthralgia, myalgia,
and vomiting. This is followed by remission with fatigue but
no other symptoms and lasts 1 to 20 days. Most patients

FIGURE 6 Geographical distribution of TBE.
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experience an abortive infection and recover fully without
further symptoms. However, up to one-third of patients
develop a second phase of the disease, which takes the form
of aseptic meningitis in 10 to 50% and encephalitis, mye-
litis, or radiculitis in the remainder (98). Encephalitic signs
include alteration of consciousness, ataxia, paresis or pa-
ralysis, and cranial nerve abnormalities. The case-fatality
rate is 1 to 3% for CEE and can be as high as 8% for TBE-
Siberia. Patients usually die within 1 week of onset of
neurological signs. The disease is less severe in children than
in adults. Adult patients have higher levels of albumin and
specific IgG in the CSF indicating increased virus replica-
tion, and they more often require treatment for brain
swelling than children. Furthermore adults aged at least
60 years had a more severe initial illness and less favor-
able outcome than younger adults (103). The CSF changes
in TBE are similar to other virus encephalitides. Other
clinical laboratory abnormalities include leukocytosis and
elevated erythrocyte sedimentation rate. Abnormalities
in the EEG and MRI are seen in most patients with en-
cephalitis signs.

About 10 to 30% of patients with acute involvement of
brain parenchyma have neuropsychiatric sequelae (98).
Postencephalitic signs and symptoms correlate with severity
of the acute disease, and patients with coma or a requirement
for assisted ventilation have increased sequelae. Objective
neurological sequelae (radicular signs and paresis) generally
resolve over several months, but inability to work, chronic
fatigue, memory and concentration deficits, and other cog-
nitive changes may persist for years. Chronic disease is seen
in 1% of TBE-Siberia cases, and these can have evidence of
persistent virus infection.

In RSSE the clinical disease is usually monophasic; the
onset of illness is more often gradual than acute, with a
prodromal phase including fever, headache, anorexia, nau-
sea, vomiting, and photophobia. These symptoms are fol-
lowed by stiff neck, sensorial changes, visual disturbances,
and neurologic dysfunction. The neurologic features in an
individual case with encephalitis are highly variable. These
include predominantly cerebrocortical forms with obtunda-
tion, convulsions, paresis or paralysis, and hyperkinesia;
predominant involvement of brain stem with respiratory

FIGURE 7 Transmission cycle of TBE. Reprinted with permission from T. P. Monath and E. X. Heinz. 1996. Flaviviruses, page 994. In B. N.
Fields, D. M. Knipe, and P. M. Howley (eds.), Fields Virology, third edition. Lippincott-Raven, Philadelphia, PA.

1286 - THE AGENTS—PART B: RNA VIRUSES



depression, cardiac arrhythmia, oculomotor deficits, and
paralysis of the shoulder girdle and upper extremities; and
myelitic forms with lower motor-neuron paralysis and little
alteration of consciousness. Kozhevnikov epilepsy may occur
in the acute stage or become part of a chronic postenceph-
alitic syndrome. In fatal cases, death occurs within the first
week after onset. Case-fatality rates as high as 20% for RSSE
have been reported but may be overestimated by the lack of
hospitalization of patients with milder cases. The case fa-
tality rate of the Siberian subtype appears to be similar to
that of CEE. Neurologic sequelae, including acute flaccid
paralysis of the shoulder girdle and arms, resembling the
sequelae of poliomyelitis, occur in as many as 30 to 60% of
survivors of RSSE.

Diagnosis
Diagnosis is most often made by serological testing, es-

pecially the detection of serum and CSF IgM antibodies by
ELISA. A ‡ 4-fold increase of ELISA antibody titers in
paired sera collected two weeks apart is considered a con-
firmatory diagnosis. IgM antibodies in serum may be de-
tectable for up to 10 months after disease onset. The virus
(or viral antigen) may be isolated from the blood during the
first phase of illness and from brain tissue of patients dying
during the early phase of the disease, but the success rate is
less than 10%. RT-PCR on brain tissue may be useful in
postmortem diagnosis.

Prevention and Treatment
Vaccination is warranted in persons living in endemic

areas, persons working under high-risk conditions, or trav-
elers engaged in high-risk activities. The latter situation
prevails in highly endemic countries in eastern and central
Europe and is enhanced with occupational or recreational
risk factors.

In Europe, two equivalent, safe, and effective inactivated
TBE vaccines, based on CEEV strains, are available in adult
and pediatric formulations: FSME-IMMUN (Pfizer) and
Encepur (GSK). Three inactivated TBE vaccines, based on
RSSEV strains, are available: TBE-Moscow (Chumakov
Institute of Poliomyelitis and Viral Encephalitides, Moscow,
Russia); EnceVir (Microgen, Tomsk, Russia); and a vaccine
produced by Changchun Institute of Biological Products,
Changchun, China. The TBE-Moscow vaccine is used do-
mestically and internationally, whereas the other two RSSE-
based vaccines are used in domestic markets only. Both
European vaccines have a two-dose primary series consisting
of immunizations administered intramuscularly, starting on
day 0, with the second dose given 1 to 3 months later.
A booster dose is administered 5 to 12 months (FSME-
IMMUN) or 9 to 12 months (Encepur) after the second
immunization. For the European vaccines, subsequent
booster doses are recommended every 5 years for persons
younger than 60 years and every 3 years for persons 60 years
or older. For travelers, an accelerated dosing schedule at 0
and 14 days, followed by a booster dose at 5 to 12 months is
available. Both Russian vaccines have a two-dose primary
series with two doses administered 1 to 7 months apart with a
booster 12 months after the second dose and every 3 years
thereafter. Vaccine efficacy for both products is estimated at
greater than 95%. No tick-borne encephalitis vaccine is li-
censed in the United States but FSME-IMMUN is licensed
in Canada.

The use of repellents or protective clothing may reduce
the risk of tick bite, although this is not a practical prophy-
lactic measure for persons with a permanent risk of exposure.

Permethrin-impregnated clothing is effective in repelling
ticks during outdoor exposure (whereas N, N-diethyl-m-
toluamide [DEET] is less effective). Treatment is supportive.

West Nile Virus
WNV was first isolated from the blood of a patient with
fever in Uganda in 1937. It is one of the most widely
distributed of all arboviruses, but it had not been identified
in the New World before its discovery in 1999 in the area of
New York, NY (104).

Biology
WNV, a member of the JE antigenic complex, is repre-

sented by a single serotype. Sequence analyses suggest that
WNV strains can be categorized into at least five phyloge-
netic lineages (105); however, only lineage 1- and 2-strains
have been associated with significant disease outbreaks in
humans. The lineage 1 viruses can be further subdivided into
three sublineages (a–c): isolates from the Western Hemi-
sphere, Africa, the Middle East, and Europe constitute lin-
eage 1a; Kunjin virus from Australasia represents lineage 1b;
and lineage 1c consists of viruses from India (105, 106). The
lineage 1a viruses are the most widely dispersed and epide-
miologically important, having caused large outbreaks in
Europe, Russia, and North America during the past two
decades. Lineage 1a can be further subdivided phylogeneti-
cally into several clusters, each with a relatively distinct
geographic focus of circulation (105). Nevertheless, all but
one cluster contains isolates from Africa, suggesting frequent
gene flow from Africa to Europe and Russia, most likely by
migrating birds.

The means and origin of the lineage 1aWNV strain (East
Coast genotype), brought into North America, are un-
known. Recent phylogenetic analysis suggests that this virus,
and similar strains causing recent outbreaks in Europe, share
a common progenitor from North Africa (105). The WNV
strain imported into North America contains a single nu-
cleotide change in the NS3 gene (T249P), which confers
avian virulence in otherwise nonvirulent strains (107).
Since approximately 2002, the East Coast genotype has
largely been displaced by a newly evolved genotype (WN02)
encompassing 13 nucleotide changes and one conserved
amino acid substitution in the E protein, compared to the
East Coast genotype, resulting in enhanced dissemination
and transmission of the WN02 virus in North American
mosquito vectors (108, 109).

Since 2004, highly pathogenic lineage 2 WNVs have
caused both human and animal disease in South Africa
(110) and Europe (111). Isolates from lineage 2 viruses have
histidine at the 249 locus of the NS3 gene; however, isolates
that have caused large outbreaks in Greece since 2010
contain a proline substitution at this locus (112, 113). Like
lineage 1 viruses, phylogenetic analysis suggests multiple
introductions of lineage 2 viruses into Europe from Africa.

The virus is maintained in an enzootic cycle between
birds and Culex mosquitoes (Fig. 4). Wild birds develop
prolonged high levels of viremia and serve as amplifying
hosts (114). The major mosquito vector in Africa and the
Middle East is Cx. univittatus, with Cx. poicilipes, Cx. neavei,
Cx. decens, Aedes albocephalus, or Mimomyia spp. important
in some areas. In Europe, Cx. pipiens, Cx. modestus, and
Coquillettidia richiardii are important. In Asia, Cx. tritaenio-
rhynchus, Cx. vishnui, and Cx. quinquefasciatus predominate.

In the United States, more than 65 mosquito species
have been infected with WNV. WNV and SLE virus share
the same maintenance vectors: Cx. pipiens and Cx. restuans
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in the northeastern United States and Canada, Cx. quin-
quefasciatus in the southern United States, and Cx. tarsalis in
the western United States and Canada. Cx. nigripalpus may
be important in Florida. There is evidence from Texas and
California that WNV has displaced SLE virus in Culex
vectors.

Culex mosquitoes are important for their role in over-
wintering the virus in temperate climates, where they hi-
bernate as adults. The amplification cycle begins when
infected overwintering mosquitoes emerge in the spring and
infect birds. Amplification within the bird-mosquito-bird
cycle continues until late summer and fall, when Culex
mosquitoes begin diapause and rarely blood feed. The im-
portance of vertical transmission in maintaining the virus is
unknown, but it may be an important mechanism of infec-
tion of mosquitoes entering diapause.

In the Old World, naturally acquired disease in wild birds
is uncommon, suggesting a balanced relationship between
virus and hosts. A notable exception was mortality in do-
mestic geese and migrating storks (115) in Israel resulting
from infection by a strain similar to the East Coast strain in
the United States. WNV has caused lethal infection in more
than 320 resident and exotic avian species and marked de-
clines in populations of highly susceptible species, such as
American crows, in the United States (116).

WNV grows and produces CPE or plaques in primary
chicken embryo cells and in continuous cells of human,
primate, swine, and mosquito origin. Mice and hamsters are
susceptible to lethal infection by the intracerebral and in-
traperitoneal routes. Equine encephalitis outbreaks have
occurred in many countries. In the United States, equine
incidence peaked in 2002 and subsequently decreased after
equine WNV vaccines became available. Approximately
10% of experimentally infected horses develop clinical ill-
ness. Ill horses experience a 20 to 40% mortality rate. Age,
vaccination status, inability to rise, and female gender are
associated with the risk of death (117). Viremia in horses is
low and of short duration; thus, horses are unlikely to serve
as important amplifying hosts for WNV in nature.

Epidemiology

Distribution and geography. WNV is present
throughout Africa, the Middle East, continental Europe,
India, Indonesia, and Australia. Notably, the virus has rarely
been identified from JE endemic areas. In the NewWorld, its
distribution has expanded from its discovery site in New
York City in 1999 to Argentina in 2006. Despite serological
evidence of WNV circulation in many countries in the
Caribbean and Latin America, human and equine disease
has rarely been reported.

Before 1995, human infection with WNV was mainly
associated with little or no disease. In the Nile Delta of
Egypt, serological data showing 6% seroprevalence in
schoolchildren and 40% in young adults suggest that infec-
tion is very common (118). In 1974, Cape Province, South
Africa experienced an outbreak with a 55% incidence of
infection with thousands of clinical cases, yet illness was
mild and without encephalitis. Outside of Africa, small
outbreaks or sporadic cases of CNS infection had been re-
ported from Israel, India, and several European countries
(119). A marked upswing in WNV activity began in the
mid-1990s coincident with the emergence of a group of
genetically similar lineage-1 viruses of apparent increased
pathogenicity (120, 121). Outbreaks associated with a high
incidence of severe neuroinvasive disease occurred in Al-

geria (1994), Romania (1996), Tunisia (1997), Russia (1999
to 2001), the United States (1999), Israel (2000), and Su-
dan (2002) (122). Subsequently, outbreaks of CNS infection
from both lineage 1 and 2 viruses have continued in parts of
Europe.

Incidence and Prevalence. In the New World,
significant human morbidity and mortality have been
noted only in the United States and Canada. The initial
outbreak in New York City caused 62 cases and 7 deaths in
Queens and surrounding areas (104). The virus then spread
rapidly from its initial locus (Fig. 8). Surveillance systems
focus on detection of WNV neuroinvasive disease
(encephalitis, meningitis, acute flaccid paralysis) since
reporting of these cases is relatively complete. From 1999
to 2014, a total of 41,762 confirmed and probable cases of
WNV disease, including 18,810 cases of neuroinvasive
disease, were reported to the CDC from 48 states and the
District of Colombia. Only 19 human cases of WNV
neuroinvasive disease were reported in the United States in
2000 and 64 in 2001. However, from 2002 to 2014, the
number of reported neuroinvasive disease cases ranged from
386 to 2,946, with the three largest outbreaks occurring in
2002 (2,946 cases), 2003 (2,866 cases), and 2012 (2,873
cases) (123, 124). Neuroinvasive disease varies considerably
across the United States, with the highest-incidence states
located in the Midwest. In Canada, 1,030 patients with
neuroinvasive disease were reported through 2014.

Serologic surveys and extrapolations from blood-donor
screening data indicate that neuroinvasive disease following
WNV infection is infrequent, with estimates ranging from 1
in 140 to 1 in 256 infections resulting in meningitis or en-
cephalitis (125–127). By extrapolation, the 18,810 cases of
neuroinvasive disease reported in the United States through

FIGURE 8 Expansion of WNV in North America, Central
America, and the Caribbean, 1999 to 2006. Areas demarcated by
solid lines confirmed by virological confirmation in mosquitoes or
vertebrates. Areas demarcated by dashed lines are those with sero-
logical evidence in vertebrates only. Serological evidence of WNV
was found in Colombia and Venezuela in 2004, and WNV caused
an equine outbreak in Argentina in 2006.
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2014 would imply that from 2.6 to 4.8 million persons have
been infected. Serological surveys indicate that even in areas
experiencing outbreaks, less than 10% of the population has
been exposed to the virus (126–129).

Human WNV infection incidence increases in early
summer and peaks in August or early September. In the
United States, within large regional WNV epidemics, the
incidence of human disease varies markedly from county to
county, suggesting the importance of local ecological con-
ditions. Urban and agricultural land covers, rural irrigated
landscapes, farming activities, and several socioeconomic
factors relate to higher WNV incidence in some locations.
Males and persons living in a rural area were approximately
1.4 times and 3.4 times (respectively) more likely than fe-
males or persons living in suburban or urban locations to
have WNV infection (130).

Risk FactorsAssociatedwithHumanDisease. Serologic
surveys in Romania (128) and New York City (127, 128), as
well as blood-donor screening data (131), indicate that
WNV infection incidence is constant across all age groups
during outbreaks. Advancing age profoundly increases the
risk of neuroinvasive disease, particularly encephalitis (126,
132). The risk may approach one in 50 among persons aged
at least 65 years, a rate 16 times higher than that for persons
aged 16 to 24 years (126). In addition, a history of cancer,
diabetes, hypertension, alcohol abuse, renal disease, and
CCR5 deficiency, as well as male sex, may increase the risk of
neuroinvasive disease (126, 132–136). Persons infected
through transplantation of WNV-infected organs are at
extreme risk of developing neuroinvasive disease (137), but
conflicting data exist regarding risk among previous organ
recipients infected via a mosquito bite (138, 139).

Transmission
Mosquito bites account for nearly all human WNV in-

fections. West Nile virus can also be transmitted via trans-
fused platelets, red blood cells, and fresh frozen plasma (140),
as well as through heart, liver, lung, and kidney transplan-
tation (137). Transmission via organ transplantation has
occurred from donors without detectable viremia, suggesting
viral sequestration in organs shortly after viremia has cleared.

One possible transplacental transmission following a
second trimester WNV infection resulted in an infant with
chorioretinitis, lissencephaly, and cerebral white matter loss
(141). Fortunately, fetal abnormalities due to intrauterine
infection are uncommon; none of 72 live infants born to 71
women infected during pregnancy had malformations linked
to WNV infection or had conclusive laboratory evidence of
congenital WNV infection (142). Nevertheless, three in-
fants born to women infected within three weeks prepartum
developed symptomatic WNV disease at, or shortly after,
birth, indicating the possibility of intrauterine infection or
infection at the time of delivery. Other rare or suspected
modes of transmission include breast milk, percutaneous or
conjunctival exposure to laboratory workers, and by un-
known means in dialysis-unit patients and workers at a
turkey breeder farm (143).

Pathogenesis
Mosquito salivary components introduced at the site of

infection in vertebrates modulate initial infection of target
cells like keratinocytes (144) and skin-resident dendritic
cells through several mechanisms, including focal suppres-
sion of immune effector cell trafficking to the site of inoc-
ulation (145). Infected dendritic cells or keratinocytes

migrate to draining lymph nodes from which a serum viremia
is generated that then relays infection to visceral organs and
potentially to the central nervous system (CNS).

WNV is capable of replicating and eliciting pathology in
the brain, but a critical prerequisite to generating neuro-
invasive disease in humans is the virus’ capacity to gain
access to the CNS (i.e., neuroinvasiveness). Postulated
WNV neuroinvasive mechanisms include direct viral
crossing of the blood-brain barrier (BBB) due to cytokine-
mediated increased vascular permeability, a Trojan horse
mechanism in which infected tissue macrophages are traf-
ficked across the BBB, direct infection and passage through
the endothelium of the BBB, and retrograde axonal trans-
port of the virus to the CNS via infection of olfactory or
peripheral neurons (136). Regardless of how WNV enters
the CNS, murine models of infection have shown persistent
viral replication in various tissues, including the CNS, sug-
gesting a potential etiology for long-term neurological se-
quelae observed in neuroinvasive-disease patients (136).

WNV could be isolated from lung, heart, skeletal muscle,
skin, lymph nodes, liver, small intestine, kidney, thyroid,
spinal cord, pons, basal ganglia, cerebellum, and cerebrum in
patients who died within one month of receiving WNV for
treatment of cancer during the 1950s (146). In one study, all
23 patients who died fromWNVencephalomyelitis had glial
nodules with variable loss of neurons and perivascular cuff-
ing by mononuclear cells (147). Mononuclear inflammation
and loss of neurons were most prominent in the gray matter
of the medulla, pons, and midbrain. Inflammation of spinal
cord was universally present, particularly in the anterior
horns. Glial nodules and lymphocytic perivascular cuffing
were usually seen in both anterior and posterior horns. Im-
munohistochemical assays showed viral antigens in the cy-
toplasm of neurons and neuronal process.

Clinical Manifestations
The typical incubation period for infection ranges from 2

to 14 days, although longer incubation periods have been
observed among immunosuppressed hosts (140). Most per-
sons infected with WNV are asymptomatic, because symp-
toms are seen in only about 25 percent of infected patients
(148).

West Nile Fever. The usual presentation is a self-limited
febrile illness, called West Nile fever, which is
indistinguishable from dengue and other viral fevers. The
illness is characterized by fever, headache, malaise, back pain,
myalgias, and anorexia persisting for three to six days. Eye
pain, pharyngitis, nausea, vomiting, diarrhea, and abdominal
pain can also occur. A rash, which often appears around the
time of defervescence, tends to be morbilliform and non-
pruritic, predominating over the torso and extremities, but
sparing the palms and soles.

Although initially considered a mild, febrile illness, many
patients experience a more severe and prolonged course. In a
study of 98 patients with West Nile fever, the frequency and
median duration of symptoms were as follows: fatigue (96%;
36 days), fever (81%; 5 days), headache (71%; 10 days),
muscle weakness (61%; 28 days), and difficulty concentrating
(53%; 14 days) (149). Thirty patients required hospitaliza-
tion for a median of five days, and 79% missed work or
school for a median of 10 days. At 30 days, 63% were
symptomatic. In a follow-up study of 531 patients with West
Nile fever, 53% reported symptoms of at least 30 days in
duration, and 79% reported missing work for a median of 16
days (150).
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Neuroinvasive Disease. Approximately one in 150 to
250 persons infected with WNV develop neuroinvasive
disease (127, 151), which is manifested by meningitis,
encephalitis, or acute flaccid paralysis. Encephalitis that is
associated with muscle weakness and flaccid paralysis is
particularly suggestive of WNV infection. West Nile
encephalitis ranges in severity from a mild, self-limited
confusional state to severe encephalopathy, coma, and
death. Fever is present in at least 90%, with weakness,
nausea, vomiting, and headache in approximately one-half
of patients. Other neurologic manifestations include tremor,
myoclonus, and parkinsonian features, such as rigidity,
postural instability, and bradykinesia. The case-fatality rate
among persons with neuroinvasive disease is approximately
10%.

Although Guillain-Barré syndrome can occur, WNV-
associated acute flaccid paralysis most commonly results from
destruction of anterior horn cells. Paralysis from WNV my-
elitis is asymmetric and can occur without overt meningitis
or encephalitis (152). Cranial nerve palsies can occur, re-
sulting in facial weakness, vertigo, dysarthria, and dysphagia.
Facial paralysis carries a favorable prognosis. Dysarthria and
dysphagia accompanied by acute flaccid paralysis indicate a
high risk of impending respiratory failure (152). All patients
have some improvement in muscle strength, mostly in the
first 4 months following acute illness, with about one-third
having significant recovery and one-third recovering fully.
Patients with respiratory failure experience > 50% mortality,
although functional recovery is highly variable and complete
recovery is possible (153). WNV infection infrequently
causes other forms of weakness, including brachial plexop-
athy, radiculopathy, and a predominantly demyelinating
peripheral neuropathy similar to Guillain-Barré syndrome.
Other neurologic complications with WNV include seizures,
cerebellar ataxia, optic neuritis, and hearing loss.

Total leukocyte counts in peripheral blood are mostly
normal or elevated. In cases with signs of CNS involvement,
the CSF usually demonstrates a pleocytosis often with a
predominance of lymphocytes, as well as an elevated protein
concentration. A few patients with meningitis or encepha-
litis have normal ( < 5 per mm3) CSF cell counts (3 and 5%,
respectively). Over 90% of patients had elevated CSF pro-
tein levels.

CT of the brain typically shows no evidence of acute
disease. MRI shows abnormalities in 20 to 70% of patients
(154). Hyperintensity on T2-weighed MR images may be
seen in regions such as the basal ganglia, thalami, caudate
nuclei, brainstem, and spinal cord. Electroencephalography
(EEG) in patients with meningitis or encephalitis typically
shows generalized, continuous slowing, which is more
prominent in the frontal or temporal regions (155). Patients
with acute flaccid paralysis have electrodiagnostic studies
showing normal sensory nerve action potentials (SNAPs)
with compound motor action potentials (CMAPs) varying
between normal and markedly decreased, depending on the
degree of paralysis (156).

Other Complications. Other manifestations described
with WNV infection include multifocal choroiditis,
vitritis, myocarditis, pancreatitis, fulminant hepatitis,
rhabdomyolysis, stiff-person syndrome, and autonomic
instability (143).

Diagnosis
WNV should be considered in patients who have unex-

plained febrile illness, encephalitis, meningitis, or acute

flaccid paralysis during mosquito season. Evidence of WNV
enzootic activity or other human cases, either locally or in a
region where the patient has traveled, should raise the index
of suspicion.

Viremic blood donors develop IgM antibody in plasma
within nine days after donation (157). Serum or CSF can be
tested with the IgM antibody capture ELISA. Nearly all
patients with meningitis or encephalitis have a positive IgM
antibody capture ELISA result at clinical presentation, but
patients with West Nile fever may not have demonstrable
antibody in serum obtained within eight days of clinical onset
and can only be documented to have West Nile virus infec-
tion after nucleic acid amplification test or convalescent-
phase samples demonstrate antibody (158). IgM antibody to
WNV may persist for 1 year or longer. False positive ELISA
results can occur due to recent immunization with yellow
fever or JE vaccines or due to infections with other related
flaviviruses, such as SLE or dengue viruses.

WNV can be isolated or viral antigen or nucleic acid
detected in CSF, tissue, or other body fluids, although the
low sensitivities of these methods preclude their use as
routine screening tests. Nucleic acid testing (NAT), such as
real-time PCR, has been positive in up to 55% of CSF
samples. NAT of plasma from blood donors indicates that
viremia is of a low titer and detectable for a median of 6.9
days (159). Among patients with neuroinvasive disease,
NATof plasma has a sensitivity of less than 15% (104, 158).
However, patients with West Nile fever have been diag-
nosed by NAT, serology, or a combined approach of these
two methods in 45, 58, and 94% of cases, respectively (158).
Thus NAT may complement serologic testing in patients
with suspected West Nile fever, particularly if the test is
available and urgent diagnosis is required. NAT in serum or
CSF may be valuable for severely immunocompromised
patients, who may have prolonged viremia or lack IgM
antibody.

Treatment
Treatment of WNV infection remains supportive. Several

investigational therapeutic approaches including immune g-
globulin, WNV-specific neutralizing monoclonal antibodies,
corticosteroids, ribavirin, interferon a-2b, and anti-sense
oligomers (160, 161) have failed to document efficacy, in
part due to difficulty in recruiting sufficient numbers of pa-
tients. Case reports or uncontrolled clinical series suggesting
efficacy should be interpreted with extreme caution due to
WNV’s highly variable clinical course. There is intensive
research using structure-function studies of virus-encoded
proteins to identify viral targets for drug development, but
these are all in vitro or small animal models studies. (162–
165), including Favipiravir (T-705), which is a broad spec-
trum RNA virus inhibitor (166).

Prevention
The introduction of a vaccine against WNV for use in

horses has substantially reduced the incidence of equine
WNV disease in the United States (167, 168). Three li-
censed inactivated vaccines are available in the United
States or the European Union (169–173); a DNA vaccine
has also been licensed in the United States but is not
commercially available (174).

Several human WNV vaccine constructs have been de-
veloped, some of which have reached human clinical trials
(173). Chimeric vaccines, inserting WNV prM and E pro-
tein genes into attenuated yellow fever and dengue 4 virus
backbones, have undergone successful phase 2 and 1 clinical
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trials, respectively, and have demonstrated safety and im-
munogenicity, although efficacy trials were not possible
(175). A phase 1 WNV DNA vaccine trial has been com-
pleted demonstrating safety and immunogenicity (176).
Phase-3 efficacy trials have not been attempted due to the
unknown market potential of a WNV vaccine and logistical
difficulties in conducting phase-3 clinical trials for this
sporadic and widely dispersed disease (160).

Personal protection to avoid mosquito exposure and the
use of repellents is advised during periods of WNV activity.
Public health measures include surveillance for virus activity
in birds, mosquitoes, and humans, and the use of pesticides
to kill adult infected mosquitoes.

Flaviviruses Associated Primarily with Febrile
Syndromes with Rash

Dengue Viruses
Dengue disease was first described in the 18th century, but
the causative agent was not isolated until 1944. Between
1944 and 1956 it was shown that four distinct viruses, des-
ignated dengue types 1 to 4, were responsible for the same
clinical syndrome. In 1956, a severe form of the disease,
dengue hemorrhagic fever/dengue shock syndrome (DHF/
DSS), was described for the first time, although, in retro-
spect, earlier isolated outbreaks had probably occurred in
Australia and South Africa. Both dengue fever and DHF/
DSS are increasing in frequency worldwide.

Biology
Dengue fever is caused by four distinct antigenically and

genetically related viruses (dengue virus types 1 to 4) that are
distinguished by neutralization tests. Infection with an in-
dividual dengue serotype confers lifelong protection to that
serotype, but sequential infections with different serotypes
occur because cross-protection between serotypes in vivo is
absent or of short duration. Sequences of strains of dengue
virus belonging to the same serotype are > 90% homologous,
whereas homology across serotypes is approximately 65%
(177). Distinct genotypes have evolved in different geo-
graphic regions, and genotyping thus provides a means of
determining the origin and spread of epidemics (178). In
many areas of the world, two or more genotypes of each
serotype co-circulate, reflecting either the evolution of au-
tochthonous variants over time, or introduction and spread
of a distinct genotype from another region. In addition to
mutational events, intertypic recombination appears to play
a role in the evolution of variants within dengue serotypes
(4) but not between serotypes.

All four dengue virus serotypes cause DHF/DSS, but
dengue type 2 is the most important, followed by dengue
type 3 (179–181). The sequence of infecting serotypes and
strain differences in virulence appear to influence the oc-
currence of DHF. There is no animal model of DHF disease
permitting study of these factors. Epidemiological studies
and comparison of nucleotide sequences of strains associated
with different disease outcomes have provided clues that
virus specified factors may contribute to the pathogenesis of
DHF. In the Americas, two distinct genotypes of dengue 2
virus have circulated since 1981, when a strain belonging to
the genotype I was introduced from Southeast Asia and
superimposed on the endemic “American” genotype V
(179). The Asian genotype has caused multiple epidemics of
DHF/DSS in populations with prior immunity to dengue 1
(182), whereas the American genotype appears to be less
pathogenic and has not caused outbreaks of severe disease in

populations with a similar immunological background
(183). A detailed comparison of the nucleotide sequences of
multiple dengue 2 strains, representing Southeast Asian
genotype I and American genotype V, led to the identifi-
cation of structural differences at critical determinants that
were associated with the potential to cause DHF. These
differences were located at E390 (putative cell receptor
binding region of the E protein, a region of the 5’ noncoding
region (NCR) involved in the initiation of translation, and a
region of the 3’NCR believed important in the formation of
replicative intermediates (184).

The structure and replication strategy of dengue viruses
are similar to other flaviviruses, but their host range and
growth characteristics in vitro are distinctive. Unadapted
isolates of dengue virus often do not cause CPE in cell cul-
ture and are not pathogenic for infant mice. Neuro-
adaptation by sequential passage is required to produce
consistent pathogenicity. In general, cells of monkey (Vero,
LLC-MK2) and mosquito (A. albopictus C6/36) origin are
most useful for virus isolation and propagation in vitro (Table
3). Syncytium formation occurs in mosquito cells. Dengue
viruses replicate to high titer in mosquitoes after intratho-
racic inoculation.

Epidemiology

Distribution and Incidence. Dengue viruses occur
worldwide in tropical regions. Their distribution is
determined by the presence of the principal mosquito
vector (Aedes aegypti) (Fig. 9). Since World War II, dengue
has expanded in incidence and geography, due principally to
urbanization and the attendant increase in domestic A.
aegypti populations, and to the increased movement of
infected people by airplanes (185). It is estimated that over
3.9 billion people in 128 countries inhabit tropical areas at
risk of infection (186) and about 390 million dengue virus
infections occur annually throughout the world, resulting in
96 million cases of dengue disease (187).

Dengue infections are most prevalent in Southeast Asia,
where all four serotypes are continuously present. In recent
years, the Indian subcontinent, southern China, and Taiwan
have experienced epidemics. Island nations in Oceania have
long been at risk of epidemic spread. All four serotypes have
been introduced episodically, but the island outbreaks have
generally been caused by a single serotype. Intermittent
transmission of dengue has occurred in Queensland, Aus-
tralia. All four serotypes have been isolated in tropical Af-
rica, but their medical impact remains unclear due to poor
surveillance.

Many areas of Central and South America, the Carib-
bean, and the coastal United States experienced outbreaks
throughout the 19th and early 20th centuries. Concerted
control programs in the mid-20th century effectively elimi-
nated the A. aegypti mosquito from much of the Americas,
and dengue activity was reduced to sporadic activity in the
Caribbean (188). However, discontinuation of the control
program in the 1970s resulted in reinfestation ofA. aegypti to
its former range by the mid-1990s. This has resulted in an
increase in annual reported dengue cases from 66,000 in
1980 to more than a million cases in recent years over a
widening geographic range (189).

Dengue epidemics have occurred occasionally in the
continental United States since the end of World War II
(Louisiana in 1945; Texas in 1980, 1986, 1995, 2000, and
2005; Florida 2009, 2010, 2013). The Texas outbreaks re-
sulted from amplified transmission in northern Mexico and
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included both imported cases and cases derived from sec-
ondary spread (190). Following a 56-year hiatus, an outbreak
vectored by the A. albopictus mosquito occurred in Hawaii
from 2001 to 2002 (191).

In hyperendemic areas of Southeast Asia, the annual
incidence of infection is 10 to 20%, and most children have
experienced at least one dengue infection by the age of 7
years. In these areas, dengue is a childhood disease, and
adults are protected by cumulative immunity. In island
communities or in naïve populations undergoing virgin-soil
epidemics, the incidence of dengue infection has been 70%
or higher, with similar attack rates across all age groups. The
ratio of inapparent/apparent infections is probably highly
variable due to age, other host factors, and virus strain var-
iation. Inapparent-to-apparent infection ratios are between
6:1 and 15:1 for primary infection (187, 192) and 1:1 to 3:1
in adults (193–195). In a dengue-naïve population, the risk
of dengue fever following primary infection increases with
age (196).

The WHO estimates that 500,000 people with severe
dengue require hospitalization annually, with a 2.5% overall
mortality. Severe dengue now occurs in many countries
every year, with a pattern of increasing incidence, largely as
the result of the global transport of dengue viruses resulting
in co-circulation of multiple dengue serotypes, permitting
secondary infections. Immunity acquired after infection with
one serotype confers full (probably lifelong) protection
against reinfection with that serotype, but predisposes an in-
dividual tomore severe disease (DHF) on sequential infection
with another dengue serotype. The ratio of inapparent-
to-apparent infection is significantly lower in secondary
infection.

In the American region, sporadic cases of DHF were re-
ported in the 1970s, and the first epidemic occurred in Cuba
in 1981 (10,000 cases, 158 deaths) with the introduction of
a dengue 2 Asian genotype virus (182). Subsequently, major
outbreaks of severe dengue have been recorded throughout
the region as all four dengue genotypes now circulate
throughout the Americas.

Transmission. Aedes spp. mosquitoes transmit dengue
virus, and humans are the intermediate host.A. aegypti is the
most important vector globally. In tropical areas, vectors are
active year round and dengue occurs throughout the year,
with increased transmission during the rainy season. This is
due to higher mean temperatures and the attendant shorter
extrinsic incubation period in the vector and to higher
humidity and enhanced survival of adult mosquitoes. In
temperate zones, transmission is limited to the summer
months. Dengue fever is an important travel-associated
infection, and hundreds of imported cases of dengue fever
are reported each year in travelers returning to the United
States, Europe, and Australia.

The period of viremia for blood-feeding adult female
vectors, during which humans are infectious, is 3 to 5 days
(197). After blood feeding, an extrinsic incubation period of
10 to 14 days must elapse before A. aegypti can transmit the
virus upon refeeding (197). A. aegypti is a domestic species
that breeds in artificial containers and bites in and around
human habitation. Peak biting activity occurs in the early
morning and late afternoon. In tropical areas where storage
of drinking water is practiced, 10 to 20 female A. aegyptimay
be found per room, of which 5 to 10% may be infected with
dengue virus. However, outbreaks with vector densities of
less than 1 female mosquito per house have also been re-
corded. A. aegypti is a furtive mosquito and may probe sev-
eral persons before completing a blood-meal, enhancing the
rate of virus transmission due to the presence of virus in
mosquito saliva. The vector population threshold for dengue
transmission has not been established, although it is clear
from experiences in Cuba and Singapore that very low
vector densities must be reached for transmission to cease
(see “Prevention” below). In rural areas in some parts of the
world, A. albopictus plays a secondary role in interhuman
transmission of dengue. A. albopictus spread from Asia to the
New World in the 1980s, and, in 1995, was implicated in
dengue transmission for the first time in Mexico (198).

The maintenance of dengue viruses between epidemics
has not been clearly defined, especially in rural areas with

FIGURE 9 Geographical risk map of dengue fever.
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relatively sparse human populations. Vertical transmission
of dengue virus in A. aegypti and in sylvatic Aedes spp.
occurs, and probably contributes, to virus maintenance. In
Southeast Asia and West Africa, a sylvatic cycle of trans-
mission occurs, involving nonhuman primates and tree-
hole-breeding Aedes spp., similar to the cycle for yellow fever
(Fig. 10). However, in Africa, virus strains involved in the
sylvatic cycle are distinct from strains associated with human
disease outbreaks (199).

Dengue infections have been transmitted by needle stick,
from bone marrow transplantation, and blood transfusion.

Risk Factors Associated with Severe Dengue
The principal risk factor for DHF/DSS is prior exposure

to a heterologous dengue serotype. Approximately 90% of
persons with DHF/DSS are secondary infections (i.e., a
second dengue infection involving a serotype different from
that causing the first infection). The risk of DHF is estimated
to be 15 times higher and that of DSS 50–100 times higher
in secondary than in primary dengue infection (180).

Age influences disease expression. Unlike classical den-
gue fever, DHF/DSS is principally a disease of childhood.
Two peaks have been noted in age-specific incidence rates:
children younger than 1 year old and children 3 to 5 years of
age. The disease in infants is rare and is associated with
primary infection in the presence of maternal antibody,
whereas the vast majority of cases in older children are the
result of secondary infections. In Thailand the highest in-
cidence of DHF/DSS is in children 5 to 9 years of age. In the
1981 DHF epidemic in Cuba, children had a higher inci-
dence of severe disease compared to adults with a similar
immunologic predisposition (200). However, when dengue
2 reinvaded in 1997, all individuals with prior exposure to
dengue 1 had been infected at least 9 years before (dengue 1
struck Cuba in 1977 to 1978) and all patients hospitalized

were > 15 years old (201). The case-fatality rate was higher
in this outbreak than in 1981 (182). These findings illustrate
the importance of age in DHF pathogenesis.

In addition, age, sex, race, and acquired host factors
modulate disease expression. The incidence of DHF (but not
of dengue infection) is higher in females than in males. It is
hypothesized that females may have a more robust immune
response to dengue infection or may be more susceptible to
cytokine-mediated vascular injury. Malnutrition, which may
reduce immune responsiveness, appears to spare children
from DHF/DSS. Race influences disease severity; in Cuba,
Caucasians and Asians had a significantly higher incidence
of DHF/DSS than did blacks (200). Underlying disease or
special condition may exacerbate illness. Peptic ulcer disease
(202) and menstruation were risk factors for gastrointestinal
hemorrhage and menorrhagia, respectively. Underlying dis-
eases (e.g., sickle cell disease, diabetes mellitus, and bron-
chial asthma) (203, 204) as well as HLA-related and
nonrelated host genetics (e.g., Fcg receptor IIA, G6PD de-
ficiency, TNFa, interleukin 10) (205, 206) increase the risk
of developing severe disease.

Pathogenesis
The primary cells infected after inoculation in mosquito

saliva are probably dendritic cells in the skin (207), which
subsequently migrate to draining lymph nodes (24). After
initial replication in skin and draining lymph nodes, virus
appears in blood during the acute febrile phase, generally for
3 to 5 days, and may be recovered from serum and from
peripheral blood mononuclear cells (208). Although blood-
derived dendritic cells are highly permissive to infection, one
study indicated the principal subset of PBMCs infected were
CD20+ B cells (209). Dengue virus enters cells via clathrin-
dependent receptor-mediated endocytosis, with DC-SIGN
serving as a virus attachment factor on dendritic cells.

Both the innate and adaptive immune responses are
important for controlling dengue virus infection (210). As
with other flaviviral infections, toll-like receptors and
intracellular sensors, such as the helicases, melanoma
differentiation-associated protein 5 (MDA5), and retinoic
acid-inducible gene 1(RIG-1) are important in recognizing
viral RNA, which, in turn, induces strong IFN responses
(211). Dengue viruses have developed mechanisms to
downregulate the IFN response, which is a powerful inhib-
itor to dengue virus replication. After primary infection, a
strong virion-specific neutralizing antibody response is di-
rected toward epitopes located on domain II of the viral E
protein. However, most antibodies are dengue-serotype
cross-reactive but have low or no neutralizing activity, with a
few high-titer serotype-specific antibodies.

The viremic period is terminated coincident with the
appearance of serum antibodies. In most patients, humoral
and cellular responses result in recovery from infection and
long-lasting protection against reinfection with the homol-
ogous serotype. Serotype-specific neutralizing antibodies
directed against the E protein and serotype-specific CD4+
and CD8+ cytotoxic lymphocytes directed against structural
and nonstructural virus targets on infected cells are respon-
sible for protection and recovery. Cross-protection against
other dengue serotypes is short-lived, and severe disease
(DHF/DSS) occurs in a subset of individuals experiencing
secondary infection with a heterologous serotype.

The genesis of systemic symptoms in dengue fever is
uncertain, but the release of cytokines and chemokines, as a
result of virus injury to dendritic cells and macrophages and
activation of CD4+ and CD8+ T lymphocytes, play an

FIGURE 10 Simplified transmission cycle of dengue and yellow
fever viruses. Both viruses have a jungle cycle involving tree-hole
mosquitoes. In the Americas,Haemagogus sp. transmits yellow fever,
but no jungle cycle for dengue has been discovered. In Africa, both
viruses are transmitted in jungle cycles involving Aedes spp. Yellow
fever does not exist in Asia, but in Malaysia, Sri Lanka, and
probably elsewhere, dengue virus is transmitted in a jungle cycle
involving Aedes spp. The relationship between the jungle cycle of
dengue and human infections is not clear. However, the jungle cycle
of yellow fever is a source of human infections in the Americas and
Africa. Dengue transmission occurs principally in urban environ-
ments, where domestic Ae. aegypti serves as the vector and humans
serve as the viremic host. A similar cycle of yellow fever transmis-
sion occurs commonly inWest Africa. No urban outbreaks of yellow
fever have occurred in the Americas since 1964, except possibly for
a very limited outbreak in Bolivia in 1997 to 1998.
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important role. In uncomplicated (classical) dengue fever,
elevated plasma or blood levels, soluble IL-2 receptor, IL-2,
soluble CD4, and interferon-g, and other cytokines like
TNF-a, IL-1b, and platelet activating factor in plasma or
blood are present. High levels of interferon-a have been
documented for a week or more after the onset of illness.
Leukopenia, due to transient bone marrow suppression, is a
feature of dengue fever and also may be due to the release of
soluble factors from infected monocytes. A 43-kDa cytokine
produced by T cells and cytotoxic for mouse splenocytes has
been demonstrated in mice and humans and may play a role
in the abnormalities of hematopoiesis seen in dengue.

DHF/DSS. Several factors may predispose individuals to
the development of DHF/DSS, including primary versus
secondary infection, time interval between infections, host
genetics, and viral strain. DHF/DSS is characterized by
diffuse capillary leakage and hemorrhage. Increased vascular
permeability results in hemoconcentration, decreased
effective blood volume, tissue hypoxia, lactic acidosis, and
shock. These perturbations in homeostasis are mediated by
cytokines, and there are consequently few pathologic findings
in fatal human cases. On autopsy, signs of capillary leak
(pleural effusions, retroperitoneal edema) and of hemorrhage
(petechiae, ecchymoses, and visceral hemorrhages) are
evident. Histopathologic examination reveals perivascular
edema and hemorrhage, proliferation of lymphoid cells and
plasmacytoid elements in spleen and lymph nodes, and
necrosis of thymus-dependent areas of the spleen. Central or
paracentral focal necrosis of hepatocytes, Councilman
bodies, hypertrophy of Kupffer cells, and focal mononuclear
cell infiltration may be evident in the liver. Bone marrow
changes include maturational arrest of megakaryocytes. Focal
dengue virus antigen has been demonstrated in skin, liver,
and mononuclear leukocytes.

The precise mechanism of DHF/DSS pathogenesis is not
well understood, in part due to the lack of a suitable animal
model. Proposed mechanisms include (i) antibody-mediated
enhancement of infection of monocyte/macrophages; (ii)
activation of dengue-specific lymphocytes, with release of
cytokines and activation of complement; and (iii) innate
immune response, with immune clearance of infected
monocyte/macrophages and release of cytokines and acti-
vation of complement.

In the setting of a secondary dengue infection, preexist-
ing nonneutralizing antibodies recognizing antigenic deter-
minants on the E glycoprotein that are shared by the four
dengue viruses (sometimes termed “heterologous antibody”)
bind dengue virus and form infectious immune complexes.
Dengue virus bound to IgG antibody gains access to the
principal cell targets for replication (monocyte/macro-
phages) via Fc-g receptors, in particular FcRII. The number
of infected cells in the host and the overall virus load is thus
enhanced. This phenomenon of antibody-mediated en-
hancement of virus replication has been demonstrated
in vitro and in animal models but has been difficult to
demonstrate in humans. In addition to a role for the E
protein, the NS1 protein may also play a role. NS1 is found
in both cell-associated and secreted forms, with the latter
associated with viremia in secondary infections. However,
studies to date show no correlation between anti-NS1 an-
tibodies and plasma leakage.

Primary infection also induces both serotype-specific and
dengue virus cross-reactive CD4+ and CD8+ CTLs directed
against cross-reactive structural and (especially) nonstruc-
tural virion proteins expressed on the surface of infected

monocytes. Activation of dengue-specific T lymphocytes,
interacting with infected monocyte/macrophages, causes
release of IFNg, IL-2, TNF-a, and TNF-b. Interestingly,
CD4+ T cells produce greater quantities of IFNg to the ho-
mologous virus causing the primary infection, while the ratio
of TNF-a to IFNg is higher following stimulation with
heterologous dengue viruses. In terms of secondary infec-
tions, it is hypothesized that low-avidity dengue-virus cross-
reactive T cells, induced by the primary infecting dengue
virus, dominate during a secondary heterologous dengue
virus infection. Furthermore, since plasma leakage is rela-
tively short-lived, it suggests a role for the innate immune
response, in particular pro-inflammatory mediators, such as
IL-6, IL-8, and TNF-a.

The overall numbers of CD4+ T cells, CD8+ T cells,
natural killer cells, and gd T cells have been found to be
decreased in DHF patients compared to those with dengue
fever. However, markers of T-cell activation, including ele-
vated levels of soluble CD4 and CD8, IL-2 receptors, and
TNF receptors are higher in patients with DHF than with
classical dengue fever. Activated CD4+ and CD8+ lympho-
cytes may themselves also be targets for dengue replication.
Apoptosis or immune lysis of dengue-infected monocyte/
macrophages cells by CD4+ and CD8+ CTLs results in the
release of a variety of vasoactive mediators and procoagu-
lants. IL-10 and secretory TNF-RII are significantly higher
in DHF compared to dengue fever patients, and IFNg levels
peak earlier in DHF patients, while IL-6, IL-1r, and macro-
phage inhibitory factor were higher in fatal DHF cases. The
situation is further complicated by evidence of higher levels
of secreted NS1 in DHF patients, and complement activa-
tion (associated with the NS1 protein) appears to take place
at the same time as plasma leakage.

Infection of cell cultures with dengue virus induces pro-
duction of chemokines, such as IL-8, RANTES, MIP-1a,
and MIP-1b, which is consistent with studies in humans.
IFN-g up-regulates both the expression of Fc-g receptors on
monocytes (augmenting the infection of these cells by in-
fectious immune complexes) and the expression of MHC
class I and II molecules involved in recognition of these cells
by cytotoxic T cells, thereby increasing the potential for
enhanced dengue replication and release of cytokine medi-
ators. Activation of complement by virus-antibody com-
plexes or by cytokines released during immune clearance of
infected cells is probably also involved in endothelial dam-
age. Elevated levels of TNF-a, IL-6, C3a and C5a, and
histamine occur in DHF. TNF-a causes capillary endothelial
permeability, and increased plasma levels of this cytokine, in
particular, have been associated with severe disease and
shock. Dengue virus also infects cells of the mast cell/baso-
phil lineage in vitro, suggesting that release of histamine from
mast cells may contribute to capillary leakage.

A 43-kDa cytokine (“cytotoxic factor”) produced by
CD4+ T cells has been demonstrated in sera from DHF pa-
tients. When administered to uninfected mice, cytotoxic
factor induced vascular and blood-brain barrier permeability
and lymphoid cell depletion, mimicking those conditions
seen in DHF. Immunization of mice with this cytokine pre-
vented these effects. Although these observations strongly
suggest that the disturbances in vascular permeability that
account for DHF and DSS are mediated by cytokines, the
precise mechanisms remain uncertain and are likely to be
complex. Lacking an appropriate animal model, the role of
individual cytokines cannot be easily dissected, and the
prospects for therapeutic interventions in humans appear to
be as, or more, problematic than for bacterial septic shock.
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Clinical Manifestations
Illness starts suddenly after an incubation period of 2 to 7
days and can manifest as undifferentiated fever, dengue fever
(with or without hemorrhage), or DHF (with or without
shock [DSS]).

Undifferentiated Fever. The patient experiences fever
with mild nonspecific symptoms that can mimic many acute
febrile illnesses. Without specific diagnostic tests, the
diagnosis is rarely made since symptoms and physical exam
are nonspecific. Patients are typically young children or
those experiencing their first infection (primary infection).
Full recovery without the need for hospital care is the norm.

Dengue Fever with or without Hemorrhage. Dengue
fever begins abruptly with high fever (‡ 38.5o C), chilliness,
headache, retrobulbar pain, lumbosacral aching pain,
conjunctival congestion, puffiness of the eyelids,
gastrointestinal symptoms, and facial flushing. Myalgia,
arthralgia, and deep bone pain (“breakbone fever”) are
characteristic features. Fever may be sustained for as many as
6 to 7 days or may have a biphasic (saddle-back) course.
Fever is accompanied by generalized malaise, prostration,
anorexia, and nausea. There is no increase in pulse rate
related to fever. Respiratory symptoms (cough, sore throat,
and rhinitis) are not uncommon, especially in children. A
transient, generalized macular or mottled rash may appear on
the first or second day. Coincident with defervescence on
the third to fifth day, a maculopapular or morbilliform rash
appears on the trunk and then on the face and limbs, sparing
palms and soles. The rash is nonpruritic, lasts 1 to 5 days, and
may result in desquamation on healing. Other signs and
symptoms may include generalized lymphadenopathy,
cutaneous hyperesthesia, and altered (metallic) taste
sensation. Minor hemorrhagic signs are noted in some
patients (petechiae, epistaxis). Patients do not develop
substantial plasma leak, which is a hallmark of DSS (212).
Adults may have a greater propensity for low platelet counts
and hemorrhage than children (212).

Myocarditis and various neurologic disorders have been
associated with dengue fever. Myocarditis is self-limited and
does not result in progressive heart failure. Neurologic
manifestations include encephalitis, encephalopathy (with-
out evidence of brain infection), transverse myelitis, pe-
ripheral mononeuropathy, polyneuritis, Guillain-Barré
syndrome, and Bell’s palsy. Reye’s syndrome has also been
reported to follow dengue infection. Ocular disturbances are
rare but include decreased visual acuity, accompanied by
retinal hemorrhage, cotton wool exudates, and macular le-
sions (213). Convalescence may be prolonged, lasting several
weeks, with generalized weakness, psychological depression,
bradycardia, and ventricular extrasystoles. Persistent arthritis
is not a feature of dengue, and there are no known perma-
nent sequelae of classic dengue infection (214). Hemopha-
gocytic syndrome has been reported in association with
dengue fever and dengue shock syndrome (215, 216).

Maternal dengue infection generally results in a normal
fetal outcome (217, 218); congenital abnormalities have not
been definitively linked to dengue infection. Fetal deaths
have been recorded during acute maternal infection, but
causality could not be determined. Maternal infection near
the time of parturition has been reported to result in hem-
orrhagic complications and premature delivery (219), as well
as transplacental infection and severe dengue in the neo-
natal period (220), but such events are rare.

The similar clinical presentation of dengue fever and
DHF creates difficulties in differentiating them early in the
course of illness. Close monitoring, such as monitoring fever,
fluid intake, and the presence of warning signs (abdominal
pain, persistent vomiting, clinical fluid accumulation, mu-
cosal bleed, lethargy, liver enlargement, increasing hemat-
ocrit, decreasing platelet count), is necessary around the
time of defervescence so that early and appropriate therapy
for DHF/DSS can be initiated.

DHF. This clinical condition can be characterized by
three phases: (i) the febrile phase, (ii) the critical (plasma
leak) phase, and (iii) the convalescent (reabsorption) phase.

During the early febrile phase, which typically lasts 2 to 7
days, patients with DHF can present with symptoms much
like those of dengue fever, but they may also have hepato-
megaly without jaundice (later in the febrile phase). The
hemorrhagic manifestations that occur in the early course of
DHF most frequently consist of mild hemorrhagic manifes-
tations as in dengue fever. Less commonly, epistaxis, bleed-
ing of the gums, or frank gastrointestinal bleeding occurs
while the patient is still febrile.

The critical (plasma leak) phase, which usually lasts 24 to
48 hours, begins about the time fever abates. At this time, it
is vital to watch for evidence of hemorrhage and plasma leak
into the pleural and abdominal cavities and to implement
appropriate therapies replacing intravascular losses and sta-
bilizing effective volume. If left untreated, this can lead to
intravascular volume depletion and cardiovascular compro-
mise. Evidence of plasma leak includes sudden increase in
hematocrit (‡ 20% increase from baseline), presence of as-
cites, a new pleural effusion on lateral decubitus chest x-ray,
or low serum albumin or protein for the patient’s age and sex.
Patients with plasma leak should be monitored for early
changes in hemodynamic parameters consistent with com-
pensated shock, such as tachycardia, especially in the ab-
sence of fever, weak and thready pulse, cool extremities,
narrowing pulse pressure (systolic minus diastolic blood
pressure < 20 mmHg), delayed capillary refill (> 2 seconds),
and oliguria. Once frank shock is diagnosed, the patient is
categorized as having DSS. Prolonged shock is the main
factor, associated with complications, that can lead to death,
including massive gastrointestinal hemorrhage. Interest-
ingly, many patients with DHF/DSS remain alert and lucid
throughout the course of the illness, even at the tipping
point of profound shock.

Indicators that a patient has entered the critical phase
include sudden change from high to normal or subnormal
temperature, rapid decrease in platelet count, and hemo-
concentration (hematocrit increased by > 20%), new hypo-
albuminemia or hypercholesterolemia, new pleural effusion
or ascites, and signs and symptoms of impending or frank
shock.

During the recovery phase, which typically lasts 48 to 72
hours, a gradual reabsorption of extravascular compartment
fluid takes place. The hematocrit stabilizes or may be lower
due to the dilutional effect of reabsorbed fluid. Congestive
heart failure and respiratory distress from pleural effusion and
ascites may occur if excessive fluids have been administered.

Dengue Case Classification. The 1997 WHO dengue
case definition was limited in terms of complexity and
applicability. According to the new case definitions adopted
in 2009, clinical dengue infection is classified as (i) dengue
without warning signs, (ii) dengue with warning signs, and
(iii) severe dengue (Table 5).
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Diagnosis
Diagnosis depends on the consideration of clinical fea-

tures and potential exposure, based on residence or travel in
dengue-endemic areas, and knowledge about the occurrence
of other cases in the community. The disease may resemble
influenza, rubella, rubeola, malaria, scrub typhus, leptospi-
rosis, and a variety of other arbovirus infections, especially
chikungunya, O’nyong nyong, West Nile, Sindbis, Mayaro,
Edge Hill, Kokobera, Spondweni, Barmah Forest, Zika, and
Ross River virus diseases. With its rising incidence in trop-
ical areas affected by dengue, leptospirosis, in particular, has
caused considerable diagnostic confusion with dengue.

The approach to laboratory diagnosis depends on the
timing of sample collection relative to illness onset. Viremia
is detectable via culture, PCR, and antigen detection from
blood during the first 3 to 5 days of illness before deferves-
cence. A. albopictus C6/36 mosquito cell lines are the pre-
ferred viral isolation system, but mosquito inoculation is
more sensitive. In practice, however, virus isolation is not
practical for routine diagnosis, since it requires cell culture
facilities and has a long turnaround time and lower sensi-
tivity compared to molecular or immunoassay methods
(221).

RT-PCR with type-specific primers is useful for serotype-
specific diagnosis. Multiplex RT-PCR can provide a method
for detection and typing multiple dengue viruses in clinical
samples or cell culture fluids. Viral nucleic acid can be de-
tected in serum, plasma, blood (including that collected on
filter paper), saliva, and tissues (including formalin fixed).

Many RT-PCR protocols are available; however, many have
not been validated. Several manufacturers offer dengue RT-
PCR kits, but an FDA-approved real-time RT-PCR kit
available from the CDC allows viral detection in the first 7
days of illness (222).

NS1 antigen can be detected in blood, for as long as 9
days after fever onset, and in tissue samples. Commercial
ELISA and rapid tests are available in some countries. These
tests are particularly attractive since they can detect dengue
virus early during the course of illness when accurate diag-
nosis is most clinically relevant, have rapid turnaround, and
can be conducted in resource-poor settings without spe-
cialized equipment for nucleic acid detection. Rapid tests
that can detect both NS1 antigen and IgM antibody are also
available. In a multicenter study the NS1 ELISA sensitivity
was 60 to 75% and specificity was 71 to 80%, while NS1
rapid diagnostic test sensitivity was 38 to 71% and specificity
was 76 to 80% (223). Sensitivities were generally higher in
primary than secondary dengue infections.

Definitive serologic diagnosis depends on the demon-
stration of a 4-fold or greater rise (or fall) in antibody titers.
The IgM antibody-capture ELISA is a useful diagnostic test,
and a positive result on a single serum sample provides a
presumptive diagnosis. IgM antibodies appear shortly after
defervescence (on days 4 to 6 after onset), are detectable in
50% of patients by 3 to 5 days of illness and in 99% by day
10, and wane after 1 to 2 months. IgM antibodies are found
following both primary and secondary infections; however,
in secondary infection early convalescent stage IgM levels
are significantly lower than in primary infections and may be
undetectable in some instances (224). A negative IgM test
before the sixth day of onset is not definitive, whereas a
negative result after that day suggests another etiology. A
small proportion of cases of secondary infection will have no
detectable IgM response.

The IgM antibody-capture ELISA is the most common
method of serologic diagnosis and can be applied to serum,
blood on filter paper, and saliva. In addition, rapid tests for
detection of IgM antibody are available. In a multicenter
study the IgM ELISA sensitivity was 96 to 98% and speci-
ficity was 78 to 91%, while IgM rapid diagnostic test sensi-
tivity was 30 to 96% and specificity was 86 to 92% (223).

The HI, CF, IgG, ELISA, and neutralization tests are
useful for diagnosis of recent infection. Preferably an acute
sample is obtained as early as possible (in the febrile phase)
and a second specimen is obtained 2 to 3 weeks later.
Serotype-specific diagnosis by a ‡ 4-fold rise in antibody
titer is relatively simple in the case of primary infections, but
broad cross-reactions create considerable difficulties in se-
rotype-specific diagnosis in cases of secondary infections.
The plaque reduction neutralization test, which is more
specific than other tests, or epitope-blocking ELISAs em-
ploying monoclonal antibodies, may help to distinguish
specific from cross-reactive antibody responses. In the case of
sequential dengue infections, the antibody response to the
initial infecting virus type may exceed that of the current
infecting type (“original antigenic sin”). Secondary dengue
infections are characterized by the presence of HI antibodies
at titers greater than 20 in the acute phase sample and by
high titers ( > 1,280) in convalescent sera. The ratio of IgM
and IgG antibodies determined by ELISA has been used to
distinguish primary from secondary infection; in primary
infections the IgM/IgG ratio in acute sera or convalescent
sera obtained during the first month after onset generally
exceeds 1.5, whereas secondary infections are characterized
by an excess of IgG (225).

TABLE 5 Clinical description of the 2009 WHO revised
dengue case definitions
Dengue without warning signs
Fever and two of the following:
Nausea, vomiting
Rash
Aches and pains
Leukopenia
Positive tourniquet test

Dengue with warning signs
Dengue as defined above with any of the following:
Abdominal pain or tenderness
Persistent vomiting
Clinical fluid accumulations (ascites, pleural effusion)
Mucosal bleeding
Lethargy, restlessness
Liver enlargement > 2 cm
Increase in hematocrit concurrent with rapid decrease in platelet
count

Severe dengue
Dengue with at least one of the following:
Severe plasma leakage leading to
Shock (DSS)
Fluid accumulation with respiratory distress

Severe bleeding as evaluated by a clinician
Severe organ involvement:
Liver: AST or ALT ‡ 1000
CNS: impaired consciousness
Failure of heart or other organs
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Prevention
Prevention of dengue transmission by control or eradi-

cation of A. aegypti by elimination of breeding sites in con-
temporary settings has been successful only in a few locales
(e.g., Singapore and Cuba) where intensive efforts have been
sustainable. However, even in Singapore, dengue has re-
surged in recent years as a result of decreased herd immunity,
virus transmission outside the home, an increase in the age of
infection, and adoption of a case-reactive approach to vector
control (226). One model, that estimated the Ae. aegypti
threshold density (expressed as the standing crop of pupae
per human inhabitant) required for virus transmission, found
that the threshold levels ranged between 0.5 and 1.5, thus
illustrating the extreme difficulty in dengue prevention by
means of vector-source reduction (227). Unfortunately, ep-
idemic control by use of aerial or ground applications of
mosquito adulticides has not been highly successful, in part
because Ae. aegypti resting places are not reached by aerosols.

New approaches to A. aegypti control in development
include lethal ovitraps, release of Wolbachia-infected mos-
quitoes, release of male mosquitoes carrying a dominant le-
thal gene (RIDL), and use of insecticide-treated curtains
(228–230). While many of these methods show promise in
small-scale field trials, studies have not been conducted on a
scale capable of demonstrating reduction in dengue inci-
dence. Epidemiologic investigations of dengue outbreaks on
the Texas-Mexico border suggest that the use of air condi-
tioning strongly protects inhabitants from dengue infection
(231).

The long-term solution to the control of dengue is the
wide-scale use of safe, effective, and inexpensive vaccines
against all four dengue serotypes. Challenges to dengue
vaccine development include the need for protection against
all four serotypes, the possibility that vaccine immunity
might predispose to immunopathological events associated
with DHF, the lack of understanding of the pathophysiology
of infection, and the lack of suitable animal models. Many
approaches to dengue vaccines are currently under investi-
gation, including live attenuated, chimeric, DNA, subunit,
and inactivated vaccines (232).

A recombinant, live attenuated tetravalent chimeric
vaccine (Sanofi Pasteur) has been evaluated in two phase-3
randomized clinical trials in children between the ages of 2
and 14 years in the Asia-Pacific region and between the ages
of 9 and 16 years in Latin America (233, 234). This 3-dose
(0, 6, and 12 months) vaccine is based on the yellow fever
17D vaccine virus backbone, substituting the dengue en-
velope genes from each of the four dengue serotypes. The
vaccine had a 57% efficacy in the Asia-Pacific trial and a
61% efficacy in the Latin American trial. Efficacy varied
among the dengue serotypes, with particularly low efficacy
noted for the dengue 2 serotype and among younger chil-
dren. No evident vaccine safety issues were noted in either
trial. In a subsequent 3-year follow-up of children enrolled in
these two trials, as well as an earlier phase 2b trial in Thai-
land, vaccinated children aged 9 years and older at baseline
had a lower risk of dengue-related hospitalization (relative
risk=0.50, 95% CI: 0.29–0.86) while younger vaccinated
children had a higher risk of hospitalization (relative
risk=1.58, 95% CI: 0.83–3.02) (235). An overall efficacy of
60% for prevention of symptomatic dengue was similar to
that noted in earlier analysis, with higher efficacy noted in
older children (66% compared to 45% in younger children).
This vaccine is now licensed in several countries (Brazil, El
Salvador, Mexico, and the Philippines as of February 2016).

Two other dengue vaccines currently in clinical devel-
opment demonstrate adequate immunogenicity (i.e., sero-
conversion demonstrated as a neutralization titer of 1 in 10
or a 4-fold increase in neutralization titers). A 2-dose, live
attenuated tetravalent chimeric vaccine (Takeda) engi-
neered the attenuated dengue 2 PDK-53 vaccine strain de-
veloped by Mahidol University as a backbone by replacing
the dengue serotype 2 virus prM and E structural proteins
with the comparable proteins of dengue serotypes 1, 3, and 4.
It was well tolerated and immunogenic in phase-1 trials
(236). A live attenuated tetravalent vaccine developed
at the National Institutes of Health is based on wild-type
serotype-1 and -4 viruses, each with an attenuating 30-
nucleotide deletion (D30) in the 3¢ untranslated region
(rDEN1D30 and rDEN4D30). The vaccine for the dengue 2
(rDEN2/4D3[prME]) component uses the dengue 4 vaccine
strain (rDEN4D30) backbone and the premembrane and
envelope proteins of dengue 2. The genotype 3 vaccine
(rDEN3D30/31) component is based on a dengue 3 virus
with a 30-nucleotide deletion similar to the other strains
with an additional 31-nucleotide deletion upstream of the
D30 mutation. A single dose of this vaccine produced
seroconversion rates of 92% or greater for all four dengue
genotypes and was well tolerated (237).

Treatment
The WHO updated its guidelines for the management

of dengue in 2009. Initial assessment, including patient his-
tory and a full blood count, should determine the dengue
phase (febrile, critical, or recovery), whether warning signs
(Table 5) are present, hydration and hemodynamic status,
and whether the patient requires admission. Ambulatory
patients should be reviewed daily for disease progression until
they are out of the critical period around defervescence.
Uncomplicated dengue fever treatment is supportive and
includes bed rest, fluid replacement, antipyretics, and anal-
gesics. Aspirin or nonsteroidal anti-inflammatory agents
should be avoided due to the hemorrhagic diathesis and a
possible relationship between dengue and Reye’s syndrome.
Patients with warning signs, or those with co-existing con-
ditions that may complicate dengue treatment, should be
hospitalized for observation and fluid management. Patients
with evidence of severe plasma leakage, hemorrhage, or
organ impairment (hepatic damage, renal impairment, car-
diomyopathy, encephalopathy, or encephalitis) require emer-
gency treatment. For these patients, judicious intravenous
fluid resuscitation is the essential, and usually sole, inter-
vention required. Detailed algorithms for fluid management
are provided in the WHO guidelines. Fluid overload, which
will produce pleural effusions, ascites, pulmonary edema, and
irreversible shock (heart failure, if in combination with on-
going hypovolemia) should be avoided. Blood transfusion is
lifesaving for severe bleeding; however, care must be given to
avoid fluid overload. Other aspects of treatment involve
monitoring for hyperglycemia or hypoglycemia and electro-
lyte and acid-base imbalance. Co-infections, such as malaria,
typhus, and leptospirosis, should also be considered. Prompt
recognition and treatment of DSS can reduce mortality to
less than 1% (238–241). Corticosteroids, chloroquine, lov-
astatin, and the polymerase inhibitor belapiravir have not
proven effective in controlled clinical trials (238–240, 242).

There are intense efforts to develop antiviral drugs for
dengue. Most are based on structure-function studies that are
identifying drug targets. Most focus on the protease, RNA-
dependent RNA polymerase, or NS4B. Many show antiviral
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activity in vitro (162, 243–249) and to date only a few show
activity in small animal models. The most advanced was
NITD-0008; however, this had toxicity issues and develop-
ment was discontinued (250). Prochlorperazine, a dopamine
D2-receptor antagonist approved for treating nausea and
emesis, is inhibitory for dengue replication in vitro and in
Stat1-deficient mice (251). None of these agents has ad-
vanced to clinical evaluation.

Zika Fever
Zika fever is caused by Zika virus, which was first isolated
from a rhesus monkey in the Zika Forest, Uganda, in 1947.
The virus is thought to exist in an Aedesmosquito—monkey
cycle. Until recently very few clinical cases of Zika fever
were recorded, and the virus was considered to cause spo-
radic infections in countries in Africa and Asia. However, in
2007, a Zika virus outbreak on Yap Island, Federated States
of Micronesia, in the Pacific, involving 108 confirmed cases
and a further 72 suspected cases (252), represented the first
documented transmission outside of endemic areas in Africa
and Asia. Subsequently, the virus was found in the Philip-
pines (2012) and French Polynesia (2013–2014), with
subsequent spread across the South Pacific (New Caledonia,
Easter Island, and the Cook Islands). During 2015 the virus
has greatly expanded its geographic range into the Americas
with confirmed reports from Brazil in May 2015 onwards
(253, 254), followed by reports from a further 26 countries in
the Americas during the second half of 2015 and into early
2016. Zika fever is now considered an important emerging
disease, and WHO declared the outbreak to be a Public
Health Emergency of International Concern on 1 February
2016 (255). An updated review of the virus has recently
been published (256).

The virus is spread by the bite of Aedes mosquito species
and approximately 20% of infections lead to clinical disease.
The incubation period is 3 to 12 days. Clinical symptoms are
usually mild, often consisting of fever, rash, joint pain, and
red eye, and sometimes muscle pain, headache, retro-orbital
pain, and vomiting. Symptoms last up to one week. Hospi-
talization is rare, and fatalities are infrequent. Sexual trans-
mission has occurred, and virus has been detected for several
weeks in semen, sometimes in association with hema-
tospermia (257, 258). Transfusion-mediated transmission
appears possible, as 3% of blood donors were RT-PCR pos-
itive for Zika virus during the French Polynesia outbreak
(259). The French Polynesian epidemic included cases of
GBS that are still being investigated (260). While the causal
link between Zika virus infection and GBS remains to be
confirmed, multiple countries in the Americas have reported
increased GBS case numbers in the context of the current
outbreak.

Until 2015 there has been one case of virus transmitted
to a fetus during the third trimester and one case potentially
acquired via sexual contact. However, during 2015 the
Brazilian Ministry of Health reported an epidemic of con-
genital microcephaly (a description of a condition where the
occipital frontal circumference of the head of a newborn
child is less than that of the normal circumference for ges-
tational age, sex, and race) associated with Zika virus in-
fection. Other reported abnormalities include intracranial
calcifications, ventricular dilation, macular lesions, and
hearing loss (261, 262). As of January 30, 2016, the Brazilian
Ministry of health had reported 4,783 cases of microcephaly
or central nervous system malformation, including 476
deaths, in at least 20 states of Brazil. At present, the rela-
tionship between Zika virus infection and congenital mi-

crocephaly is primarily ecological, and investigation of the
causal link between Zika virus and microcephaly is ongoing
(263). However, there are reports of detection of viral RNA
by RT-PCR in amniotic fluid samples from pregnant women
whose fetuses had microcephaly (264) and detection of viral
RNA in blood and tissue samples from a newborn baby with
congenital abnormalities. In addition, there has been a re-
cent report of characterization of Zika virus–associated cases
of microcephaly (265).

There is no vaccine, and treatment is supportive. Guid-
ances with regard to infection prevention, including sexual
transmission, and evaluation of potentially affected infants
and exposed women are available on US CDC (266, 267)
and WHO websites.

Other flaviviruses associated with rare and sporadic hu-
man disease are listed in Table 4.

Flaviviruses Causing the Hemorrhagic Fever
Syndrome

Dengue Viruses
Dengue viruses (discussed above) are a leading cause of
hemorrhagic fever throughout the tropics.

Yellow Fever Virus
In 1901 Major Walter Reed, a US Army physician, and
colleagues, working in Cuba, proved that yellow fever was
transmitted by the bite of an Aedes aegypti mosquito rather
than by physical contact of clothing or bedding from in-
fected individuals. This groundbreaking research led to
studies on epidemiology of infectious diseases. Subsequently,
in 1927, Sawyer and colleagues isolated yellow fever virus
from a Ghanan named Asibi by passage of Asibi’s serum in
monkeys. Yellow fever virus, the prototype member of the
family Flaviviridae, causes a hemorrhagic fever syndrome
characterized by high viremia; hepatic, renal, and myocar-
dial injury; hemorrhage; and high lethality.

Biology
Nucleotide sequencing has placed yellow fever virus

within a group of eight other viruses in the Flavivirus genus,
including Banzi, Edge Hill, Entebbe bat, Jugra, Sepik,
Uganda S and Wesselsbron, and Yokose. Analyses of the
yellow fever virus nucleotide sequences have distinguished
at least 7 genotypes: two in West Africa, with probable
subdivisions between western (Senegal) and eastern (Nige-
ria) strains; one in Central and East Africa; one in East
Africa; one in Angola; and two in South America. South
American genotype I is present in Brazil, Colombia, and
Ecuador, whereas genotype II is found in Peru and Bolivia.
Genotype II exhibits a higher degree of microheterogeneity,
and a phylogenetic pattern suggesting independent evolu-
tion in localized geographic areas (268). Phylogenetic
studies of the West African and South American genotype-I
strains show genetic relatedness, supporting the notion that
yellow fever virus was introduced into the New World from
West Africa during the slave trade. Homology across all
yellow fever genotypes is > 90%, suggesting that the virus is
relatively resistant to mutational change either because of
gene flow within large geographic regions or because of re-
strictions on change based on the requirement for specific
vectors and vertebrate hosts.

The host range of yellow fever is shown in Table 3. Aedes
pseudoscutellaris (AP-61) mosquito cells are highly suscepti-
ble, with virus replication assessed by CPE, immunofluo-
rescence, or subpassage to mice or mammalian cells.
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Intrathoracic inoculation of mosquitoes (Toxorhynchites or
A. aegypti) is also a sensitive method for isolation or assay of
yellow fever virus. Asian (rhesus and cynomolgus) monkeys,
as well as some New World monkeys infected with yellow
fever virus, develop fatal hepatitis resembling the human
disease, whereas African species, with which the virus has
coevolved, are resistant to overt disease.

Epidemiology

Distribution and incidence. Yellow fever occurs only in
tropical South America (13 countries), and sub-Saharan
Africa (31 countries) (Fig. 11). Yellow fever has never
invaded Asia. Possible explanations include (i) cross-
protection afforded by dengue immunity and (ii) low
vector competence of Asian strains of A. aegypti (there is
experimental evidence supporting both hypotheses); (iii)
occurrence of yellow fever in remote areas; and (iv)
exclusion of infected persons from routes of travel. In
Africa, where approximately 90% of cases occur, there were
an estimated 130,000 (95% CI 51,000–380,000) cases with
fever and jaundice or hemorrhage, including 78,000 (95%
CI 19,000–180,000) deaths in 2013 (269). In South
America, yellow fever occurs in the Amazon, Orinoco,
and Araguaia River basins and contiguous areas, and,
intermittently, on the island of Trinidad.

The incidence of yellow fever in South America is
highest during months with peak rainfall, humidity, and
temperature (January to March). In tropical America, jungle
yellow fever principally affects young adult males exposed,
during forest-clearing activities, to the vector (Haemagogus
spp.), which inhabits the rain forest canopy. In Africa,
transmission peaks during the late rainy season and early dry
season. A wider array of vectors is responsible for transmis-
sion, and they reach highest densities in savanna habitats.
Human infection is endemic, the prevalence of immunity
increases with age, and therefore children are at greater risk.
There is little difference in incidence by sex.

During epidemics in Africa, the incidence of infection
may be as high as 20%, and the incidence of disease may be
3% (270). The infection/case ratio ranges between 2:1 and
20:1, respectively. Immunity to certain heterologous flavi-
viruses ameliorates the disease and increases this ratio. The
case-fatality ratio has varied widely in different epidemics,
possibly reflecting virus-strain variation in virulence or
sensitivity of case detection. Rates higher than 50% are re-
ported, but the lethality of yellow fever with jaundice usually
approximates 20%.

Transmission. The virus is transmitted between wild
nonhuman primates and diurnally active mosquitoes that
breed in tree holes (Haemagogus spp. in the Americas, and
Ae. africanus in Africa) (271) (Fig. 10). Humans are infected
when they are exposed to these vectors (“jungle yellow
fever”), and epidemic-spread from human to human can be
maintained in rural areas by the same mosquitoes.
Alternatively, A. aegypti, a domestic mosquito that breeds
in manmade containers, may transmit yellow fever virus
between humans as the sole viremic hosts in this cycle
(“urban yellow fever”). In the moist savanna region of
Africa, tree-hole-breeding Aedes spp. (e.g., Aedes furcifer and
Aedes luteocephalus) are implicated in endemic and epidemic
transmission. The virus is maintained over the dry season by
vertical transmission in mosquitoes.

Pathogenesis
The pathophysiology of yellow fever disease is multifac-

torial, involving direct viral injury, necrotic and apoptotic
processes in virus-infected hepatocytes, hypoxia, and in-
duction of a pro-inflammatory innate immune response.
Signs of specific organ dysfunction (hepatitis and renal in-
jury) follow onset of illness by several days. The virus ini-
tially replicates in regional lymph nodes and then spreads via
the bloodstream to other tissues, including liver, spleen,
bone marrow, and myocardium. In liver, Kupffer cells are
infected first, followed by hepatocytes in the midzone (zone
2) of the liver lobule, which undergo coagulative necrosis,
sparing cells bordering the central vein and portal tracts.
The reason for this peculiar distribution of hepatic injury is
unknown. However, midzonal necrosis has been described in
low-flow hypoxia, due to ATP depletion and oxidative stress
of marginally oxygenated cells at the border between anoxic
and normoxic cells. Yellow fever virus antigen has been
observed principally in hepatocytes in the midzone, sug-
gesting a predilection of these cells to virus replication. In-
jury to hepatocytes is characterized by eosinophilic
degeneration (Councilman bodies), rather than by bal-
looning and rarefaction necrosis typically seen in virus
hepatitis. Cytopathic changes (including Councilman bod-
ies) are the result of programmed cell death (apoptosis),
which is the dominant mechanism of cell injury in the liver
(272). Consistent with apoptotic cell death, only minimal
mononuclear inflammation develops in yellow fever. Other
hepatic pathologic changes include microvesicular accu-
mulation of fat, ceroid/lipofucsin deposits, and intranuclear
(Torres) bodies. The reticulin framework is preserved, and
healing occurs without cirrhosis. Renal pathology is

FIGURE 11 Geographical distribution of yellow fever.
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characterized principally by acute tubular necrosis and fatty
change, which may represent late-stage injury following
shock. Cerebral edema and petechial hemorrhages are
common findings. Lymphocytic elements in the spleen and
lymph nodes are depleted, and large mononuclear or his-
tiocytic cells accumulate in the splenic follicles.

In addition to hepatic and renal dysfunction, the disease
is characterized by hemorrhage and circulatory collapse.
Decreased synthesis of vitamin K–dependent coagulation
factors by the liver, disseminated intravascular coagulation,
and altered platelet function contribute to the hemorrhagic
diathesis (273). Direct virus injury to myocardial fibers,
which show cloudy swelling and fatty changes, may con-
tribute to shock. However, shock is undoubtedly mediated
by cytokine dysregulation. TNF-a, IFN- g, TGF-b, and in-
ducible nitric oxide produced by infected/activated Kupffer
cells, and splenic macrophages might play a prominent role
in cell injury, oxygen radical formation, microvascular
damage and microthrombosis, tissue anoxia, and shock.
Patients dying of yellow fever show cerebral edema at au-
topsy, probably the result of microvascular dysfunction.

Yellow fever infection is followed by a rapid immune re-
sponse. Neutralizing antibodies, cytolytic antibodies against
viral proteins on the surface of infected cells, antibody-
dependent cell-mediated cytotoxicity, and cytotoxic T cells
are presumed to mediate the clearance of primary infection
(274). Neutralizing antibodies appear toward the end of the
first week after onset, and it is notable that antibody (and
presumably cellular) responses occur coincident with the
clinical crises; however, it is unclear whether immune
mechanisms during the acute stage of disease contribute to
pathogenesis. Neutralizing antibodies persist lifelong after
yellow fever infection, and provide complete protection
against disease on re-exposure to the virus.

Clinical Manifestations
The incubation period from the bite of an infected mos-

quito to onset of fever is 3 to 6 days. The clinical expression of
disease varies from nonspecific influenza-like illness to life-
threatening hemorrhagic fever (274). Onset is abrupt, with
fever, chills, malaise, headache, lumbosacral pain, general-
ized myalgia, nausea, and dizziness. The patient appears
toxic, with congestion of the conjunctivae and face, a furred
tongue with reddening of the edges, and a relative brady-
cardia in the face of fever (Faget’s sign). Leukopenia with a
relative neutropenia is typically present. This “period of in-
fection,” during which the patient is viremic and may serve as
a source of infection for blood-feeding mosquitoes, lasts up to
several days. It is sometimes followed by a distinct “period of
remission” with abatement of fever and symptoms lasting 2 to
24 hours. In the abortive case, the patient may simply re-
cover, without further signs or symptoms. In other cases, the
illness reappears with fever, nausea, vomiting, epigastric pain,
and the onset of jaundice, renal dysfunction, and a hemor-
rhagic diathesis. During this “period of intoxication,” viremia
is usually absent. Over the course of 3 to 5 days, jaundice and
serum transaminase levels increase. The direct bilirubin level
reaches levels between 10 and 15 mg/dL. There is a marked
increase in albuminuria, a reduction in urine output, and
rising azotemia. Albumin levels in the urine range between 3
and 20 g/L. Variable hemorrhagic phenomena occur, in-
cluding coffee-grounds hematemesis, melena, metrorrhagia,
petechiae, ecchymoses, epistaxis, oozing of blood from the
gums, and excessive bleeding at needle-puncture sites. Lab-
oratory abnormalities include thrombocytopenia, prolonged
clotting and prothrombin times, and global reductions in

clotting factors. Some patients appear to have a pattern of
clotting abnormalities, suggesting disseminated intravascular
coagulation. Death occurs on the seventh to tenth day of
illness. Preterminal events include hypothermia, agitated
delirium, intractable hiccups, hypoglycemia, hyperkalemia,
stupor, and coma. The electrocardiogram may show ST-T
wave abnormalities. CSF is under increased pressure, with
elevated albumin, but contains no increase in cells, findings
that are consistent with cerebral edema.

Convalescence may be associated with weakness and
fatigability lasting several weeks. Late deaths have occurred
weeks after the illness and have been ascribed to cardiac
arrhythmia. The duration of icterus in surviving cases is
unknown. Elevations of serum transaminase levels have
been documented to persist for at least 2 months after onset
of yellow fever. The hepatitis resolves eventually without
postnecrotic scarring.

Diagnosis
Diseases that must be differentiated clinically from yellow

fever include viral hepatitis, leptospirosis, dengue hemor-
rhagic fever, Rift Valley fever, Congo-Crimean hemorrhagic
fever, severe malaria, Q fever, and typhoid fever. Other virus
hemorrhagic fevers, including Lassa, Marburg, and Ebola
virus diseases, Bolivian, and Argentine hemorrhagic fevers,
are not usually associated with jaundice. The isolated case of
yellow fever obviously presents a more difficult diagnostic
challenge than do a cluster of similar cases. However, out-
breaks of leptospirosis and hepatitis E (with deaths in preg-
nant women) and delta hepatitis have been confused with
yellow fever in the past. The high levels of protein in the
urine help distinguish yellow fever from severe malaria
(blackwater fever).

The virus is most readily isolated from blood during the
first 4 days after onset; it is occasionally isolated at later
times. The virus may also be recovered from postmortem
liver tissue. However, hepatic biopsy during the illness is
contraindicated and has led to fatal hemorrhage in patients
in whom this procedure was performed. Virus is isolated by
intracerebral inoculation of mice, intrathoracic inoculation
of Toxorhynchites mosquitoes, or inoculation of mosquito cell
cultures, particularly A. pseudoscutellaris cells, with detection
of virus after 3 to 4 days by immunofluorescence or RT-PCR.

Viral antigen is detectable in serum by immunoassay in a
high proportion of cases, and the test may detect noninfec-
tious antigen in poorly handled specimens. RT-PCRmay also
be used for rapid detection of virus nucleic acid in blood. A
definitive postmortem diagnosis is made by detection of
yellow fever antigen in liver tissue sections by immunocyto-
chemical staining or RT-PCR. There are no currently avail-
able commercial diagnostic tests; the assays described remain
special procedures in research and reference laboratories.

The presence of IgM antibodies in a single sample pro-
vides a presumptive diagnosis, and confirmation is made by a
rise in titer between paired acute- and convalescent-phase
samples. Although older methods for serologic methods for
diagnosis (HI, CF, indirect immunofluorescence, and neu-
tralization tests) are useful procedures, they have largely
been replaced by the ELISA, particularly the IgM capture
immunoassay.

Prevention
The control of A. aegypti is discussed above for dengue

virus. The control of yellow fever epidemics involving wild
vector species is more difficult. Aerial applications of ULV
insecticides have been attempted in the past.
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The risk of acquiring yellow fever illness among unvac-
cinated travelers to West Africa during the peak transmis-
sion season from July to October was estimated at 50 per
100,000 for a 2-week stay. Measures to avoid mosquito bites
are likely to provide incomplete protection, making immu-
nization the best preventive strategy. A valid certificate of
vaccination is required under the International Health
Regulations for entry into yellow fever endemic countries
and for travel from such countries to receptive (A. aegypti-
infested) countries. Detailed information on these require-
ments can be obtained from the CDC website.

Yellow fever 17D is a highly effective, generally safe, live
attenuated vaccine. Protective immunity (conferred by
neutralizing antibodies) occurs in > 90% of vaccinees within
10 days and 99% in 30 days after vaccination, and probably
provides lifelong protection after a single dose (275). Until
recently, booster vaccinations were required every 10 years
to maintain protective immunity; however, in June 2013 the
World Health Organization recommended that a single dose
of yellow fever vaccine was sufficient to induce lifelong
protective immunity against yellow fever in healthy indi-
viduals (276). Subsequently, in 2015, the Advisory Com-
mittee on Immunization Practices (ACIP) concurred that a
single dose of yellow fever vaccine provides long-lasting
protection and is adequate for most travelers, and, in addi-
tion, approved recommendations for certain categories of
travelers to receive additional doses of yellow fever vaccine
(277).

The vaccine may be simultaneously administered with
other vaccines used for childhood immunization (measles,
polio, DPT, hepatitis B) or travel (hepatitis A, oral cholera,
oral or parenteral typhoid). In practice, few vaccinees com-
plain of local injection inflammation, fever, mild headache,
myalgia, and malaise. In clinical trials, where symptoms have
been prompted, these reactions are more frequent but are
mild and do not interfere with activities. Severe or serious
adverse reactions to 17D vaccine are extremely rare. Al-
though over 500 million persons have received the vaccine,
there have been 218 cases of vaccine-associated neurologic
disease, of which a 3-year-old child in the US and 53-year-
old HIV-positive man in Thailand died. Virus recovered from
the brain of the child who died contained two amino acid
changes in the E gene and exhibited increased neuro-
virulence in animals (278) suggesting that mutation of the
vaccine virus during replication in the patient was respon-
sible for the vaccine accident. The vaccine is thus not rec-
ommended for infants younger than 9 months (6 months
during epidemic risk) and is contraindicated for infants
younger than 5 months.

In an analysis of post-marketing safety data in the US, a
higher incidence of severe adverse reactions was noted in
elderly persons, with those > 75 years having a risk 12 times
higher than young adults. The adverse experiences were not
well characterized and included multisystem and neurolog-
ical incidents. Three deaths in elderly persons with multi-
system disease, including liver and kidney involvement and
shock, occurred in the US in the late 1990s (279) and were
linked to yellow fever vaccine; two deaths also occurred in
Brazil (280). Pathological examination and case histories in
these fatal cases of viscerotropic disease were similar to in-
fection with wild-type yellow fever virus, however, were
caused by vaccine virus with no detectable mutations that
could explain the wild-type-like clinical disease. To date
there have been 72 reported cases of vaccine-associated
viscerotropic disease with a case-fatality rate of approxi-
mately 50%. All were first-time vaccinees, showed clinical

signs of disease within 2 to 5 days of immunization, and were
4 to 79 years old, with most aged over 60 years. Although
extremely rare, it appears that yellow fever vaccine can
cause viscerotropic fatal infections resembling yellow fever
disease. Evidence to date suggests that this is not due di-
rectly to the vaccine virus; rather it appears to be an atypical
host response to the vaccine.

The vaccine is manufactured in embryonated chicken
eggs and is contraindicated for persons with a history of egg
allergy (e.g., oral intolerance to eggs). Travelers who require
immunization but who have a history of egg allergy should be
skin-tested as directed in the vaccine label; in case a reac-
tion to the vaccine occurs, the full dose should not be ad-
ministered and a neutralization test should be performed 10
to 14 days later to determine if the patient has seroconverted
as a result of the low (skin-test) dose of virus. If serocon-
version has occurred, the patient may be reassured that she
is protected against natural infection. If not, desensitization
before vaccination may be considered (as described in the
product label), or, alternatively, personal protection against
mosquito bite or avoidance of travel may be recommended.
The physician faced with questions of allergy (or other
contraindications) should carefully consider the true risk of
exposure based on the regions to be visited and may wish
to consult an expert in the epidemiology of yellow fever.
In persons without egg allergy, systemic allergic reactions
occur at a very low rate (approximately 1:131,000 [281])
and may be due to sensitivity to gelatin used to stabilize
the vaccine.

The safety of yellow fever vaccination during pregnancy
has not been clearly established. In limited studies, con-
genital infection appears to occur at a low rate (probably 1
to 2%) and has not been clearly associated with fetal
abnormalities. An underpowered case-control study of
vaccination in early pregnancy indicated a relative risk of
spontaneous abortion of 2.3 (282). In another (uncon-
trolled) analysis (283), the authors concluded that, while
spontaneous abortion and congenital anomalies could not
be excluded as effects of the vaccine, there was no medical
rationale to interrupt pregnancy if inadvertent vaccination
in pregnancy is performed. Pregnant women may be reas-
sured that there is no risk to themselves and very low (if
any) risk to the fetus from the vaccine. Patients should
be followed to determine the outcome of pregnancy, and,
if fetal abnormality is noted, cord blood should be obtained
for an IgM test to determine whether congenital infection
has occurred.

The immune response to yellow fever vaccination during
pregnancy is impaired, and revaccination is indicated after
parturition (284). Other factors that may impair serocon-
version to 17D vaccine include malnutrition, simultaneous
administration of injected cholera vaccine, and HIV infec-
tion. Asymptomatic HIV-infected travelers with CD4+ cell
counts > 200/mm3, who require the vaccine, should be im-
munized, but it may be prudent to confirm that they have
developed neutralizing antibodies because two studies have
shown lower rates of yellow fever virus–specific neutralizing
antibodies among HIV-infected persons compared with un-
infected controls at 10 to 12 months postvaccination (285,
286). Adverse events do not appear more frequently in HIV-
infected subjects, although one case of vaccine-associated
neurological disease occurred in an HIV-infected man with a
low CD4+ count (108/mm3). Immunosuppressed persons
who are unable to effectively resist viral infections should
not be vaccinated. A history of thymus disease is a contra-
indication to yellow fever vaccine.

53. Arthropod-Borne Flaviviruses - 1301



Treatment
Treatment of yellow fever is symptomatic (273). There is

little experience in the management of patients in modern
intensive-care settings. Salicylates should be avoided due to
the hemorrhagic diathesis. On theoretical grounds, severely
ill patients should benefit from supplemental oxygen, fluid
and electrolyte management, and circulatory support. In
cases with severe hemorrhage, blood replacement may be
indicated. ATP depletion of the liver might be countered by
administration of glycolytic substrates (fructose). Heparin
treatment to reverse disseminated intravascular coagulation
has been proposed but should be considered only in cases
that have been extensively evaluated and in which con-
sumption of clotting factors and activation of fibrinolytic
mechanisms appear to predominate over diminished pro-
duction. Hemodialysis may be indicated in patients with
severe renal impairment. No effective antivirals are currently
available, but favipiravir and BCX4430 show activity in
animal models (287, 288) and would be candidates for study
based on studies in a hamster model. Ivermectin and imid-
azole-4,5- and pyrazine-2,3-dicarboxamides are inhibitory
in vitro but have not been evaluated in vivo (289, 290). Based
on animal studies, interferon or immunoglobulin are not
useful after onset of disease. Liver transplantation has not
been attempted.

Kyasanur Forest Disease and Alkhumra
Hemorrhagic Fever Viruses
Kyasanur Forest disease virus (KFDV), first isolated in Kar-
nataka (then Mysore) State, India, in 1957 is a member of
the TBE virus antigenic complex that has been subsequently
termed the mammalian tick-borne virus group. The virus
occurs principally in a localized region of western India, but a
closely related virus, Alkhumra, has been discovered in
Saudi Arabia (291). Subsequent studies have shown that
Alkhumra virus is a genetic variant of Kyasanur Forest dis-
ease virus. In 2009, Nanjianyin virus was isolated from an
acute febrile case in the Yunnan province of China. Nu-
cleotide sequencing revealed the virus was nearly identical
in sequence to the prototype strain of KFDV, suggesting
potential laboratory contamination (292). However, the
same study included a seroepidemiologic investigation of
Yunnan Province from 1987 to 1990 indicating others had
been infected with the virus.

Thousands of human cases of Kyasanur Forest disease
have occurred in India, principally among persons working
in the forest in Karnataka State. Several hundred cases occur
annually, with higher rates during epidemic years. In 1983,
1,550 cases, including 150 deaths, occurred. The case-
fatality rate is 1 to 2%. The transmission cycle involves
ixodid ticks (Haemaphysalis spinigera) and wild rodents and
insectivores. Wild and experimentally infected monkeys
become infected and succumb to the disease. Domestic
livestock are important as hosts sustaining tick populations,
but their role in transmission is uncertain.

The clinical illness in humans is characterized by fever,
headache, myalgia, cough, bradycardia, dehydration, gas-
trointestinal symptoms, leukopenia, and hemorrhagic man-
ifestations with hypotension and shock (293). In some
patients, a syndrome resembling Central European enceph-
alitis occurs, with a febrile illness lasting a week or more,
followed by remission, and then reappearance of fever and
signs of meningoencephalitis. The cause of hemorrhage is
unknown, but disseminated intravascular coagulation is
suspected. Diagnosis is by virus isolation from blood or se-
rology. Virus is recoverable from blood during the first week

of illness (and occasionally longer). A formalin-inactivated
vaccine produced in chick embryo fibroblasts is used in af-
fected regions of India.

Alkhurma virus (ALKV) was first isolated in Jeddah,
Saudi Arabia, in the 1990s from the blood of a butcher
admitted to the hospital with a severe infectious syndrome.
At least 256 cases have been recorded in the last 10 years;
nearly all were in Saudi Arabia and involved infection via
contaminated goats, sheep, or camels. The tick vectors are
Ornithodoros spp. and Hyalomma dromedarii. In 2010 cases
were reported in Egypt near the Egypt-Sudan border. Clin-
ical manifestations include fever, headache, retro-orbital
pain, joint pain, generalized muscle pain, anorexia, and
vomiting associated with leukopenia, thrombocytopenia,
and elevated levels of liver enzymes (294). Some patients
have had clinical symptoms of hemorrhagic fever or en-
cephalitis, and this has resulted in the virus sometimes being
termed Alkhurma hemorrhagic fever virus. Overall, the
case-fatality rate is 1 to 2%. In immunocompetent BALB/c
mice, KFDV causes a neurotropic disease, whereas ALKV
does not cause clinical signs of disease nor does it invade the
brain (295), while, in CBA, C57BL/6J, and A/J mice, both
viruses caused clinical signs of disease, but KFDV was much
more virulent than ALKV (296). Overall, KFDV appears
more virulent than ALKV in mice.

Treatment is supportive, and no vaccines or specific an-
tivirals are currently available.

Omsk Hemorrhagic Fever Virus
Omsk hemorrhagic fever virus was originally isolated in
1947 from a patient with hemorrhagic fever in Siberia. The
virus is a member of the TBE virus complex with a known
distribution restricted to western Siberia. Approximately
1,500 cases were reported between 1945 and 1958, and the
incidence in the late 1940s was high (500 to 1,400 per
100,000 population). Cases continue to occur but at con-
siderably lower incidence. The transmission cycle involves
ixodid ticks (principally Dermacentor reticulatus) and ro-
dents, especially water voles (Arvicola terrestris). Muskrats
develop epizootic illness. Sporadic cases acquired by tick bite
occur in spring and summer. Muskrat hunters may become
infected by contact with blood and tissues of infected ani-
mals and such cases can occur during the winter months.
The disease in humans closely resembles Kyasanur Forest
disease except that sequelae (hearing loss, hair loss, neuro-
psychiatric complaints) are relatively frequent. The case-
fatality rate is 0.5 to 3%. Laboratory diagnosis is by virus
isolation from blood or by serology. No specific Omsk
hemorrhagic fever vaccine has been developed, but TBE
vaccines apparently provide cross-protective immunity and
have been used in high-risk population groups.
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Hepatitis C Virus
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Hepatitis C virus (HCV), a member of the genusHepacivirus
in the Flaviviridae family (1), is a single-stranded RNA virus
that infects humans and other higher primates, and has a
selective tropism to the liver. Following exposure, HCV is
able to evade the host’s immune system and establish a
chronic, often asymptomatic, infection that may lead to liver
failure, hepatocellular carcinoma, and death. Transmitted
primarily by exposure to infected blood, but also through
sexual and perinatal routes, the virus is estimated to infect
2.8% of the world’s population (2). Originally termed non-
A, non-B hepatitis, infection with HCV was a frequent
cause of transfusion-related hepatitis until discovery of the
virus in 1989 (3, 4) and the subsequent development of ef-
fective screening methods. Many substantial advances have
recently been made in treating HCV infection, and it is now
possible to cure over 90% of patients with HCV infection.
These advances also provide promising opportunities for
future public health efforts to effectively reduce the disease
burden of this global infection.

VIROLOGY
Classification

Genotypes
Shortly after the identification of HCV, it became apparent
that the virus is highly heterogeneous and that widely di-
vergent genetic strains can be identified (5). The driving
force for this variability is inherent to the replication strategy
of the virus, which is mediated by an error-prone RNA-
dependent RNA polymerase with a mutation rate of 10-4
to 10-5 per nucleotide (6), and a high replication level with
an estimated production rate of 1012 virions per day (7).
This mutagenic propensity is balanced by viral and host
constraints. The genetic variability is manifest as genotypic,
sub-genotypic, or even quasi-species differences within the
same host (8). These different levels of variability probably
reflect different sources and selection pressures for hetero-
geneity. For instance, the hypervariable region 1 (HVR-1) in
the E2 gene has remarkable heterogeneity among different
isolates, even within patients, probably as a consequence of
its antigenicity and selective pressure by the host immune
system. Genotypic variability also helps shed light on the
evolutionary origin of the virus and its shared history with
humans. A suggested model, based on the genotype and

subtype distribution, has been described for persistent, long-
term endemic foci of infection in sub-Saharan Africa and
South-East Asia. This infection then rapidly spread in the
last century to the western world and other countries with
the advent of medical practices (blood transfusion, use of
syringes) and the epidemic of injection drug abuse (9).

On the basis of phylogenetic analysis, HCV can be
classified into six major genotypes, possessing sequence di-
vergence of 30 to 35% across the viral genome (Figure 1)
(10). Most genotypes can be further subdivided into sub-
types, with a genomic difference of 20 to 25% (9). The viral
genotypes differ with respect to geographic origin and global
distribution (Figure 2) and respond differently to HCV
treatment regimens (11). In general, the question of whether
different genotypes are associated with disease severity
remains unresolved, although genotype 3 is frequently as-
sociated with hepatic steatosis and rapid disease progres-
sion (12).

Recently, a number of human viruses have been identi-
fied that are genetically related to HCV. These include
human pegivirus (HPgV) and a growing spectrum of related
viruses now know to infect horses, rodents, bats, and mon-
keys (13). Of note, virome analysis of blood transfusion recip-
ients has uncovered a novel human virus, human hepegivirus
1 (HHpgV-1), that shares genomic features with HCV and
HPgV (14). The identification of HHpgV-1 may result in a
reevaluation of the original criteria by which the genera
Hepacivirus and Pegivirus are defined, and expand our
knowledge of the spectrum of genome configurations of these
viruses (14).

Serotypes and Antigenicity
Serotyping of HCV, although not commonly used in clinical
practice, is possible. The non-structural protein NS4 has an
antigenic region that is highly variable among different viral
types. This variability confers type-specific antibodies in
infected patients. A commercial serotyping kit, based on
detection of antibodies with NS4-derived synthetic pep-
tides, has a reported sensitivity of 77% and specificity of 94%
(15). The low sensitivity, combined with the availability of
more accurate nucleic acid-based methods, renders this as-
say less practical. In most clinical settings in the devel-
oped world, genotyping assays are preferred, although the
serotyping method may be more practical for developing
countries.
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Composition of the Virus

Virion Morphology, Structure and Size
Despite recent progress in developing an efficient HCV
in vitro cell culture system that enables robust production of
infectious viral particles, the biochemical and morphological
features of the HCV virion remain elusive. However, even
before the virus was successfully identified, inactivation by
chloroform was demonstrated, suggesting a lipid-membrane
envelope (16) and filtration studies estimated the particle
size at 30 to 60 nm. Electron microscopy studies identified
HCV particles with sizes of 55 to 65 nm (17) (Figure 3a).
The reported density for virus particles has a wide range of
< 1.06 to 1.3 g/ml (18).

Although the HCV virion itself is difficult to visualize, by
inference from other Flaviviridae, the putative particle is
composed of a nucleocapsid composed of the core protein
and viral RNA, surrounded by a phospholipid membrane in
which the viral envelope proteins are embedded. Apart from
lipid-enveloped virions, naked nucleocapsids may also be
circulating in the plasma, perhaps playing a role in the viral
interaction with the immune system. Another major form of

viral particles circulating in the plasma is the lipo-viro-
particle (LVP), which is rich in triglycerides and contains
viral RNA, core protein, apolipoprotein B (apoB) apoE,
and apoA-I (18). Recent advances in a cell culture system
provide a unique opportunity to visualize and study the
three-dimensional structural features of HCV virions by
cryo-EM (19) (Figure 3b) and cryoelectron tomography
(cryo-ET) (20).

Inactivation by Physical and Chemical Agents
Although HCV played a major role in iatrogenic infection
prior to its discovery, and can be transmitted by invasive
procedures, little data have been rigorously gathered on its
survival in the environment and methods for inactivation.
Some researchers have focused on detection (or the lack
thereof) of viral RNA as a surrogate for infectivity (21)
while others have examined the effect of various agents on
binding of HCV to the Vero cell line (22). Many studies,
however, used the related Pestivirus bovine viral diarrhea
virus (BVDV) as a surrogate. Effectiveness of some agents is
inferred from their effect on other lipid-enveloped viruses.

FIGURE 1 Phylogenetic tree of 129 representative complete coding region sequences demonstrating clustering to 7 genotypes and 67
subtypes. For genotypes 1, 2, 3, 4, and 6, the lowest common branch shared by all subtypes and supported by 100% of bootstrap replicates (n =
1,000) is indicated by $. (Reprinted from Smith et al. (10) with permission.)
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HCV is stable in stored serum and plasma samples at 4°C
for at least 7 days (23). Even before the identification of
HCV, treatment with heat, beta-propionolactone, UV radi-
ation, or chorloform, were all shown to prevent transmis-
sion of hepatitis to chimpanzees. Treatment of blood
products by solvent-detergents, photochemical methods, or
ultrafiltration seems to be sufficient to prevent transmission.
The current recommendations for disinfecting reusable en-
doscopic equipment by mechanical washing with detergent
and soaking in glutaraldehyde 2% were shown to be suffi-
cient to eliminate contamination with HCV (24). Alterna-
tive methods for cleaning medical instruments, such as the
use of acidic electrolyte water or hydrogen peroxide, are also
effective. The effectiveness of alcohol and diluted bleach
were not formally tested against HCV, but the virus is most
likely susceptible to these agents as well (25).

Genome Organization and Composition
The HCV genome, like that of other members of the Fla-
viviridae family, is a single-strand, positive-sense RNA of ap-
proximately 9,600 nucleotides. The genome contains a
single, large, open reading frame, coding for a polyprotein of
3,300 amino acids, flanked by 2 highly conserved, untrans-
lated regions at the 5¢ and 3¢ ends (Figure 4a).

The 5¢ UTR (Figure 4b) contains an internal ribosomal
entry site (IRES), interacting with the ribosomal machinery
to facilitate cap-independent viral protein synthesis (26).
The IRES has a conserved secondary structure comprising 3
domains that extend to the N-terminal core coding se-
quence and are essential for its function. Also contained in
this region, upstream of the IRES, is a short sequence, highly
conserved among all genotypes, that is recognized by a liver-
specific microRNA (miRNA), miR-122 (27). Mutations
introduced into this conserved segment significantly reduce
viral replication in vitro, suggesting this endogenous miRNA
enhances viral replication efficiency.

The 3¢ UTR of the HCV genome is required for repli-
cation. This region consists of three distinct domains; a short
variable region, a poly(U/C) tract of heterogeneous length,
and a highly-conserved, 98 nt-long “X” tail organized into
three stem-loop structures (Figure 4c). All of these domains
are essential for efficient replication (28, 29). The second
(SL II) stem-loop of the X segment is able to base pair with
another loop (SL V) in the NS5B coding region, with the
poly (U/C) tract probably serving as a flexible linker. As the
SLV may be the binding site for the viral RNA polymerase,
this closed-loop formation serves to bring the 3¢ end of the
positive-strand RNA into alignment with this site, to facil-
itate initiation of negative-strand synthesis.

Structural and Nonstructural Proteins
Translation of the HCV open reading frame produces a
single large polyprotein of about 3,300 amino acids. Host
viral proteases then cleave this polyprotein to produce three

FIGURE 2 Geographic distribution of HCV genotypes. Genotype 1 is the most prevalent and can be seen worldwide. Genotype 3 is more
common in South- and South-East Asia, genotype 4 is seen almost exclusively in patients from Central Africa, Egypt and Saudi Arabia,
genotype 5 is mostly confined to South Africa, and genotype 6 to South-East Asia.

FIGURE 3 Electron microscopy of viral particles. (a) Immuno-
gold electron microscopy of a viral particle from patient serum. The
sample was incubated with Anti E1 polyclonal antibody and a
secondary antibody conjugated to colloidal gold particles. An inner
core (arrow) seems to be included within the particle. Reprinted
from Kaito et al. (17) with permission. (b) Negative stain electron
microscopy of HCV harvested from Huh-7.5 cells infected in vitro
with HCV strain JFH-1. Spherical particles of uniform size with
inner cores can be seen.
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structural (core, E1, E2) and seven nonstructural proteins
(p7, NS2—NS5) (Table 1).

The core protein is a basic, RNA-binding protein that
together with the viral genome forms the viral nucleocapsid
(30). After translation and cleavage of the first 191 amino
acids of the viral polyprotein, it undergoes a series of post-
translational modifications, before it becomes functional.
Core is able to interact with multiple host proteins and in-
duce host gene expression, being implicated in the devel-
opment of liver steatosis, carcinogenesis (31), apoptosis, and
immune modulation. The association of core with the lipid
droplet (LD) and interactions with NS5A are essential for
production of infectious viral particles (32, 33). Core protein
also recruits viral replication complexes (RCs) to LD-asso-
ciated membranes and induces the accumulation of LDs in
hepatocytes to enhance viral assembly.

Translation from an alternative reading frame of the core
encoding region, with a +1 codon frame shift, yields a pro-
tein called F-protein or ARFP (34). The reading frame for
this protein does not start with the canonical AUG start
codon, and translation is probably initiated by a programmed
ribosomal frame-shift. The evolutionary conservation of
this frame-shift product, and the presence of antibodies to
this protein in the sera of infected patients suggest that this
protein is produced in vivo and probably has a role, yet to be
elucidated, in the viral replication cycle and pathogenesis.

The two envelope proteins, E1 and E2, are type I trans-
membrane glycoproteins with an N-terminal ectodomain.
These proteins are associated with the ER membrane after
cleavage, where their ectodomain undergoes modification by
N-linked glycosylation (35). They form non-covalent het-
erodimers that function as the building blocks for the as-
sembly of the virion. Although both proteins facilitate cell
entry, E2 is probably the major viral protein to interact with
host cell-surface molecules and is thought to mediate viral

entry (36). Several highly variable regions (HVRs) have
been identified in E2, differing by up to 80% among HCV ge-
notypes. While HVR1 represents an immunodominant re-
gion that elicits type-specific neutralizing antibodies, HVR2
may modulate receptor E2 binding and play a structural
role in glycoprotein assembly and virion infectivity (37). E1
protein contains a putative fusogenic sequence that may be
involved in viral fusion (38).

P7 is a hydrophobic 63 amino acid protein that is asso-
ciated with endoplasmic reticulum and mitochondrial asso-
ciated membranes. Considered as a class IIAviroporin, HCV
p7 is able to form a multimeric cation channel that can be
blocked by amantadine (39). p7 is dispensable for HCV
replication in vitro, but is essential for the formation and
release of infectious HCV particles through its ion channel
and pore-like activity (40). It is possible that the pore formed
by p7 modulates intra-ER pH to protect viral glycopro-
teins during maturation and export. Besides its channel
activity, p7 also acts in concert with core, envelope proteins,
and NS2 to facilitate HCV assembly (41, 42). Several vir-
oporin inhibitors that antagonize p7 ion channel activity
are currently under clinical investigation for their anti-HCV
effects (43).

The nonstructural 2 (NS2) protein encodes a cysteine
protease whose function is stimulated by cofactor domains in
NS3 (44). The protease has an autocatalytic activity, cleav-
ing the polyprotein precursor at the NS2/NS3 junction to
free, fully functional NS3, and thus promote viral RNA
replication. NS2 also acts as a central organizer of HCV
assembly that is independent of its protease activity, but may
exploit a complex network of interactions with the envelope
and various other nonstructural proteins (45, 46).

The next nonstructural protein, NS3, has a chemo-
trypsin-like serine protease in the N-terminus (47) followed
by an NTPase/RNA helicase in the C-terminus (48). The

FIGURE 4 Genome structure of HCV. (a) The positive-sense single-strand RNA genome of HCV has one long open reading frame,
containing genes for 3 structural and 7 nonstructural proteins, and flanked by two untranslated regions. (b) Sequence and secondary structure
of the 5¢UTR. The AUG start-codon for the open reading frame is highlighted in stem-loop IV. (c) Sequence and secondary structure of the
3¢ UTR region. Arrows indicate variable base pairs in the stem of SL1 and the asterisk denotes the variable nucleotide in the loop of SL1.
UTR—untranslated region.
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serine protease activity requires NS4A as a cofactor, which
anchors the complex to the ER membrane and changes the
catalytic site conformation through its N-terminal domain
(49). The C-terminal portion of NS4A interacts with other
replicase components and contributes to HCV RNA repli-
cation and virion assembly (50, 51). The NS3 NTPase/RNA
helicase acts as a molecular motor, unwinding double-
stranded RNA in an ATP-dependent manner and facilitat-
ing the activity of NS5B polymerase. It is required for RNA
replication and meanwhile plays a role in viral assembly
(52). Interestingly, NS3/4A also targets and cleaves several
host cellular proteins, including the RIG-I adaptor MAVS
and the TLR3 adaptor TRIF, supporting its role in mediating
viral evasion to immune response and HCV persistence (53,
54). The NS3 protease is an attractive target for developing
antiviral therapy, and several specific NS3/4A protease in-
hibitors are approved or being investigated as direct antiviral
agents (DAAs) (see below).

The role and structure of NS4B are relatively less known.
This hydrophobic 27 kDa protein is an integral membrane
protein across the ER membrane, and incudes the forma-
tion of membranous webs, unique membranous structures
that serve as a scaffold for HCV replication complexes.
NS4B also interacts with other viral nonstructural proteins,
binds to viral RNA, and contains a GTP binding motif
that is important for viral replication (55). Sequence vari-
ations in the protein have a significant effect on the effi-
ciency of viral replication (56). In addition, NS4B harbors
NTPase activity and has been shown to play a role in viral
assembly (57).

The 447 amino acid nonstructural protein NS5A is a
hydrophilic, proline-rich protein, anchored to the ER
membranes by its C-terminus (58). NS5A plays an impor-

tant role in both HCV RNA replication and viral assembly
(59). The protein is extensively phosphorylated by host ki-
nases, such as the a isoform of casein kinase I (CKIa) (60)
and casein kinase II (CKII) (61), and the degree of its
phosphorylation is inversely related to the efficiency of viral
replication in vitro. Adaptive mutations that reduce the de-
gree of hyperphosphorylation are required for efficient rep-
lication of HCV replicons in tissue culture; however, the
same mutations inhibit infectivity in vivo. This inverse re-
lationship between in vivo infectivity and in vitro replication
suggests that NS5A may act as a molecular switch, directing
replication or assembly of virions according to the degree of
its phosphorylation. Mutations in the interferon sensitivity-
determining region (ISDR) within NS5A were initially
thought to play a major role in the resistance to interferon of
genotype 1 strains, but this was subsequently questioned by
other studies (62). NS5A interacts extensively with viral
elements and cellular proteins (63). Like core and NS3/4A,
NS5A is probably important for the ability of HCV to evade
the host’s antiviral immune response.

The last protein encoded in the viral polyprotein is
NS5B, the RNA-dependent RNA polymerase (64). This 68
kDa enzyme has the ability to initiate RNA synthesis de
novo. The crystal structure of the catalytic domain demon-
strates palm, finger, and thumb subdomains similar to other
polymerases, including the conserved GDD sequence. A
transmembrane C-terminal domain anchors the catalytic
site to the membranous webs discussed below. This protein is
responsible for the synthesis of the negative-strand inter-
mediate and then the positive-strand viral genome. This
essential role, and the well-defined catalytic activity, makes
this enzyme another attractive target for the development of
specific HCV inhibitors (see below).

TABLE 1 Viral proteins and their function in the viral replication cycle

Name

Size
(amino
acids) Function Intracellular location Comment

Core 171 Viral nucleocapsid ER membranes, membranous
webs, lipid droplets

Associates with viral replication complexes
(RCs) and LDs for HCV assembly

E1 192 Viral envelope RER lumen (membrane
anchored)

Glycoprotein; Heterodimer formation
with E1; Possibly involved in fusion

E2 363 Viral envelope RER lumen (membrane
anchored)

Glycoprotein; Heterodimer formation with E2;
Binds to CD81 and other entry factors

p7 63 Cation channel,
viroporin

RER membrane,
mitochondrial membranes

Inhibited by amantadine & amiloride

NS2 217 Cysteine protease
and viral assembly

RER membrane Protease activity when joined with NS3

NS3 631 N-terminal serine protease,
C-terminal RNA helicase

Cytosol (anchored to ER
membrane by NS4A)

Protease activity dependent on NS4A co-factor;
Cleaves RIG-I adaptor MAVS and mediates
viral evasion to innate immunity

NS4A 54 Protease cofactor ER membrane HCV RNA replication and virion assembly
NS4B 261 Scaffold for replication

complex
ER membrane Induces the formation of “membranous webs”

NS5A 447 Regulating replication
and assembly

ER membrane Phosphoprotein; RNA-binding

NS5B 591 RNA-dependent
RNA polymerase

ER membrane

F/ARFP Unknown Unknown Product of an alternate reading frame
of the core-encoding region
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Biology

HCV Replication Cycle and Host Dependencies
The replication cycle of HCV is not fully understood, al-
though great advances have been made since the discovery
of the virus. The replication cycle can be divided into
multiple stages: viral binding and entry to the cell, post-
entry trafficking of viral genome, polyprotein translation and
processing, RNA replication, packaging and assembly of the
virion, and release or secretion (Figure 5). Each of these
steps interacts with, and depends largely on, cellular path-
ways and host factors (65). Identification of these host de-
pendencies may provide not only potential antiviral targets,
but also critical insights into mechanisms of HCV-mediated
pathogenesis and chronic liver disease.

Binding and Entry
Great advances have been achieved in elucidating HCV

entry pathway, mechanism, and cellular factors involved in
the entry processes. Entry steps play central roles in cell
tropism and species specificity. The highly coordinated HCV
entry process exploits multiple cellular molecules, including
tetraspanin CD81 (66), the tight junction proteins, claudin-
1 (CLDN1) (67) and occluding (OCLN) (68), the receptor
tyrosine kinases epidermal growth factor receptor (EGFR),
and ephrin receptor A2 (EphA2) (69), Niemann-Pick C1-
like 1 (NPC1L1) (70), and transferrin receptor 1 (70). The
presence of both E1 and E2 in a non-covalent heterodimer
formation is essential for viral entry (71). Several cell-surface
molecules, mostly identified by screening for the ability to
bind a soluble E2 protein, have been suggested as putative
receptors that could facilitate virus-cell interaction and cell
entry. The process is likely to involve several of these mol-
ecules, sequentially or in unison, as none alone was shown to

be sufficient for entry. The 25 kDa tetraspanin CD81, a
ubiquitous surface protein, is able to bind E2 (66) and is
required for cell entry in a density-dependent manner. E2-
CD81 binding sites have been shown to be major targets for
broadly neutralizing antibodies, which thereby efficiently
inhibit viral binding and entry (72, 73). There is, however,
evidence to suggest that CD81 is not required for binding
but acts at a post-binding stage.

Another putative viral receptor is scavenger receptor
class B type I (SR-BI), an 82 kd, E2-binding protein (74),
expressed on hepatocytes, dendritic cells, and steroidogenic
tissue (adrenals and ovaries), and involved in binding of
HDL, VLDL, and oxidized LDL. SR-BI plays multi-stepwise
roles during HCV entry. The initial binding of HCV to SR-
BI is mediated by HCV-associated lipoproteins, such as
apoE, present on LVPs. The lipid uptake activity of SR-BI
may assist the exposure of CD81 binding sites on E2 and
transfer of viral particles to CD81. The effect of SR-BI on
HCV entry is enhanced by HDL cholesterol and inhibited
by oxidized LDL. In addition, SR-BI-E2 interaction en-
hances HCV infection at a post-binding stage. Indeed, HCV
entry employs a complex interplay between lipoproteins,
SR-BI, CD81, and HCV envelope glycoproteins.

A few other molecules are involved in this process.
Highly sulfated heparin sulfate, a liver-specific form of
heparin sulfate, was shown to bind E2 (75), and it may be the
initial binding surface molecule. DC-SIGN and L-SIGN,
two members of the C-type lectin family, were also shown to
bind E2 and HCV particles. However, these proteins are
expressed by dendritic cells and liver sinusoidal endothelial
cells, respectively, but not by hepatocytes. Thus, they
probably promote infection in trans by capturing virions and
transporting them to the vicinity of hepatocytes (76). The
LDL receptor (LDLR) is also involved with the internali-

FIGURE 5 Viral replication cycle. Binding of the virus to the cell surface and internalization are followed by release of the viral RNA,
harnessing of the cellular ribosomes, and protein translation and processing. The viral proteins, associated with the ER membrane, promote
the formation of replication complexes anchored to lipid membranous webs in which the RNA dependent polymerase NS5B creates copies of
the viral RNA through a negative strand RNA intermediate. HCV RNA is then packaged into membrane-covered viral particles and
exported from the cell, presumably through the exocytosis pathway.
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zation of HCV (77), probably through association of viral
particles with lipoproteins, because entry of naked HCV
pseudoparticles is not mediated through this receptor (71).

CLDN1, a component of tight junctions that is highly
expressed in the liver, was identified as an essential HCV
entry factor (67). HCV E1 but not E2 may directly interact
with CLDN1 (78). CLDN1 contributes to the post-binding
steps of HCV entry by interacting with CD81, forming a
complex critical for virus internalization (67, 79). OCLN,
another tight junction protein, functions at a post-attach-
ment step during HCV entry (68). Together with CD81,
OCLN defines the species tropism of HCV entry (80, 81).

Receptor tyrosine kinases EGFR and EphA2 are also
important HCV entry factors (69). EGFR-dependent sig-
naling promotes CD81-CLDN1 association, thus facilitating
HCV entry. The cholesterol transporter Niemann-Pick C1-
like 1 (NPC1L1) and the iron uptake receptor, transferrin
receptor 1 (TfR1), were found to be additional entry factors
(70, 82). The precise functions and mechanisms of these
cellular factors remain to be addressed.

Entry into the cell is clathrin and pH dependent, sug-
gesting that after binding, the virus is endocytosed and that
membrane fusion occurs in the endosome. In summary, al-
though several cell surface molecules have been shown to
bind viral proteins or particles and to facilitate cell entry, the
process in vivo most likely involves multiple molecules,
interacting simultaneously or in sequence to bind, attach,
endocytose, and internalize the virus.

Protein Translation and Processing
Following internalization and release of the viral RNA

from the capsid, protein translation ensues. The IRES in
the 5¢ UTR is able to harness the 40S ribosomal subunit in
the absence of other initiation factors (needed for cap-
dependent translation) and direct it to the AUG start codon
of the viral polyprotein. The eIF2-Met-tRNA-GTP ternary
complex, eIF3, and the 60S subunit are then recruited to
form the active 80S ribosome (26).

Following translation, the large polyprotein product is co-
and post-translationally cleaved by host (signalase and signal
peptide peptidase) and viral (NS2/3 and NS3/4A) proteases
to release ten mature HCV proteins (83). Four signal pep-
tides are located in the polyprotein sequence: at the core
protein and E1 junction, between E1 and E2, E2 and p7, and
at the p7 and NS2 junction. These signal peptides direct
the elongating protein to the endoplasmic reticulum mem-
brane and determine the location of the future cleavage
products: cytosolic, ER-membrane associated, or intralum-
inal. Cleavage at the site of the signal peptides is by the ER
signal peptidase (84). The NS2/3 junction then undergoes
autocatalytic cleavage following dimerization (85). Further
downstream processing is dependent upon the NS3/4A pro-
tease, which cleaves the NS3/4A, NS4A/4B, NS4B/NS5A,
and NS5A/NS5B junctions, with NS4A as a required co-
factor (47).

Less is known about cellular proteins involved in HCV
IRES-mediated translation. Recent integrative functional
genomics studies identified PIAS1, USP11, and several
other cellular genes as putative host factors that promote
HCV protein translation (65).

RNA Replication
RNA replication occurs in a membrane-anchored com-

plex of the viral nonstructural proteins and RNA, termed
the replication complex or the replicase. Replication in vitro,

and perhaps in vivo as well, takes place on unique membra-
nous webs, thought to be derived from the ER membranes by
the action of NS4B (86).

HCV replication relies on miR-122 (27), a liver-specific
host microRNA that recruits Argonaute 2 to the 5¢ end of
the viral genome (87), stimulating viral RNA synthesis, and
protecting it from degradation by exonuclease Xrn1 (88).
Antagonism of miR-122 with an antisense oligonucleotide
results in long-lasting suppression of HCV viremia in chim-
panzees and humans, and hence constitutes a novel thera-
peutic strategy against chronic HCV infection (89, 90).

Taking advantage of RNAi-based screening and mass
spectrometry interactome approaches, a large number of
HCV host dependencies influencing translation and repli-
cation have been identified (91–93). These include cyclo-
philin A (CypA), a peptidyl-prolyl cis-trans isomerase, and
phosphatidylinositol-4-kinase-III-a (PI4KIIIa), a kinase and
central player in HCV replication. CypA inhibitors, such as
cyclosporine A and nonimmunosuppressive analogs alis-
porivir (DEBIO-025) (94) and SCY-635 (95), exhibit po-
tent anti-HCV activity and are being developed as host-
targeting antivirals (HTAs).

Assembly and Release
The process of packaging and export of HCV virions is

assumed to involve budding of virions into the ER mem-
brane and export through the secretory pathway, but de-
tailed mechanisms involved in HCV assembly and release
are yet to be delineated, although an intricate interaction
with host cell lipid metabolism has been suggested (96, 97).
In the early step of assembly, the core protein recruits non-
structural proteins and viral replication complexes to lipid
droplet (LD)-associated membranes, but the subsequent
steps remain unclear (32, 98). Multiple host factors have
been identified to participate in HCV assembly. Most nota-
ble is ApoE, which appears to be incorporated into infectious
HCV particles through interaction with NS5A (99, 100).
Other lipid metabolism genes are also required for HCV as-
sembly, for example MTTP, a microsomal triglyceride
transfer protein that is essential for VLDL synthesis (101),
and DGAT1, a lipogenic enzyme that specifically interacts
with and translocates HCV core to the viral assembly sites
(102). Recently, the IkB kinase-a (IKK-a) has also been
shown to be a critical host factor mediating HCV assembly
(103). HCV, through its 3¢ UTR, interacts with DEAD box
polypeptide 3, X-linked (DDX3X) to activate IKK-a, which
translocates to the nucleus and induces a CBP/p300-medi-
ated transcriptional program involving sterol regulatory ele-
ment-binding proteins (SREBPs). This innate pathway
induces lipogenic genes and enhances core-associated lipid
droplet formation to facilitate viral assembly (103).

The host dependencies for HCV secretion are largely
unknown. The current model suggests a role of VLDL se-
cretory pathway and trans-Golgi network (TGN)-recycling
endosomes in the release of HCV particles (101, 104, 105).

Cell Culture and In Vitro Model Systems
Since the discovery of HCV, the lack of a robust cell culture
system capable of supporting efficient productive infection
of HCV had been a major obstacle to the study of this
pathogen and the development of countermeasures. Surro-
gate model systems, such as production of HCV-like particles
and HCV retro-pseudoparticles, provide valuable tools to
study virus-cell interactions (106), but none of these in vitro
model systems produce infectious viral particles. The de-
velopment of replicon systems, instrumental in creating a
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system to study viral replication, consist of a bicistronic
construct containing the non-structural genome region
(NS3-NS5B) downstream of the encephalomyocarditis virus
(EMCV) IRES and a selectable marker driven by the HCV
IRES (Table 2) (107). Transfection of these subgenomic
replicons to human hepatoma Huh7 cells resulted in viral
replication. However, efficient viral replication depends on
the appearance of adaptive mutations, especially in NS5A
(108). This system is naturally limited by the absence of the
structural proteins and hence is not amenable to studying
the packaging and export process. Further modifications of
the replicon system included the production of mono-
cistronic subgenomic replicons and of a full-length replicon.
To date, subgenomic replicons have been constructed for six
major HCV genotypes, and have greatly contributed to the
discovery of DAAs that are currently licensed or under de-
velopment. A major breakthrough for investigating the
process of HCV entry was the development of HCV pseu-
doparticles (HCVpp)—defective retroviral particles expres-
sing HCV envelope glycoproteins on their surface (71, 109).
Using HCVpp system, a variety of viral entry factors and
molecular pathways have been uncovered.

Wakita et al. (110) transfected hepatoma cells with a full-
length cDNA cloned from a patient with fulminant hepatitis
C. This strain, termed JFH-1 and classified to genotype 2a,
replicates efficiently in tissue culture without adaptive mu-
tations and produces viral particles that are infectious to
hepatoma cells in vitro and to chimpanzees in vivo (111,
112). Studies utilizing this strain and chimeras derived from
it have greatly enhanced our knowledge of the complete
viral life cycle. However, the JFH-1 strain is rather unique
and information garnered from studying this strain may not
be applicable to other more common strains, in particular
genotype 1. Similar results have been obtained with a mod-
ified genotype 1 virus, but adaptive mutations were required
to maintain in vitro replication and infectivity (113).

These approaches are all sequence dependent, and thus
results are not necessarily generalizable to other viral strains
or genotypes. One sequence-independent system (114) in-
volves a viral cDNA inserted between two self-splicing
ribozymes and transfected into human hepatoma cells (114).

This system can be applied to different HCV strains and
genotypes to produce HCV particles capable of infecting
chimpanzees (115). Others have been able to infect non-
transformed human fetal hepatocytes in culture with HCV
from genotypes 1, 2, 3 from patient sera and demonstrated
the release of infectious virions to the medium (116). Recen-
tly, a single human cDNA, SEC14L2, enabled replication
of diverse HCV genotypes in hepatoma cell lines (117).
SEC14L2-expressing Huh7.5 cells also supported HCV
replication directly from patient sera. Mechanistically,
SEC14L2 enhances HCV infection by facilitating vitamin
E-mediated protection against lipid peroxidation (117). This
discovery represents an important breakthrough in devel-
oping an HCV cell culture (HCVcc) system in which the
virus can be propagated without the need for adaptive mu-
tations, thereby opening up new avenues for studying HCV
biology, including drug resistant clinical variants that are
emerging even in the new era of DAAs.

The HCVcc system enabled for the first time studies of
the entire viral replication cycle, and also led to biophysical
and ultrastructural characterization of the HCV virion. Im-
portantly, HCVcc is infectious in chimpanzees and human
liver-chimeric mice, permitting the evaluation of vaccine
candidates in vivo and the development of genetically hu-
manized mice (118). In addition, the recently developed
chimeric HCVcc models cover a wide range of viral variants,
and will potentially be of importance for future tailoring of
the optimal regimens that address all HCV genotypes (119).

To date, cells most permissive to HCV infection in vitro
are a human hepatoma cell line, Huh7, and its derivatives,
including the widely used, RIG-I and innate immunity in-
competent Huh7.5 cells. A limitation of the Huh7 cell lines
lies in the lack of cell polarity. As such, certain aspects of the
viral replication cycle and interaction with lipoproteins may
not be reproduced in these cells (120). The polarized HepG2
cells, though refractory to HCV infection due to lack of
CD81 expression, can be engineered fully permissive to
HCV and support the entire HCV replication cycle upon
ectopic expression of human CD81 and miR-122 (121).
Primary human hepatocytes (PHHs) represent the natural
host for HCV, and HCVcc systems based on PHHs may be

TABLE 2 Virologic model systems

Model system Method
Proteins
expressed

Life cycle
stages studied

Infectivity
in vivo Comments

HCV-like particles
(HCV-LP)

Assembly of envelope
proteins in insect
and mammalian cells

E1, E2 Binding
and entry

-

HCV pseudotype
particles (HCVpp)

Envelope proteins
assembled to a retroviral
or lentiviral core particle

E1, E2 Binding
and entry

-

Subgenomic replicon Expression driven
by EMCV IRES

NS2-NS5B Replication - Requires culture-
adaptive mutations

Full genomic replicon Expression driven
by EMCV IRES

Entire
genome

Replication - Requires culture-
adaptive mutations

JFH-1 infectious
strain (HCVcc)

A genotype 2a
strain from a case
of fulminant hepatitis

Entire
genome

All +++ Chimeras with other
strains developed

DNA-ribozyme
expression system

Transfection
of viral cDNA
between 2 ribozymes

Entire
genome

All ++ Not sequence specific
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optimized to achieve reproducible and sustained infection in
a physiologically relevant manner. Differentiated hepato-
cyte-like cells (HLCs) derived from both human embryonic
stem cells (hESCs) and induced pluripotent stem cells
(iPSCs) are permissive to infection of HCVcc and HCV-
positive sera in vivo, providing exciting new models for study
of HCV biology, pathogenesis and clinical HCV isolates
(122–124).

Host Range and In Vivo Models
HCVappears to infect only humans. A study in Gabon failed
to detect hepatitis C virus infection in 316 wild-born pri-
mates of different species (125). As shown even before HCV
was identified, chimpanzees can be experimentally infected
with HCV. Although chimpanzees can develop a persistent
infection like humans and develop similar inflammatory liver
lesions, there are some important differences in disease be-
havior among the species. Persistent infection occurs after
inoculation in only 30 to 40% of chimpanzees (as opposed to
85% in humans), and fibrosis and cirrhosis do not occur
(126). The limited availability and the endangered status of
chimpanzees, in addition to the financial cost, led to a search
for other animal models. Tree shrews (Tupaia belengeri chi-
nensis), a species distantly related to primates, can be tran-
siently infected with HCV (127). HCV may utilize the
tupaia orthologs of CD81, SR-BI, CLDN1, and OCLN to
gain entry into tupaia hepatocytes (128) and induces mild
hepatitis within the acute phase of infection (129).

The mechanism for the selective liver tropism is not clear
but most likely involves selectivity of one or more of the cell
surface molecules responsible for cell entry, although the
specific molecule has not been identified. The species tro-
pism of CD81 has been investigated. HCV E2 glycoprotein
was shown to bind CD81 from tamarins (Saguinus sp.),
which are not susceptible to HCV infection (130). Similarly,
expression of CD81 from African green monkeys and rats in
hepatoma cells confers susceptibility to HCV entry (131).

Mice are naturally resistant to HCV infection—both
viral entry and replication are fairly limited in murine cells.
Intriguingly, transient expression of human CD81 and
OCLN by adenoviral gene delivery enables mouse hepato-
cytes to be infected by HCVcc, and the derived mouse
model has been applied for evaluation of vaccine candidates
and entry inhibitors (73, 80). Subsequently, transgenic ex-
pression of human HCVentry factors combining blunting of
the mouse innate immune responses has allowed the reca-
pitulation of the entire HCV replication cycle, albeit at low
levels (81). However the level of HCV replication is still
much lower in these reconstitutedmouse cells, suggesting oth-
er unidentified tropic factors are important.

In an attempt to overcome viral selectivity and establish
a small animal model, several groups developed immuno-
deficient mouse strains harboring chimeric human-mouse
livers (132, 133). HCV can replicate in the human-derived
hepatocytes of these mice, but the absence of an effective
immune response limits the value of this model in studying
the pathogenesis of hepatitis C.

EPIDEMIOLOGY
Geographic Distribution
Infection with HCV is a global problem affecting up to 2.8%
of the world population (134). Great variability exists in
seroprevalence rates among various countries and geographic
regions (Figure 6) reflecting differences in public health
practices, transmission patterns, and surveillance schemes
(135). In the developed world, injection drug use is currently
the most common mode of infection, and overall ser-
oprevalence is generally low, ranging from 0.6% in Germany
to 2.2 to 2.3% in Italy and Japan. The seroprevalence in the
United States is reported at 1.6% (135). In the developing
world, unsafe injections and contaminated medical instru-
ments seem to be a major risk factor (136). Egypt has the
highest reported seroprevalence rate, 22%, attributable to

FIGURE 6 World distribution of HCV seroprevalence. The highest prevalence is in Egypt. Other countries with high prevalence of
infection include Mongolia, Bolivia, and several sub-Saharan nations.
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mass public health campaigns of parenteral antischistosomal
treatment (137). The WHO estimates that in the year 2000,
2 million people worldwide were iatrogenically infected by
reused injection equipment (138).

Transmission

Routes
The major route of HCV transmission is parenteral. In the
past, transfusion of blood or blood products was the most
common means of acquiring infection in the developed
world. Post-transfusion hepatitis rates in patients undergoing
open-heart surgery, for example, were as high as 33%. Pro-
ducts manufactured from pooled donor blood (such as anti-
D globulin or coagulation factor concentrates) were impli-
cated in large outbreaks of infection (139). However,
changes in donor selection, including elimination of donor
remuneration, exclusion of high-risk populations, screening
donated blood for ALT elevations, and the use of recombi-
nant clotting factors, greatly reduced the risk of transmission
even before HCV was actually identified (140) (Figure 7).
With the implementation of specific HCV tests, first sero-
logic and then nucleic acid based, the risk of transfusion-
associated HCV decreased further and is now estimated at
1:600,000 per unit.

With the elimination of blood transfusion as a risk factor,
most of the parenteral exposure in the developed world is the
result of injection drug use (141). Practices like needle
sharing, back-loading, and sharing cotton, rinse-water, and
other paraphernalia are associated with transmission. The
seroprevalence of HCV antibodies increases with drug use
duration, reaching a rate of 60 to 85% for persons using drugs
for more than 6 years. Snorting cocaine is also a risk factor
for acquiring HCV, probably through contamination of
shared snorting devices and nasal mucosal injury. Various
risk-reduction measures, such as needle exchange programs,
have shown some benefit in reducing transmission, but the
overall effect is not optimal (142).

Iatrogenic transmission of hepatitis C virus has been as-
sociated with multiple medical and dental procedures (143).
Cases of transmission were reported to be associated with

gastrointestinal and pulmonary endoscopy, ambulatory sur-
gical procedures, chemotherapy, administration of anesthe-
sia, radiologic procedures, and in general any procedure
involving parenteral access. Patients on hemodialysis are at
an especially high risk for nosocomial infection (144) and a
large number of outbreaks in dialysis units has been reported.
The risk for dialysis patients can be decreased significantly by
segregating patients to dedicated rooms and equipment based
on HCV serology. In general, most cases of iatrogenic trans-
mission in developed countries are associated with breaches
of universal precautions and inadequate infection-control
practices, especially with the use of multi-dose vials. The
source for most nosocomial outbreaks is a chronically infec-
ted patient, although transmission from an infected health-
care worker has been documented in rare cases. As previously
discussed, in the developing world, iatrogenic infection is
associated with reuse of medical instruments, substandard
hygienic practices, and treatment by non-professionals.

Healthcare workers are at risk for acquiring HCV infec-
tion through needle-stick injuries. The risk is related to the
size of the needle, the depth of the injury, intravenous or
intra-arterial needles, higher viral load, and male sex (145).
Overall, the risk of infection from a needle-stick is usually
quoted at 3% based on early reports, although a later analysis
suggested the risk is only 0.5% (146).

HCV can be transmitted vertically from mother to child.
The risk of transmission is estimated at 2 to 5.5% (147, 148)
in HCV mono-infected mothers. The major risk factor for
vertical transmission is co-infection with HIV, which in-
creases the transmission risk significantly (149). Other risk
factors include maternal viral RNA and ALT level, pro-
longed labor (more than 6 hours after rupture of the mem-
branes), use of internal fetal monitoring devices during
labor, and female sex of the newborn. The risk of transmis-
sion with vaginal delivery is not greater than with a cae-
sarean section, and the latter should not be recommended
routinely (150). Infection can occur either in utero or during
delivery; whether postpartum transmission also occurs is not
clear. Although HCV has been detected in breast milk from
infected mothers, it does not seem to be transmissible by
breast feeding and this should not be avoided by HCV
positive women (151).

Sexual transmission of HCV was documented in several
case reports, but the actual risk for sexual transmission is hard
to determine (152). Sexual exposure was found to be the
only risk factor in 15% of acute hepatitis C cases (153), and
hepatitis C is somewhat more common in high-risk popu-
lations for sexually transmitted diseases: HIV infected, sex
workers, men who have sex with men, multiple sex partners,
and presence of other sexually transmitted diseases. How-
ever, studies of long-term monogamous heterosexual spouses
of HCV-infected patients demonstrated a relatively low rate
of infection, and those studies that utilized detailed analysis
found that most infections were associated with other pos-
sible risk factors, such as drug abuse, sharing razors, high-risk
sexual practices, etc. Moreover, when sequence analysis was
used, only a small number of co-infected sexual partners
actually harbored the same strains. Two recent studies of
low-risk monogamous couples (154, 155) found rates of
HCV seropositivity of 2% to 3.8% in spouses of HCV-
infected patients, although most infections were attributable
to other risk factors. Prospective follow-up at up to 10 years
did not identify any new case of interspousal transmission.
Thus, sexual transmission is possible but appears to be very
inefficient. This observation probably relates to a low titer of
the virus in vaginal secretion, semen, and saliva, a lack of

FIGURE 7 The evolution of screening methods for donated
blood and the corresponding decrease in transfusion-related hepa-
titis. Data shown for non-A, non-B hepatitis before the availability
of anti-HCV testing, and for HCV afterwards. HBsAg—hepatitis B
virus surface antigen. Anti-HBc—hepatitis B virus core antibodies.
NAT—nucleic acid technology. (Adapted from reference 140.)
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target cells in the genital system, and possibly other mech-
anisms as well.

The efficiency of sexual transmission during acute hep-
atitis C is less well defined. In a study of Egyptian healthcare
workers with documented acute hepatitis C (156), 15% of
spouses developed viremia, which spontaneously resolved in
half of them. The breadth and magnitude of the polyclonal
CD4+ and CD8+ T-cell response against HCV was greater in
patients who eventually cleared viremia when compared to
those who progressed to chronic infection. Interestingly,
significant T-cell responses were also seen in some spouses of
infected patients, although these spouses never developed
viremia or seroconverted. This finding suggests that the host
immune system plays a major role in the control of sexually
transmitted HCV.

Sexual transmission of HCV by men who have sex with
men (MSM) has been well documented in urban areas of
North America, Europe, Australia, and Asia (156, 157). In
the presence of HIV infection, acute HCV infection has a
higher likelihood of chronicity with a more rapid progression
to cirrhosis (158). Factors associated with transmission in
MSM with HIV include higher viral loads, traumatic sexual
practices, the presence of other sexual transmitted infec-
tions, and decreased sexual inhibition related illicit drug use
in MSM (159–163).

Risk Factors
Risk factors for infection with HCV stem directly from the
routes of transmission discussed above. Thus, in the western
world, those at the highest risk for newly acquired infections
are individuals who use intravenous drugs and share needles.
Among non-drug users, transfusion of blood prior to 1992 or
of clotting factors prior to 1987 constitutes a major risk.
Patients on hemodialysis, past or present, are also a major
risk group. Individuals incarcerated at correctional facilities
are at a high risk of exposure to hepatitis C virus, reflecting
the prevalence of IV drug use and high-risk sexual behavior
in this population. Estimates of HCV seroprevalence in in-
carcerated inmates range from 16 to 41% with chronic in-
fection detected in 12 to 35% (164). Similarly, homeless
persons with severe mental illnesses are also at a high risk for
infection.

Promiscuity and high-risk sexual behavior were identi-
fied as risk factors for HCV seropositivity in cross-sectional
studies (165). Although the prevalence is higher in female
sex workers, it seems to be related more to drug-abuse hab-
its than to sexual transmission (166). Similarly, although
epidemics of acute hepatitis C were recorded among MSM,
this is mostly related to high-risk behavior and drug use
(167).

Ethnicity and sex significantly modify the risk for HCV
infection. In the United States, men are at a higher risk than
women with a prevalence of 2.1% and 1.1%, respectively
(135) and African Americans have higher rates than Cau-
casian Americans. The highest rates were observed in non-
Hispanic black males aged 40 to 49 years, for whom the
prevalence is a striking 13.6%.

PATHOGENESIS IN HUMANS
Incubation Period
Since many acute HCV infections are asymptomatic, it is
difficult to define a precise incubation period. However, the
relative kinetics of viral levels, liver enzymes, antibody ap-
pearance, and symptoms can be described based on obser-

vational studies in humans and experimental infection of
chimpanzees. Typically in chimpanzees, HCV RNA is usu-
ally detectable in the blood within 2 weeks after HCV in-
oculation (168). The viral level then quickly rises until onset
of hepatitis and activation of host immune response, when
viral levels may decrease, fluctuate, or become intermittently
positive until either complete viral clearance is achieved or
the animal progresses to chronic infection. Once chronicity
is established, the viral levels remain relatively stable. Similar
patterns are seen in human HCV infection, although viral
levels may have much wider fluctuations. Following HCV
exposure, patients may have intermittently low-level viremia
for a period that may last as long as 2 months but is usually
approximately 2 weeks (169). This is followed by a ramp
phase lasting 8 to 10 days in which viral levels increase
rapidly in an exponential manner with a doubling time of 11
hours. Viral levels then reach a high-titer plateau for about
40 to 60 days. Serum ALT levels, marking liver injury, in-
crease during the plateau phase, typically reaching a peak 7
to 8 weeks after infection. Symptoms and jaundice may
appear at that time, although commonly these elevations
are asymptomatic and thus often missed. Antibodies against
HCV appear shortly after ALT starts to increase and their
appearance coincides with a decrease in viremia and either
resolution or development of chronicity.

Patterns of Virus Replication
The selective infection of human hepatocytes by HCV is
probably attributable to viral interaction with cell-surface
molecules specifically expressed on liver cells. Viral repli-
cation in extra-hepatic sites has, on the other hand, been
inconsistently demonstrated (170). In peripheral blood
mononuclear cells (PBMC), negative strand RNA has been
detected (albeit in a minority of cells) in dendritic cells and
B-lymphocytes. It has also been suggested that HCV is able
to replicate in the central nervous system, possibly in
microglia (171).

Quasispecies distribution, and perhaps subgenotypic dis-
tribution (172), appears to differ between the hepatic, serum,
and the extra-hepatic compartments. PBMC-specific muta-
tions and amino-acid changes occur in the E1-HVR1 region
(170) and the IRES region in the 5¢ UTR (172). Similar
findings were reported from clones detected in the central
nervous system (171). This may reflect strains with tropism
for different organs or emergence of tissue-specific adaptive
mutations. The clinical significance of these observations is
not clear. The detection of HCV RNA in PBMCs of patients
who were treated successfully and are free of viremia and liver
disease for a long period, as well as the absence of PBMC-
specific strains in the serum of the same patients, all suggest
that even if extrahepatic replication occurs in PBMCs, it is
associated with low viral replication and perhaps failure to
mature or export the virus.

Factors in Disease Production
The basic histopathologic findings in chronic HCV infection
are similar to those of other chronic viral hepatitides (de-
tailed in chapter 5) and can be separated into inflammatory
and fibrotic components, thought to reflect the disease ac-
tivity (“grade”) and cumulative damage (“stage”), respec-
tively (173). The characteristic inflammatory component
consists of a chronic, predominantly monocytic, cellular in-
filtration of the portal tracts, which can extend into the
limiting plate of hepatocytes bordering the tract (“piecemeal
necrosis”) and can be accompanied by varying degrees of
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necroinflammatory changes in the lobules. Not all compo-
nents are seen in every biopsy, and these findings probably
represent varying degrees of severity. Fibrosis begins by ac-
cumulation of extracellular matrix and expansion of the
portal tracts. This is followed by formation of septae, which
are fibrotic bridges connecting vascular tracts and are mostly
porto-portal but also porto-central. Progressive accumulation
of these fibrotic bands distorts the liver architecture, and
when coupled with regeneration and formation of nodules, is
defined as cirrhosis, the end-point of most chronic liver
diseases. Various scales have been developed to semi-quan-
titatively describe those changes. Some histopathologic
characteristics, more common in chronic hepatitis C than
other chronic viral hepatitides, include the presence of
lymphoid aggregates or follicles in the portal tracts (Figure
8a), inflammatory damage to small bile ducts with reactive
changes, mild iron overload, and, occasionally, histological

findings similar to autoimmune hepatitis with a predomi-
nantly plasma-cell infiltrate.

Steatosis, the accumulation of fat in the hepatocytes, is
commonly observed in chronic hepatitis C (Figure 8b), par-
ticularly in cases of infection with genotype 3. In non-
genotype 3 cases, steatosis mostly reflects the presence of the
metabolic syndrome or its components (“metabolic” stea-
tosis), while for genotype 3, steatosis is probably a direct
consequence of the viral infection (“viral” steatosis) (174)
and appropriately disappears following successful viral erad-
ication (175). The presence of steatosis is associated with
accelerated fibrosis and possibly with reduced responsiveness
to antiviral therapy.

Immune Responses
HCV, capable of causing chronic infection in most infected
individuals, has multiple mechanisms of evading the im-
mune system. Thus, the discussion of the host’s immune
response is coupled here to discussion of viral evasion mech-
anisms (Figure 9).

Nonspecific Immune Responses
The single-strand RNA genome of hepatitis C contains
numerous secondary-structure components. Upon infection
of hepatocytes, these secondary structures are detected by
toll-like receptor 3 (TLR3) and retinoic-acid inducible gene
I (RIG-I), the intracellular detectors of double-stranded
RNA (dsRNA). This initiates a cascade of kinase activation
that results in induction of interferon-b expression and its
secretion to the surrounding milieu. Interferon-b then acts
in an autocrine and paracrine manner, and through dimer-
ization of the type I interferon receptor, activation of Jak1/
Tyk2 and of the STAT system induces the transcription of
multiple interferon-stimulated genes (ISGs) that confer an
antiviral state. HCV has developed several strategies of
evading this pathway at multiple levels (176). The afferent
arm of the host response, upstream of interferon induction, is
effectively blocked by the NS3/4A serine protease, which
cleaves and inactivates CARDIF (53) and TRIF (54), the
downstream mediators of RIG-I and TLR3, respectively. The
interferon-signaling pathway is inhibited by induction of the
inhibitory proteins SOCS1 and SOCS3, and by hypome-
thylation of STAT1, which attenuates its function. Finally,
the NS5A and E2 viral proteins inhibit PKR, an interferon-
stimulated protein that promotes an antiviral state.

An increased pre-treatment hepatic expression of several
ISGs was found in patients who subsequently failed inter-
feron-based treatment (177). Similarly, plasma levels of IP-
10 (CXCL-10), another ISG, were higher in patients with a
slow response to interferon treatment (178). This observa-
tion suggests a maximal, but ineffective, activation of the
type 1 interferon pathway in response to HCV infection in
some patients. This phenotypic observation has been linked
to several single nucleotide polymorphisms in the locus of
IFN-lambda genes and point to the importance of this class
of interferons in host response to and pathogenesis of HCV
infection (179, 180).

Natural killer (NK) cells, the cellular effector arm of the
innate immune system, are also important in HCV clear-
ance, chronicity, and pathogenesis of liver damage. NK cells
are held under a constant inhibitory influence by interaction
of self MHC class I ligands with killer cell immunoglobulin-
like receptors (KIRs) on their surface. A specific HLA-C/
KIR genotype combination, which has a weaker inhibitory
effect on NK cells, increases the rates of clearance of acute
HCV infection in patients infected with a small inoculum

FIGURE 8 Histopathologic findings in chronic hepatitis C. (a)
Moderate inflammatory activity. The portal area is expanded by an
inflammatory infiltrate and a lymphoid follicle (arrow). The infil-
trate disrupts the limiting plate between portal area and hepatic
parenchyma (“interface hepatitis”, arrowheads). Foci of lobular
inflammation can also be seen (white arrowhead) as well as an
acidophil body (white arrow). H&E stain, 400· magnification. (b)
HCV-associated steatosis. The inflammatory infiltrate (arrow) is
accompanied by fat droplets in hepatocytes (arrowheads). H&E
stain, 200 · magnification. Images provided by David Kleiner, MD
PhD, National Cancer Institute, Bethesda, MD.
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(181). This suggests an important role for NK cells in pre-
vention of chronicity. The interaction of NK and dendritic
cells is important for dendritic cell (DC) maturation and
efficient antigen presentation, which is crucial for recruit-
ment of the adaptive cellular response. The E2 protein of
HCV seems to be able to inhibit NK cell activity directly by
cross-linking of CD81 receptors on the NK cell surface, and
this may be a crucial link in the development of the defec-
tive adaptive response discussed below (182).

HCV-Specific Humoral and Cellular Immune
Responses
The adaptive immune response against HCV tends to be
weak and slow in onset as compared to other viral infections
(183). Upon acute infection, a specific cellular response
appears after 4 to 12 weeks and is correlated with an increase
in liver enzymes, marking the cellular immune response as
the likely cause of hepatocyte injury, as opposed to viral
cytopathicity per se. In general, patients who are able to
mount a broad and vigorous CD4+/CD8+ response tend to
recover spontaneously, while patients who become chroni-
cally infected have a late, transient, or narrowly focused and
weak response. This defect in cellular immunity is HCV-
specific and is not associated with a wider immune defi-
ciency. Moreover, the virus-specific T-cells seem to lose their
ability to proliferate and produce cytokines over time during
chronic infection (184).

Several mechanisms have been proposed to explain the
attenuated cellular response. First, inhibition of NK cells and
impaired DC maturation can lead to ineffective antigen
presentation to the T-cells. Second, continuous exposure to
the persistent viral antigenemia may be the cause of the
observed CD8+ cell functional exhaustion. Third, direct
viral inhibition of T-cells may occur; the viral core protein

binds to C1qR on these cells, thereby reducing their func-
tion and cytokine secretion. Fourth, escape mutations can
develop as a result of the CD8+ T-cell selective pressure
(185). And finally, increased HCV-specific regulatory T-cells
in the livers of patients with chronic hepatitis C may be
responsible for the down-regulation of T-cell response.
Irrespective of the mechanism, it seems that the inability to
mount and sustain an efficient CD4+ response is the hall-
mark of progression to chronic infection.

HCV-specific antibodies also appear late during the
course of acute infection, typically more than 4 weeks after
initial infection. Although antibodies against epitopes in the
envelope proteins have been demonstrated to protect from
infection in a chimpanzee model, these “neutralizing” anti-
bodies are not protective in humans (183). In fact, the titer
of these antibodies is highest in patients with chronic HCV
infection, and such antibodies are often absent in patients
who resolve infection, probably reflecting the rapid emer-
gence of viral escape mutants during active replication
(185). In general, anti-HCVantibodies do not seem to play a
major role in the pathogenesis, clearance, and chronicity of
hepatitis C.

Correlates of Immune Protection and Disease
Resolution
The presence of cellular and humoral immune responses
against HCV does not provide full protection from re-
infection. Chimpanzees who recovered from HCV infection
can be experimentally re-infected, although the recurrent
disease seems to be attenuated in severity. This attenuation
is dependent on the presence of both memory CD8+ (186)
and CD4+ T-cells (187). Re-infection has been reported in
human patients in high-risk groups such as active drug users,
multi-transfused children with thalassemia and MSM (188,

FIGURE 9 The immune response to HCV infection. Hepatitis C infection induces innate and adaptive immune responses. Induction of
HCV-specific cytotoxic T-cells by antigen presenting cells is crucial in viral clearance and prevention of chronic infection, through both
cytopathic and noncytopathic mechanisms. Antibodies against HCV, secreted by B-cells, appear late and do not seem to have an important
role in viral control. Activation of nonspecific inflammatory cells causes liver injury. Chronic stimulation of lymphoid cells can induce
autoimmunity and lymphoproliferative disorders including cryoglobulinemia and lymphoma.
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189). Re-infection is possible after spontaneous recovery,
after successful antiviral treatment, and even during treat-
ment. IV drug users who spontaneously cleared viremia are
less likely to be infected again upon re-exposure and have
lower rates of persistence to chronicity when compared to
previously non-exposed controls, as long as they are HIV
negative, again suggesting some degree of protection from
acquired cellular immunity (190).

Patients who recover from hepatitis C infection have
persistent serum antibodies against HCV for a long duration,
possibly for life, although a waning titer and sometimes dis-
appearance have been documented after many years. Specific
T-cell responses against HCVepitopes also seem to persist for
life after spontaneous recovery from acute HCV infection.

CLINICAL MANIFESTATIONS
Major Clinical Syndromes: Acute Hepatitis C
Approximately 3 to 4 million new HCV infections occur
worldwide annually (191). Following infection with HCV,
most patients develop intermittent viremia and elevated
aminotransferases. Symptoms, however, are usually absent or
very mild, and thus most cases do not come to medical at-
tention (192). Some patients develop symptoms of hepatitis,
which may include nausea, loss of appetite, or jaundice.
Only 20 to 50% of patients with acute hepatitis C will re-
solve, usually within 6 months (median of 16.5 weeks)
(Figure 10) (193, 194). In those that do not resolve after 6
months, the chance of spontaneous clearance is low (194).
The percentage of resolving cases is a rough estimate, as
many cases of acute asymptomatic disease go unnoticed, and
is mostly based on serologic cross-sectional studies (195).
Young age, female sex, host genetic polymorphisms (espe-
cially the IL28B gene), and presence of symptoms seem to be
associated with resolution, and so is the vigor and breadth of
the immune response (193, 194, 196). Conversely, immune
suppression is associated with higher rates of chronicity.

Chronic Hepatitis C
Approximately 170 million people, or 3% of the world’s

population, are chronically infected with HCV (197).
Chronic hepatitis C (CHC) is usually associated with mild,
vague symptoms, if any. The most common symptom re-
ported is fatigue, experienced by 50 to 75% of patients and is
associated with age, female sex, and advanced disease (198).
A vague, right upper quadrant, pain is sometimes associated
with CHC. Other associated symptoms may include ar-
thralgia (23%), paresthesia (17%), myalgia (15%), pruritus,
(15%), and sicca syndrome (11%). Some patients present
only with symptoms of advanced liver disease, such as jaun-
dice, ascites, or gastrointestinal hemorrhage. Physical find-
ings are usually absent unless cirrhosis is present, in which
case, jaundice, splenomegaly, spider angiomata, and other
cirrhosis-associated manifestations may be seen.

Mild elevation of aminotransferases is commonly ob-
served, predominantly of alanine aminotransferase (ALT),
although up to one-third of asymptomatic patients have
persistently normal enzymes (199). Antibodies against HCV,
as well as relatively stable levels of serum HCV RNA, are
universally present.

As discussed above, liver histology in CHC generally
consists of inflammatory infiltrate and some degree of fi-
brosis, ranging from minimal expansion of portal tracts to
cirrhosis. The fibrotic process, driven by liver inflammation,
can progress over time, although patients differ greatly in

rates of progression. In some patients (non-progressors), no
increase in fibrosis is seen over decades of follow-up, while in
others, it may progress rapidly to cirrhosis within a few years
(200). Since the hepatic complications of CHC are gener-
ally limited to cirrhotic patients, defining predictive factors
that affect the rate of progression, and thus prognosis, is
essential (201). The most important predictors of rapid
progression are immune suppression, alcohol consumption,
male sex, older age at infection, obesity, and degree of his-
tological activity. Estimates of the percentage of patients
who progress to cirrhosis range from 4% to 22% at 20 years of
infection, depending on methodology and patient popula-
tion (202).

Acute Liver Failure
Few cases of acute liver failure attributable to HCV have

been reported (203). Acute HCV infection causing liver
failure appears to be very rare; for example, none of the 308

FIGURE 10 The clinical course and natural history of HCV
infection. (a) Acute, spontaneously resolving hepatitis C. The liver
enzyme elevation, symptoms, and appearance of antibodies usually
lag behind viremia. Seropositivity persists for years after recovery
but may decline after decades. (b) Acute infection progressing to
chronic hepatitis C. Viral levels and enzyme elevations are rela-
tively stable in the chronic phase. Accumulation of fibrosis occurs
gradually, over many years. The gray dashed line represents the
upper limit of the norm for ALT. HCVAb—anti-HCV antibodies.
ALT—alanine aminotransferase.
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cases observed by the acute liver failure study group in the
United States (204) were caused by HCV. A few cases were
reported in patients with CHC, developing fulminant liver
failure upon withdrawal of immunosuppressive or chemo-
therapeutic treatment for other disorders. Fulminant liver
failure can also be seen in patients chronically infected with
HCV who suffer an acute infection with hepatitis A (205) or
B (206), although the association with acute hepatitis A has
been debated.

Extrahepatic Manifestations
Although hepatitis C is mostly hepatotrophic, extrahe-

patic manifestations are not uncommon, presenting clinically
or solely as laboratory abnormalities. Some are immunologic
phenomena while others may reflect actual viral presence in
the affected organ. In a large, cross-sectional study (207),
39% of HCV-infected patients had at least one extrahepatic
manifestation, most notably various skin disorders, arthral-
gias, sicca syndrome, and peripheral neuropathy. Auto-
antibodies, mostly antinuclear antibodies or rheumatic
factor, can be detected in 70% of tested sera. Anti-thyroid
antibodies are often detected in HCV patients and can be
associated with autoimmune thyroid disease,

A common extrahepatic manifestation is HCV-associated
mixed cryoglobulinemia (MC, previously termed essential
mixed cryoglobulinemia or type II MC). The hallmark of this
immunological disorder is the presence in the serum of a
cryoprecipitating monoclonal IgM directed against a poly-
clonal IgG. High concentrations of HCV can be detected
within the cryoprecipitate. Low levels of cryoglobulins can
be detected in up to 59% of infected patients (208), mostly
without clinical manifestations. However, 10% of patients
develop small and medium-sized vessel leukocytoclastic
vasculitis manifesting as palpable purpura, arthralgias or ar-
thritis, peripheral neuropathy, glomerulonephritis, and oc-
casionally involvement of other organs. The pathogenesis of
HCV-associated MC is assumed to be chronic inflammatory
stimulation of B-cells with the subsequent formation of a
clonal lymphoproliferative disorder and at times, non-
Hodgkin’s lymphoma (209). Interferon therapy reduces
cryoglobulin levels and decreases symptoms during treat-
ment, which is durable only if sustained virological response
is achieved. It is currently unknown if the same effect can be
achieved with direct-acting antiviral (DAA) therapy for
HCV given the mixed case reports and lack of clinical studies
(210, 211).

Apart from MC-related purpura, other skin manifesta-
tions of chronic hepatitis are pruritus, porphyria cutanea
tarda, and lichen planus (208). Autoimmune thyroid disease
is also commonly seen. Membranoproliferative glomerulo-
nephritis, with or without cryoglobulins, is the most com-
mon renal manifestation of HCV infection. Sjögren-like
lymphocytic sialoadenitis is histologically present in three-
quarters of patients with hepatitis C, although only a mi-
nority have symptoms of the sicca syndrome. Diabetes
mellitus type 2 is more frequent in patients with CHC than
with control patients or patients with chronic hepatitis B.
This may be related to the impaired glucose tolerance seen
with cirrhosis, as well as to insulin resistance promoted di-
rectly by HCV.

Disease in Children
Hepatitis C infection in children is usually acquired

vertically, and has been reported to occur in 2 to 8% of HCV
mono-infected mothers, and perhaps higher in those co-
infected with HIV (212, 213). Prior to the era of universal

testing of blood products, transfusion-associated disease
accounted for many cases of HCV infection, especially in
childrenwith inherited coagulation disorders. Today, it is gen-
erally accepted that factors associated with vertical trans-
mission include a high viral load, maternal blood exposure
from lacerations during vaginal delivery, prolonged rupture
of membranes, and HIV co-infection (212). Current evi-
dence does not support the use of cesarean section to reduce
the risk of vertical transmission. In those infected with HCV,
during the first 2 decades of life, the disease seems to be mild
and asymptomatic, although cirrhosis and complications
have been reported (214). Spontaneous clearance of infec-
tion in vertically infected children can be seen in 20 to 25%
of patients and can occur as late as age 3 years, and occa-
sionally even later. Of the remaining 80%, non-invasive
studies suggest mild asymptomatic disease in 50% and active
disease in 30% (148). However, liver biopsies, although
usually demonstrating mild disease, can also demonstrate
progression of fibrosis with prolonged disease duration (215).
Thus, although symptomatic disease is not commonly seen
in children, it is not clear whether this reflects a true dif-
ference in disease behavior from the adult population, or is
just reflective of the shorter duration of disease.

Disease in Immunocompromised Hosts
Immune suppression has a significant effect on the nat-

ural history of HCV infection. Co-infection with HIV is
common, and it is estimated that 30% of HIV infected pa-
tients in the United States and Europe are co-infected with
HCV, with even higher rates in hemophiliacs and IV drug
abusers (216). Rates of co-infection in Africa appear to be
much lower (217), perhaps because the dominant route of
transmission for HIV is sexual in these regions. Since the
advent of HAART, with prolonged survival of HIV-infected
patients, liver disease has emerged as a leading cause of
mortality, ranking third only to AIDS-related death and
non-AIDS-defining cancers (218). Co-infection is associ-
ated with higher serum HCV RNA levels, worse histopath-
ological findings, and accelerated rates of fibrosis. Cirrhosis,
HCC, and death from liver disease tend to appear af-
ter a shorter duration of infection in co-infected patients.
HAART treatment can slow the progression of liver fibrosis,
although the rates of drug-hepatotoxicity are increased in
co-infected patients. In the past era of interferon-based
therapies, treatment success rates were lower in co-infected
patients with treatment results directly related to CD4+
counts (219). However, with direct-acting antiviral (DAA)
therapy, co-infected patients now experience similar success
rates compared to those who are mono-infected (220).

Organ transplantation, and its associated prolonged im-
mune suppression, can also affect the progression of HCV
infection. Patients in need of organ transplantation histori-
cally have had higher rates of HCV infection, probably be-
cause of the need for blood products and for multiple,
invasive, therapeutic, and diagnostic interventions. This is
especially true for kidney transplant recipients, for whom
hemodialysis is a major risk factor and on whom more data is
available. Serum HCV RNA levels increase after kidney
transplantation, and this was particularly prominent after a
course of anti-lymphocyte antibodies. HCV infection por-
tends worse outcome after kidney transplantation, with de-
creased graft- and patient-survival, although most deaths are
not due to liver disease (221). The limited data on progres-
sion of the liver disease in HCV-infected kidney transplant
recipients suggest more advanced fibrosis in these patients
(222). In hematopoietic stem-cell transplant recipients,
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hepatitis C seems to progress more rapidly to cirrhosis
compared to non-transplanted patients (223), and pre-
existing hepatitis C with elevated enzymes increases the risk
for severe veno-occlusive disease, a serious hepatic compli-
cation of stem cell transplantation (224). Curiously, cancer
chemotherapy and its associated profound immune-sup-
pression may be associated with minor liver enzyme eleva-
tions, but rarely with serious flares of hepatitis C.

Liver transplantation for hepatitis C is distinctive, since
the infected organ itself is removed and is replaced by an
uninfected organ. Re-infection of the graft is universal and is
associated with recurrence of hepatitis and cirrhosis in a
significant number of patients, resulting in poorer graft and
patient survival when compared to patients who had a liver
transplantation for indications other than hepatitis C (225).
A significant factor affecting survival is the need for im-
munosuppressive treatment of acute rejection episodes, with
bolus steroids, lymphocyte-depleting agents, or anti-IL-2
receptor antibodies. In fact, maintaining a stable immuno-
suppressive dose and avoiding rapid changes were shown to
improve outcome significantly (226).

Complications
Decompensation and complications may complicate the
cirrhosis of CHC. These complications are not unique to
infection with HCVand can be seen with other etiologies of
cirrhosis. The complications include hypersplenism, bleed-
ing from esophageal or gastric varices, portal hypertensive
gastropathy, hepatic encephalopathy, ascites, spontaneous
bacterial peritonitis, renal failure, and death. Not all cir-
rhotic patients are symptomatic or present with complica-
tions. Decompensation occurs at an estimated rate of about
4% per year (227, 228).

Hepatocellular carcinoma (HCC) can develop as a
complication of cirrhosis, irrespective of the etiology, al-
though some etiologies are associated with a much higher
likelihood of HCC. The yearly incidence of HCC in pa-
tients with cirrhosis due to HCV infection is estimated at 2
to 8% (229). The risk for non-cirrhotic patients appears to
be much lower, although underestimation of the severity of
the underlying liver disease may lead to false assurance in
these patients. As discussed below, successful eradication of
hepatitis C with antiviral treatment significantly reduces,
but does not eliminate completely, the risk of HCC.

Differential Diagnosis
Diagnosis of chronic hepatitis C is straightforward when the
appropriate laboratory tests are available. The differential
diagnosis of elevated liver enzymes is vast; other causes of
infectious hepatitis are discussed in chapter 5. However, a
positive serum HCV antibody is almost always a marker of
exposure to HCV and a positive serum HCV RNA test is
diagnostic for the disease. These tests should be performed
on all patients with elevated aminotransferases, and can be
used to screen patients with high-risk behaviors (injection
drug use or intranasal illicit drug use), high-risk exposures
(long-term hemodialysis, healthcare exposures, incarcera-
tion, and individuals with HIV), and blood or organ donors.
In addition to these patients thought to be at high risk for
HCV infection, the Centers for Disease Control and Pre-
vention (CDC) and the United States Preventive Services
Task Force recently recommended expansion of risk-based
HCV screening guidelines to include a one-time HCV
screening in all persons born during 1945–1965, which is a
birth cohort that has been demonstrated to have a higher
risk of having HCV infection (230, 231).

LABORATORY DIAGNOSIS
Virus Detection
Nucleic acid testing is the gold standard for detecting active
HCV replication. Detection of viral genome sequence in the
plasma, quantitatively or qualitatively, is typically performed
using automated assays with sensitivity and specificity near-
ing 100% (232). Qualitative assays to detect the presence
of hepatitis C most commonly utilize reverse transcriptase-
polymerase chain reaction (RT-PCR) assays and have a
lower detection limit of 50 international units (IU)/ml.
Assays based on the transcription-mediated amplification
(TMA) method are even more sensitive, with a lower
threshold of 5 IU/ml. In most clinical scenarios, a qualitative
result is sufficient for the diagnosis and monitoring of pa-
tients with chronic and acute hepatitis C. Quantitative
measurement of HCV viral load is required before and dur-
ing treatment of patients to assess their response and can be
performed using quantitative real-time RT-PCR. The 2nd
quantitative real-time RT-PCR has a high dynamic range
and a lower limit of detection of 15 IU/mL. To facilitate
standardization, the WHO developed a panel of standard
calibration samples and promoted the use of the arbitrary
international units. The conversion from copies/ml to IU/ml
differs based on the commercial assay used, and ranges from
0.9 to 5.2 copies/ml to 1 IU/ml equivalent.

An assay for detection of an HCV core protein antigen
(233) incorporates an immune complex dissociation step (to
diminish interference from naturally occurring anti-core
antibodies) followed by an enzyme immunoassay (EIA) step.
The assay has a detection threshold of 20,000 IU/mL with
specificity of more than 99%. Despite the excellent perfor-
mance of the assay, it is still inferior to nucleic acid detection
assays, which becomes positive earlier during the window
period.

Serologic Assays
Serologic assays for detecting HCV infection were rapidly
developed and improved following the initial discovery of
the virus because of the urgent need to screen blood donors
and prevent transmission. The first EIA test contained a
single recombinant antigen derived from the NS4 protein
and was limited in both sensitivity and specificity. A second
generation test, with additional antigens from the core and
NS3 proteins, and a third generation test, with reconfigured
core- and NS3-based antigen as well as an antigen from
NS5, markedly improved test performance and shortened
the window period between infection and seroconversion.
The currently available third generation assays, especially
those utilized in the western world, provide sensitivity of
100% and specificity of nearly 100% when tested against
standardized panels. As opposed to their use in diagnosing
chronic hepatitis C in a clinically suspected case, the positive
predictive value of the EIA tests is lower when they are used
for screening of a low-prevalence population, such as blood
donors, and often requires a confirmatory test. In the past, a
recombinant immunoblot assay (RIBA) could be used to
confirm a positive EIA in this setting, although the nucleic
acid tests discussed above are superior and RIBA is no longer
available. With the current sensitivity and specificity of the
EIA assays, a confirmatory test may no longer be necessary in
the context of screening a low-risk population (234).

In 2010, the U.S. Food and Drug Administration (FDA)
approved the use of a rapid diagnostic test that utilizes im-
munochromatography to identify HCV antibodies in oral
fluid and blood (serum, plasma, or whole blood). This has
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facilitated the possibility of point-of-care (POC) testing to
improve turnaround time and the making of rapid clinical
decisions. While many POC tests are under clinical evalu-
ation, there is currently only one rapid HCV test approved
for clinical use by the FDA, which has a > 90% sensitivity
and > 99% specificity for detecting antibodies to HCV.
Since these rapid tests are used to identify patients with
HCV antibody, they would have limited utility in diagnosis
of acute hepatitis C given that HCV antibody can only be
detected in 80% of patients after 15 weeks of exposure.

PREVENTION
General
Persons infected with HCV should be advised to avoid
sharing toothbrushes, razors, nail clippers, and other per-
sonal care articles that may become contaminated with
blood (235). Patients in a long-term heterosexual monoga-
mous relationship need not alter their sexual practices, al-
though testing the partner for exposure and counseling on
the potential risk is advised. Couples may consider the use of
barrier protection to reduce the already low risk, or during
higher risk sexual practices such as anal sex or intercourse
during menses. Persons involved in high-risk sexual behav-
ior (multiple partners, violent sex, sex workers, etc.) should
be advised to use barrier protection to prevent HCV trans-
mission and infection with other sexually transmitted dis-
eases (152). Drug users should be counseled to avoid sharing
of needles, syringes, and other injection and snorting para-
phernalia. Needle-exchange programs have been shown to
reduce HCV seroprevalence.

Since alcohol consumption is associated with accelera-
tion of liver injury and fibrosis, minimizing alcohol intake
should be recommended for all patients. Routine vaccina-
tion against hepatitis A and B viruses should be done to
reduce the risk of superinfection and potential liver failure.

Passive Immunoprophylaxis
Passive immunoprophylaxis against HCV reinfection has
been attempted in the context of liver transplantation, in
light of the success in the use of hepatitis B immunoglobulin
to prevent HBV reinfection of the graft. Anti-HCV-en-
riched human immunoglobulin preparation failed to prevent
re-infection in HCV patients after liver transplantation
(236). The use of a monoclonal anti-E2 antibody in this
setting in a phase 2, randomized, controlled trial had only a
transient effect on viral levels (237). This same antibody
demonstrated short-term (less than 48 hours) reduction of
viral levels when administered to non-transplanted patients
with chronic hepatitis C (238). With further development
of broadly neutralizing antibodies, it is possible that passive
protection may still be achievable (239–241).

Active Immunization
Despite remarkable recent advances in the understanding,
testing, and treatment of HCV, the field of prophylactic
vaccine development for HCV has lagged significantly be-
hind. Although therapies for HCV are rapidly evolving, the
development of a vaccine remains paramount given the
current global public health burden of HCV, current and
projected future cost of care, and lack of accessibility of care
in less-industrialized countries. Over the past few decades,
many attempts have been made to develop an HCV vaccine;
however, all have failed at various stages of clinical devel-
opment (242). The difficulty in designing an effective HCV

vaccine is multifaceted, including: (i) an incomplete un-
derstanding of the mechanisms of protective immunity in
HCV infection (242); (ii) design of a vaccine that can en-
compass the HCVs worldwide genetic diversity(243); (iii)
HCVs ability to hide from the antibody response(244); (iv)
HCV’s ability to alter the activation of T-cells with resultant
ineffective cell-mediated immunity (184, 245); and (v) the
lack of convenient and authentic experimental animal
model systems for vaccine development (246).

Currently, various candidate vaccines are in different
stages of clinical development. While many candidate vac-
cines have utilized various viral vectors including adenovi-
rus, vaccinia virus, modified vaccinia Ankara (MVA), fowl
pox viruses, and other viruses with the aim of delivering
various HCV structural and nonstructural antigens for in-
duction of T-cell-mediated immunity, the adenoviral vector
seems to be the most promising due to their ability to induce
robust CD4+ and CD8+ T-cell responses with a predominant
TH1 phenotype (247–250). Other vaccine vehicles include
HCV viral proteins, DNA immunization, and virus-like
particles (VLPs) that induce both humoral and cellular arms
of the immune response and/or peptides that target specific
T-cell epitopes and biological adjuvants that hope to have
efficacy in humans. With continued efforts in the field of
HCV vaccination, the hope is that this field will catch up to
the treatment field to provide a two-pronged attack for
global eradication of HCV infection in humans.

Antiviral Chemoprophylaxis
As discussed below, in documented cases of acute HCV in-
fection, antiviral treatment is withheld for 8 to 16 weeks to
allow the patient a chance to clear the virus on their own.
Because interferon and ribavirin are expensive and fraught
with side effects, chemoprophylaxis after exposure or in high-
risk populations is not advised. However, with the approval
of highly effective oral antivirals against HCV, post-exposure
prophylaxis with DAAs has yet to be explored and will be an
interesting topic to revisit in the future. Additionally, the use
of DAAs as prophylaxis during the anhepatic phase of liver
transplantation has only been described in a case report and
formal investigation is still lacking (251).

Management of Outbreaks
Outbreaks of hepatitis C associated with a single source of
transmission are often detected late as most cases of acute
infection are asymptomatic and go unnoticed. Iatrogenic
outbreaks as a result of contaminated medical or dental in-
struments or contaminated injections/infusions have been
reported (137, 139, 252, 253). Recently, outbreaks among
communities of MSM and persons who inject drugs (PWID)
have been reported to be on the rise and appear to be the
major route of HCV transmission in the developed countries
(254). When such an outbreak is detected, screening of all
potentially affected patients, reviewing of potential breaches
of standard care, and offering of treatment to infected in-
dividuals should be undertaken.

Prevention of Perinatal and Congenital Infection
Although HCV can be transmitted vertically, there is no
effective method to prevent transmission. Caesarean section
was not proven to prevent infection of the newborn and
should not be recommended routinely for HIV-negative
mothers (150). Invasive fetal monitoring during pregnancy
appears to be associated with increased risk of transmission
(147). Thus, it is prudent to avoid invasive monitoring if
possible without compromising maternal or fetal safety.
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TREATMENT
Indications for Therapy and Monitoring
of Response
In general, antiviral treatment is indicated for all patients
with chronic hepatitis C who are viremic, except those with
significant co-morbidity due to non-liver related conditions
(255). Normal aminotransferase levels should not exclude
patients from therapy, as up to one-third of patients may
have advanced disease on histopathology. The goal of
therapy in those infected with HCV is a reduction in all-
cause mortality and liver-related adverse health conse-
quences. A liver biopsy, while invasive, is the diagnostic gold
standard and is helpful in determining the degree of disease
severity to provide prognostic information. More recently,
the use of noninvasive fibrosis biomarkers utilizing indirect
(routine tests) or direct (components of extracellular matrix
produced by activated hepatic stellate cells) serum bio-
markers and vibration-controlled transient elastography has
gained popularity and is an acceptable substitute in assessing
fibrosis in chronic HCV infection (255, 256). Based on
available resources, it is currently recommended that pa-
tients with advanced fibrosis, compensated cirrhosis, liver
transplant recipients, and those with severe extrahepatic
HCV manifestations should be considered as high priority
for therapy (255). However, there is emerging evidence that
demonstrates a greater benefit in patients who are treated at
an earlier stage of hepatic fibrosis (257–259).

Response to therapy, assessed by quantitative RT-PCR, is
the standard-of-care during and after therapy. A sustained
virological response (SVR) is defined as a negative HCV
RNA test after a defined time period after completion of
therapy. Achieving an SVR, inherently a virological out-
come, is an accepted surrogate marker for beneficial clinical
outcomes, and has been equated with “being cured of HCV”
in the public domain. Those that are persistently HCV RNA
negative post-therapy are less likely to progress to decom-
pensated liver disease, to die from hepatic causes, or to de-
velop hepatocellular carcinoma, even if they already have
established cirrhosis (260, 261). In general, the likelihood of
relapse later than 6 months after treatment (the currently
accepted time point for SVR determination) is very low and
re-appearance of HCV viremia more frequently indicated re-
infection rather than relapse. Although HCV RNA se-
quences can occasionally be detected by PCR or TMA in
peripheral blood mononuclear cells (PBMCs) or liver tissue
(see above), this has not been shown to be associated with
enzyme elevation or histological worsening of liver disease
and the significance of these findings remains unknown.
Historically, a SVR was defined as 24 weeks after the end of
treatment; however, a large retrospective analysis from five
phase III studies, performed in 2015, described a high rate of
concordance between 12 and 24 weeks post-therapy (262).
An undetectable HCV RNA 12 weeks after therapy is cur-
rently accepted by clinicians and regulatory authorities as a
primary endpoint of therapy and an SVR.

The Historical Era of Interferon-Based Therapy
The first use of interferon for chronic non-A non-B hepa-
titis was evaluated at the National Institutes of Health
Clinical Center in 1984 and the first patient was cured of
HCV with interferon therapy shortly thereafter (263, 264).
Interferon induces a multitude of host genes that promote
an antiviral state. These seminal pilot studies evaluating
interferon for HCV led to the initiation of two randomized
controlled trials which subsequently led to FDA approval

the use of interferon a-2b for chronic hepatitis C in 1991
(265, 266).

Despite the initial enthusiasm of the use of interferon for
chronic HCV infection, this therapeutic modality had an
SVR rate of only 6% after 24 weeks of therapy and 13 to
19% with 48 weeks of therapy (267, 268). These SVR rates
were even worse when evaluated according to HCV geno-
type, whereby genotype 1 infection resulted in less than a 2%
SVR with 24 weeks of therapy and 7 to 11% SVR rate with
48 weeks of therapy.

The next major improvement with interferon-based
therapies occurred in the early 1990s, after ribavirin was
noted to have anti-HCV activity (269–272). Subsequent
large-scale studies evaluating the combination of interferon-
a and ribavirin revealed increased SVR rates to 16% with 24
weeks of therapy and 42% with 48 weeks of therapy (271,
273, 274). Within the next decade, SVRs became associated
with favorable long-term clinical outcomes, and the com-
bination of interferon and ribavirin was approved as the
standard-of-care for the treatment of chronic HCV.

Thereafter, subsequent improvements to the delivery of
interferon were achieved by attaching a polyethylene glycol
(PEG) molecule to interferon, thereby prolonging the half-
life of interferon and further improving response rates to
interferon-based therapies (275, 276). When used in com-
bination with ribavirin, pegylated interferon (peginterferon)
induced an SVR in up to 46% of patients with HCV ge-
notype 1 infection and up to 82% in patients infected with
genotype 2 and 3 infection (Figure 11) (277, 278). There-
fore, peginterferon-a with ribavirin became the standard-of-
care for all genotypes of chronic HCV infection only dif-
fering by duration of therapy (48 weeks for genotypes 1 and 4
and 24 weeks for genotypes 2 and 3).

Dual therapy with peginterferon and ribavirin (7) dem-
onstrated a biphasic response, with a rapid decline over the
first 2 days and a slower, second-phase decline lasting at least
up to day 14 of treatment. Mathematical modeling applied
to these data suggested that the first phase represented rapid
clearance of the virus from serum on the basis of inhibition
of replication and of new virion production by interferon.
The second phase corresponded to the death and clearance
of infected cells in addition to inhibition of viral replication.
With this early therapeutic modality, failure to achieve an
early virological response (EVR) (defined as negativity or

FIGURE 11 The evolution of treatment regimens for chronic
hepatitis C and the corresponding rates of sustained virological
response. IFN—interferon alfa. PIFN—pegylated interferon alfa.
R—ribavirin. DAA—direct-acting antiviral therapy.
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more than a 2 log decrease in viral load by week 12) or to
become HCV-RNA by week 24 of treatment (279), had a
very high (> 95%) negative predictive value for response
and allowed clinicians to terminate the treatment course
early for some patients. Aside from the assessment of on-
therapy virological response and infecting genotype as pre-
dictive factors of response, a high pre-treatment viral load,
African-American race, obesity, advanced fibrosis, and a
host IL28B TT genotype were all unfavorable factors for
interferon-based therapy.

Along with response rates < 50% with interferon-based
dual therapy for CHC, the side effects of interferon made
this therapeutic modality very difficult for patients to toler-
ate for 24 to 48 weeks (277, 278). Among the various no-
table side effects of interferon, hematologic toxicity (espe-
cially neutropenia (280) and thrombocytopenia) was the
most common reason for dose reduction or interruption and
occurred in up to 20% of patients. Interestingly, psychiatric
side effects of interferon, especially depression, were more
common in HCV patients than in patients with chronic
hepatitis B treated with the same doses.

In acute HCV infection, treatment indications and reg-
imens are less standardized. Much of this is due to the lack of
large-scale studies for acute HCV infection. Currently,
treatment should be deferred for 12 to 16 weeks from the
time of infection, to allow for possible spontaneous clearance
to occur, especially in symptomatic patients. One random-
ized phase III study with interferon-based therapy demon-
strated non-inferiority between starting therapy at the time
of diagnosis versus delaying therapy for 12 weeks after
identification of acute infection (281). Treatment can be
offered using standard or peginterferon monotherapy.
Treatment for genotype 1 infection should probably last 24
weeks while for genotypes 2, 3, or 4, a course of 8 to 12 weeks
of treatment seems to be sufficient (282). A high likelihood
of treatment success, with SVR rates above 90%, was
reported in several series, suggesting that, at least for geno-
type 1 infection, treatment before chronicity develops
should be attempted whenever possible (283).

Ribavirin
Ribavirin (RBV) is a synthetic oral guanosine nucleoside
analogue that was initially identified to have broad-spectrum
antiviral activity against both DNA and RNA viruses in
in vitro and in vivo models (284). In HCVas monotherapy, it
demonstrated improvement in aminotransferase levels but
not in decreasing viral load in vivo (269, 270,285–288).
However, as discussed in the previous section, when utilized
in combination with interferon or pegylated interferon, ri-
bavirin significantly improved SVR rates and became the
standard-of-care for over 10 years.

Despite the utility of RBV for HCV, the mechanism of
action of ribavirin in HCV has never been fully elucidated.
Various mechanistic hypothesis have been proposed, in-
cluding: (i) RNAviral mutagenesis through incorporation of
ribavirin triphosphate into the HCV viral genome resulting
in nucleotide transitions; (ii) direct inhibition against HCV
RNA dependent RNA polymerases leading to inhibition of
genome replication; (iii) alteration of the host adaptive im-
mune response through Th2 response suppression and Th1
response induction leading to increased clearance of infected
cells; (iv) inhibition of host inosine monophosphate dehy-
drogenase resulting in decreased synthesis and lower GTP
levels and subsequent inhibition of genome replication; and
(v) potentiation of interferon activity through modulation of
genes involved in interferon signaling and/or an indirect

mechanism that may act to reset interferon-responsiveness in
an HCV-infected liver (289–295).

Before the current era of direct-acting antiviral (DAA)
therapy, ribavirin was administered orally twice daily, dosed
according to weight and genotype. Patients with genotypes 1
or 4 infection were treated with peginterferon and weight-
based ribavirin (1,000 mg in those < 75kg and 1,200 mg in
those ‡ 75 kg) for 48 weeks, while for patients with geno-
types 2 or 3, a 24-week course of peginterferon with 800 mg
of ribavirin was sufficient (296). In the current era of DAA
therapy, weight-based ribavirin therapy still plays a role in
certain therapeutic regimens with an improvement in SVR
rates (297).

During the era of dual therapy with peginterferon and
ribavirin, ribavirin-induced hemolysis played a large role in
dosing limitations. The side effects of ribavirin were man-
aged mainly by dose reduction, although this approach was
undesirable as significant dose-reduction ( > 20%) was as-
sociated with decreased response rates to treatment (298),
especially if dose adjustments were made early in the treat-
ment course.

The Era of Direct-Acting Antiviral Therapy for HCV
With the less-than-optimal response rates to interferon-
based therapies, especially for genotype 1 patients, along
with the side effects, different therapeutic strategies were
sought. The development of new therapeutic targets was
promoted by the development of a genotype 1 subgenomic
and genomic replicon system and the identification of a
genotype 2a JFH1 clone (299). These new model systems
allowed for the identification of the steps of the HCV life
cycle, further allowing for the development of new thera-
peutic targets (Figure 12). As a result, in 2011, the first DAA
therapies, boceprevir and telaprevir, were approved by the
FDA for use as “triple therapy” in combination with
peginterferon and ribavirin in patients with chronic HCV
genotype 1 infection (300–304). These first-generation
DAAs inhibited the HCV NS3/NS4A protease by binding
to the active site, thereby inhibiting HCV replication, and
significantly increasing SVR rates in HCV genotype 1 in-
fection to 69 to 75% when used as “triple therapy” with
peginterferon and ribavirin (300, 301).These DAA regi-
mens quickly became the standard-of-care for chronic HCV
genotype 1 infection in 2011 (305). However, these first
generation DAAs have a low barrier to resistance, leading to
the rapid selection of resistance-associated variants when
used either alone or in combination with peginterferon and
ribavirin, and were poorly tolerated, especially when used as
triple therapy (with serious adverse events and even death),
and had low response rates in prior null responders to
peginterferon and ribavirin (306, 307).

The development of HCV DAAs has progressed rapidly,
and in 2012, several phase II studies demonstrated that it was
possible to cure chronic HCV infection without the use of
peginterferon-a (308–310). Subsequent phase III studies
have confirmed this finding, especially with improved un-
derstanding that therapeutic targets can be directed at
blocking different steps in the HCV replicative cycle (311,
312). Currently, the therapeutics under drug development
include NS3-4A protease inhibitors, nucleotide analogue
and non-nucleoside inhibitors of the HCV RNA-dependent
RNA polymerase (RdRp), and inhibitors of the non-struc-
tural 5A (NS5A) protein (Table 3).

Simeprevir (a NS3/4A protease inhibitor), which was the
third DAA to receive FDA approval in 2013 for use in
combination with peginterferon and ribavirin for genotype 1
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infection. This regimen achieved SVR in 80% of treatment
naive patients and in 79% of treatment-experienced relap-
sers. Two weeks after simeprevir’s approval, the first multi-
genotypic DAA sofosbuvir, received FDA approval for use in
genotypes 1, 2, 3, and 4 infection. This drug was the first of
the nucleotide analogues to be approved for use in CHC. In
genotypes 1 and 4, sofosbuvir was approved for use with
peginterferon and weight-based ribavirin for 12 weeks. In
genotype 2, sofosbuvir was approved for use with weight-
based ribavirin without interferon for 12 weeks and in ge-
notype 3 for 24 weeks. This approval heralded a new era of
interferon-free therapies.

HCV Genotype 1 Therapy
In contrast to interferon-based therapies, the paradigm has
shifted and genotype 1 is no longer difficult to treat in the
current era of DAAs.

Simeprevir and Sofosbuvir Combination Therapy
The combination of simeprevir (a NS3-4A protease in-

hibitor) and sofosbuvir (a nucleoside analogue) was the
second interferon-free DAA regimen approved for use in
HCV genotype 1 infection. One phase III study that dem-
onstrated a ‡ 95% SVR rate in those without cirrhosis re-
gardless of viral subtype (1a or 1b) when treated for 12 weeks
(313). Another phase III study demonstrated an overall
SVR rate of 83% in cirrhotic patients (88% in treatment-
naive patients and 79% in prior non-responders to pegin-
terferon and ribavirin dual therapy patients) and an SVR
rate of 74% in genotype 1a patients with cirrhosis (314).
Based on the results from these large studies, the combina-
tion of simeprevir and sofosbuvir can be administered for 12
weeks in patients without cirrhosis and 24 weeks with or
without ribavirin in those with cirrhosis.

Sofosbuvir and Ledipasvir Combination Therapy
In late 2014/early 2015, the combination of the sofo-

sbuvir (a nucleotide analogue) and ledipasvir (an NS5A
inhibitor) was approved for use in HCV genotype 1 in the
United States and genotypes 1, 3, and 4 in Europe. Phase III

studies demonstrated a > 90% SVR rate when used with or
without ribavirin for 12 to 24 weeks in both treatment-naive
and treatment-experienced patients (315–317). In patients
with cirrhosis (compensated and decompensated) and those
in the pre- and post-liver transplant setting, SVR rates
ranged from 85 to 95% depending on the severity of disease
(318–321). The combination of sofosbuvir and ledipasvir for
12 weeks of therapy in treatment-naive or treatment-
experienced patients without cirrhosis, and 24 weeks in
treatment-experienced patients with cirrhosis is appropriate.

Ombitasvir, Dasabuvir, and Ritonavir-Boosted
Paritaprevir Combination Therapy
Shortly after the approval of sofosbuvir and ledipasvir,

the DAA combination of ombitasvir (an NS5A inhibitor),
dasabuvir (a nonnucleoside NS5B polymerase inhibitor), and
ritonavir boosted paritaprevir (an NS3/4A protease inhibi-
tor) received FDA approval for the therapy of HCV geno-
type 1 infection. Phase III studies demonstrated SVR rates
> 95% in genotype 1a patients when used in combination
with weight-based ribavirin and approximately a 90% SVR
rate when used without ribavirin. In genotype 1b patients,
SVR rates were > 97% without the use of ribavirin. Thus,
this fixed-dose regimen can be used with weight-based ri-
bavirin for 12 weeks in genotype 1a patients without cir-
rhosis and 24 weeks in those with cirrhosis. For genotype 1b
patients, the fixed dose DAA combination is recommended
for 12 weeks without ribavirin.

Daclatasvir and Sofosbuvir Combination Therapy
In July 2015, the FDA approved the use of daclatasvir (an

NS5A inhibitor) for use with sofosbuvir for genotype 3 HCV
infection. Although this combination was not yet approved
for use in genotype 1 infection, existing data from several
studies suggested efficacy in genotype 1 infection (255). In
one phase IIB study and two phase III studies evaluating
daclatasvir and sofosbuvir for 12 and 24 weeks in various
genotype 1a and 1b populations (with and without cirrhosis,
co-infected with HIV), SVR rates > 95% were achieved in
genotype 1b infection with 12 weeks of therapy (322–324).

FIGURE 12 Currently FDA approved direct-acting antiviral therapy for hepatitis C includes NS3-4A protease inhibitors, nucleotide
analogue, and non-nucleoside inhibitors of the HCV RNA-dependent RNA polymerase (RdRp) and inhibitors of the non-structural 5A
(NS5A) protein.
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However, in those with cirrhosis (genotype 1a or 1b) or
genotype 1a infection, SVR rates were only reached in 76%
with or without ribavirin. Based on this information, this
combination can be administered for 12 weeks in treatment
naive genotype 1b patients without cirrhosis whereas 24
weeks of therapy with or without ribavirin can be instituted
in treatment naïve genotype 1b patients with cirrhosis or all
patients with genotype 1a infection.

HCV Genotype 2 Therapy
With interferon-based therapy, genotype 2 infection was
considered as an easy-to-treat genotype. Interferon-free DAA
regimens also provide very high response rates; however,
some available therapies still require the use of ribavirin.

Sofosbuvir with Weight-Based Ribavirin
Combination Therapy
One of the earliest approved interferon-free regimens for

chronic HCV infection was for the treatment of those with

HCV genotype 2 or 3 infection. Phase II and III studies
described an SVR rate of approximately 94% in genotype 2
infection (325–328). Thus, the combination of sofosbuvir
plus weight-based ribavirin for 12 weeks has been used in
patients with genotype 2 infection with extension to 16
weeks in patients with cirrhosis (255).

Daclatasvir and Sofosbuvir Combination Therapy
In 2015, the combination of daclatasvir and sofosbuvir,

while not FDA approved for genotype 2 infection, has been
utilized as an off-label therapy. Studies have demonstrated
SVR rates > 92% in treatment naïve patients with both 12
and 24 weeks of therapy (324, 329). Thus, this regimen has
been utilized for 12 weeks in treatment naive patients or
those who are unable to tolerate ribavirin therapy.

HCV Genotype 3 Therapy
In the era of interferon-free DAA therapy, HCV genotype 3
has become the “difficult-to-treat” population. Many of the

TABLE 3 Direct-acting antiviral therapeutic targets, mechanisms of action, and approved and investigational therapies

HCV target Mechanism of action Drug same

HCV
genotype
activity FDA status Status

NS3-4A
protease
inhibitors

Bind to the catalytic site
of the NS3-4A protease
and block post-translational
processing of the viral polyprotein

Telaprevir 1 Approved No longer available
Boceprevir 1 Approved No longer available
Simeprevir 1,2,4 Approved In use
Paritaprevir 1,2,4 Approved In use
Asunaprevir 1,2,4 Not approved Under development
Sovaprevir 1,2,4 Not approved Under development
Vaniprevir 1,2,4 Not approved Under development
Vedroprevir 1,2,4 Not approved Under development
ACH-2684 All Not approved Under development
ABT-493 All Not approved Under development
Ciluprevir All Not approved Under development
GS-9857 All Not approved Under development
IDX320 All Not approved Under development
Grazoprevir All Not approved Under development

Nucleoside/
Nucleotide
analogues

Function as false substrates for the
HCV RdRP and lead to chain
termination after incorporation
into synthesized viral RNA

Sofosbuvir All Approved In use
ACH-3422 All Not approved Under development
AL-335 All Not approved Under development
MK-3682 All Not approved Under development

Non-nucleoside
inhibitors of the
HCV RdRp

Bind to one of four allosteric sites of the
enzyme and change the conformation
of the RdRp which results in blocking
of its catalytic function

Dasabuvir All Approved In Use
Beclabuvir All Not approved In development
GS-9669 All Not approved In development

NS5A inhibitors Bind to domain 1 of the NS5A
protein, thereby blocking regulation
of HCV replication. Also inhibit
assembly and release of viral particles

Ledipasvir 1,2,4 Approved In use
Ombitasvir 1,2,4
Daclatasvir All
Elbasvir All Not approved In development
ACH-3102 All Not approved In development
ABT-530 All Not approved In development
Odalasvir All Not approved In development
Velpatasvir All Not approved In development
MK-8408 All Not approved In development
GS-5816 All Not approved In development
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available DAA therapies are significantly less effective in
this population and have a high rate of viral resistance. In
fact, in 2015, it was the only genotype for which pegylated
interferon was still recommended as a first-line therapy to be
used in conjunction with a DAA (255).

Peginterferon, Ribavirin, and Sofosbuvir
Combination Therapy
In a phase III, triple-arm, clinical trial, patients treated

with the combination of peginterferon, ribavirin, and so-
fosbuvir for 12 weeks achieved 95% SVR rate compared to
rates of 77% for 16 weeks and 88% for 24 weeks of therapy
without peginterferon (330). Prior to this study, other studies
have described an overall SVR rate of 84%, which was
higher in treatment naive (93%), compared to treatment
experienced (77%) patients (326, 328, 331). Given these
results, in 2015, first-line therapy for genotype 3 infection
utilizing sofosbuvir includes the combination of ribavirin
plus weekly peginterferon for 12 weeks, and second-line
therapy for those who cannot tolerate interferon includes
sofosbuvir and weight-based ribavirin for 24 weeks.

Daclatasvir and Sofosbuvir Combination Therapy
As mentioned above, the combination of daclatasvir

with sofosbuvir was approved in 2015 by the FDA for
therapy of HCV genotype 3 infection. One phase III study
demonstrated a 97% SVR rate in treatment naive patients
without cirrhosis, and a 58% SVR rate in those with cir-
rhosis (332). As such, this regimen has been administered for
12 weeks in those without cirrhosis and 24 weeks with or
without weight-based ribavirin in those with cirrhosis (255).

HCV Genotype 4 Therapy
During the era of interferon-based therapies, treatment
recommendations for genotype 4 were identical to that of
genotype 1 as both were thought to be “difficult-to-treat”
populations. Therefore, dual therapy with peginterferon and
ribavirin was administered for 48 weeks. The combination of
sofosbuvir with weekly peginterferon and weight-based ri-
bavirin resulted in a 96% SVR rate when administered for 12
weeks (331). In the current DAA era, while there are no
FDA approved therapies or phase III studies for genotype 4
infection, data suggest that three DAA combinations may be
effective for those infected with this genotype.

Ledipasvir and Sofosbuvir Combination Therapy
In two small phase II studies, a 95 to 100% SVR rate was

seen with the combination of ledipasvir and sofosbuvir for
12 weeks in treatment-naive and treatment-experienced
patients regardless of fibrosis stage (333, 334). Therefore,
therapy with this combination has been used off-label in
genotype 4 patients for 12 weeks.

Ombitasvir, Dasabuvir, and Ritonavir-Boosted
Paritaprevir Combination Therapy
The combination of ombitasvir (an NS5A inhibitor),

dasabuvir, and ritonavir-boosted paritaprevir with or with-
out ribavirin was evaluated in a small phase IIb study (335).
This study evaluated this therapeutic regimen for 12 weeks
in 86 treatment naive patients without cirrhosis and resulted
in a 100% SVR rate in those that received weight-based
ribavirin, and a 91% SVR rate in those that did not receive
ribavirin. Given these results, this combination has been
used off-label with weight-based ribavirin for 12 weeks in
treatment-naive patients with genotype 4 infection.

Sofosbuvir with Weight-Based Ribavirin
Combination Therapy
The combination of sofosbuvir with weight-based riba-

virin (336, 337) given for 24 weeks appears to be better than
12 weeks of therapy, with SVR rates above 90%. However,
in HIV/HCV co-infected patients, only 84% achieved an
SVR (338). Thus, this combination has been administered
for 24 weeks in treatment-naive patients infected with HCV
genotype 4.

HCV Genotypes 5 and 6 Therapy
Historically, there has been a paucity of data in treating
patients with HCV genotype 5 or 6 chronic infection, even
during the era of combination therapy with peginterferon
and ribavirin. Although these genotypes are seen worldwide
they are seen in much lower frequencies than genotypes 1 to
4. During the early availability of sofosbuvir, only 7 patients
(1 with genotype 5 and 6 with genotype 6) were treated with
the combination of sofosbuvir plus peginterferon and
weight-based ribavirin for 12 weeks, all of whom achieved
an SVR (331).

Ledipasvir and sofosbuvir is the only interferon-free
DAA combination that has been evaluated for genotype 5 or
6 infection. In two small open-label studies an SVR rate of
approximately 96% has been demonstrated with this regi-
men when treated for 12 weeks (255, 339).

Future Therapeutic Development
Aside from the various therapeutic targets identified in the
HCV replication cycle, including studies evaluating so-
fosbuvir and the new NS5a inhibitor velpatasvir, future
potential targets of therapy include miR122, HCV p7, im-
mune modulatory agents, and viral entry inhibitors. Micro
RNA-122 (miR-122) is highly expressed in the liver and has
been shown to be essential in HCV replication, and is
therefore a potential therapeutic target (27, 340). HCV p7 is
a membrane-associated ion channel protein that is essential
for capsid assembly and envelopment (341). Current im-
munomodulatory drug targets under investigation for HCV
include TRL-7 agonists, caspase inhibitors, PD-1 receptor
antibody therapy, and others. In an ongoing multi-center
phase 1 study targeting miR-122 in HCV infected patients,
preliminary results of this target appear promising with
pangenotypic activity (342).

Viral binding and entry into the target cell have been
areas of active research. Through targeting these mecha-
nisms, one can prevent the initial step of entry of viral ge-
nomic material that can persist in infected cells (343).
Although the entry of HCV is complex, numerous host re-
ceptors and pathways have been identified (344). Current
potential targets of entry factors include heparin sulfate
proteoglycans, scavenger receptor class B type I (SR-BI),
CD81, claudin-1 (CLDN1), occluding (OCLN), Neimann-
Pick C1-like 1 (NPC1L1), transferrin receptor 1 (TfR1),
epidermal growth factor receptor (EGFR), and ephrin re-
ceptor A1 (EphA2). Thus, given these vast targets, the de-
velopment of HCV entry inhibitors as therapies is a
burgeoning field that hopes to yield fruitful results.

Another potential avenue includes the discovery of novel
inhibitors of other steps of HCV life cycle. With the recent
significant improvements of high-throughput cell culture
screening systems, large-scale screening of compound li-
braries has become feasible along with the identification of
new potential therapies for HCV (345). One such recent
discovery includes the identification of the first-generation
antihistamine chlorcyclizine HCL (CCZ) as a potent in-
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hibitor of HCV replication (346, 347). This over-the-
counter compound has been described to have the ability to
block HCV entry in addition to reducing HCV replication
in animal models, while displaying synergy with sofosbuvir,
boceprevir, and telaprevir. Thus, with further clinical de-
velopment, this therapeutic modality may provide low-cost
alternative for HCV eradication.

Contraindications and Side-Effects
to Direct-Acting Antiviral Therapy Regimens
Compared to the first approved DAAs, the contraindica-
tions and side effects of current DAAs have significantly
improved. Contraindications for currently available DAA
therapies are few and include pregnancy, breast-feeding, al-
lergy to the specific medication, and intake of other medi-
cations that would alter the drugs metabolism. Each DAA
has its own unique profile of medications that cannot be co-
administered. For example: (i) sofosbuvir should not be ad-
ministered with P-glycoprotein inducers as this can alter drug
concentrations; (ii) sofosbuvir with co-administration of
amiodarone can result in symptomatic bradycardia; and (iii)
ombitasvir, paritaprevir/ritonavir plus dasbuvir should not be
co-administered with drugs that are dependent onCYP3A for
clearance, are inducers of CYP3A and CYP2C8, or are strong
inhibitors of CYP2C8 (349- 352). Thus it is paramount for
the prescriber to be aware of potential drug-drug interactions
on a case-by-case basis. Side effects of current DAAs are
minimal and also drug specific. Taken together, the tolera-
bility of current regimens has vastly improved, which has
resulted in improved accessibility to patients, especially for
those that are intolerant to interferon-based therapies.

CONCLUSION
Since the early 1970s, another form of infectious viral
hepatitis separate from the hepatitis A and B was known to
exist. Today, this virus is known as hepatitis C, which re-
mains the leading cause for liver transplantation. Since its
initial cloning and early characterizations in 1989, signifi-
cant advances in the understanding, characterization, and
treatment of HCV have been realized (3). Today, compared
to a decade ago, given the multitude of advancements in this
field, the possibility of global eradication of HCV appears to
be an attainable goal. However, much remains to be done to
significantly impact global health with this devastating viral
infectious disease.
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The alphaviruses are principally mosquito-borne, positive-
strand RNA viruses in the family Togaviridae that exhibit a
broad range of pathogenicity in humans and animals (1, 2).
Members of the genus are distributed worldwide in diverse
ecological niches, where they are usually maintained in cy-
cles between mosquitoes and birds or mammals. While hu-
man infections generally are incidental to the transmission
cycles, in some instances human-mosquito-human cycles
can maintain transmission and lead to large outbreaks and
epidemics. Among the 24 alphaviruses listed in Table 1, 16
have been associated with human illness. Clinically, these
manifest most commonly as polyarthralgia, often accompa-
nied by fever and/or rash, or as central nervous system
(CNS) infections. In addition to the alphaviruses circulating
between mosquitoes and vertebrate hosts, a single example
of an alphavirus, restricted to mosquitoes, has recently been
described, Eilat virus (EILV) (3), and there are two known
aquatic species, southern elephant seal virus (SESV) and
salmon pancreatic disease virus (SPDV), that are likely to
have lice as vectors (4, 5). This chapter reviews general
aspects of the virology, pathogenesis, laboratory diagnosis,
and prevention of the alphavirus infections, followed by
more detailed discussion of those that cause human disease.

Alphavirus infections occur throughout the world, his-
torically causing predominantly encephalitis in the Ameri-
cas and polyarthralgic illness elsewhere (6). Disease due to
the New World alphaviruses was first recognized when
outbreaks of equine encephalitis occurred in Massachusetts
in the early 19th century, followed by other outbreaks in the
United States and South America (7). In 1930, Western
equine encephalitis virus (WEEV) was the first alphavirus
successfully cultured; eastern equine encephalitis virus
(EEEV) and Venezuelan equine encephalitis virus (VEEV)
were also isolated from horses later that decade. The earliest
descriptions of human disease due to OldWorld alphaviruses
were epidemics likely of chikungunya virus (CHIKV) illness
occurring in India and Southeast Asia starting more than
200 years ago. Outbreaks of polyarthritis, probably due to
Ross River virus (RRV), were described in eastern Australia
and New Guinea in the late 19th and early 20th centuries
(8). CHIKV, RRV, and Sindbis virus (SINV) were subse-
quently isolated from mosquitoes and patients in the 1950s
and 1960s, followed by Barmah Forest virus (BFV) from
mosquitoes in the 1970s, and from humans in the 1980s.

Alphavirus encephalitis has remained a rare disease of
declining incidence in animals and humans, though the
threat remains because these viruses continue to circulate.
However, infection and human disease due to enzootic VEEV
may be underestimated (9). In contrast, the alphaviruses
causing arthritis continue to cause substantial human ill-
ness worldwide with regular epidemics, including massive
CHIKV outbreaks that have recently spread to the Pacific
nations, Europe, and the Americas (10).

VIROLOGY
Classification
The alphaviruses form a genus within the family Togaviridae,
with similarities in genomic organization to rubella virus
(genus Rubivirus in the Togaviridae) (Chapter 56). The al-
phaviruses are classified into at least 7 antigenic complexes
(Table 1); this classification is generally supported by ana-
lyses of available genomic sequences (Fig. 1) (1, 2). The
phylogenetic division into complexes of viruses related to
EEEV, VEEV, SINV, and Semliki Forest virus (SFV) diverges
from the antigenic classification in the placements of Mid-
delburg virus (MIDV) and WEEV. Although WEEV is an-
tigenically related to SINV, genetically it is a recombinant of
an EEEV-like virus and an ancestral, perhaps extinct, SINV-
like virus (11, 12). The two aquatic alphaviruses, salmon
pancreatic disease virus (SPDV), which includes its subtype
sleeping disease virus, and Southern elephant seal virus
(SESV), differ from the other alphaviruses in being louse-
borne rather than mosquito-borne. EILV is the first identi-
fied insect-specific alphavirus and is defective for replication
in vertebrates, both at the entry and RNA replication
stages (3).

Genotypes and Antigenic Groups
Alphaviruses are estimated to have evolved at a rate of
approximately 10–4 substitutions/nucleotide/year, approx-
imately 10- to 100-fold slower than that of most non-
arthropod-borne RNA viruses, presumably reflecting
constraints imposed by alternating-host (vertebrate and ar-
thropod) replication cycles (5). Molecular taxonomic stud-
ies, tracing the movements of alphaviruses between
continents, have established the recent divergence of sev-
eral medically important alphaviruses. This includes the
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TABLE 1 Selected characteristics of alphavirusesa

Antigenic
complex Virus

Subtype(s)/
variety

Clinical
syndrome Transmission cycle Geographic distribution

EEE EEEV Encephalitis Mosquito-bird United States, Canada,
Caribbean

Madariaga virus Febrile illness,
encephalitis

Mosquito-mammal/bird Central and South America

VEE VEEV IAB, IC, IE
(epizootic/
epidemic)

Febrile illness,
encephalitis

Mosquito/equine South and Central America

ID, IE, IF
(enzootic)

Febrile illness,
encephalitis

Mosquito-rodent/bird South and Central America

Mosso das
Pedras virus

IF Asymptomatic Unknown Argentina

EVERV II Encephalitis Mosquito-rodent Florida
Mucambo virus IIIA Febrile illness,

encephalitis
Mosquito-rodent/
marsupial

South America, Caribbean

Tonate virus IIIB Febrile illness,
encephalitis

Mosquito-rodent/
swallow bug-bird

South and Central America

71D-1252 virus IIIC Unknown Peru
Pixuna virus IV Asymptomatic Unknown Argentina, Brazil
Cabassou virus V Unknown French Guiana
Rio Negro virus
(AG80-663)

VI Febrile illness
(dengue-like)

Unknown Argentina

WEE WEEVb Encephalitis Mosquito-bird/hare North and South America
Buggy Creek
virus

Swallow bug-bird North America

SINVc Febrile illness,
rash, arthritis

Mosquito-bird Europe, Asia,
Australia, Africa

Ockelbo Febrile illness,
rash, arthritis

Mosquito-bird Europe

Kyzylagach
virus

Mosquito-bird Azerbaijan, China

Trocara virus Unknown Brazil
Fort Morgan virus Swallow bug-bird Western United States
Highlands J virus Mosquito-bird Eastern United States
Aura virus Mosquito-mammal Brazil, Argentina
Whataroa virus Mosquito-bird Australia, New Zealand,

Oceania
Semliki
Forest

SFV Febrile illness,
encephalitis

Mosquito-mammal/bird Africa, Asia

Me Tri
Virus

Encephalitis Mosquito-mammal/bird Vietnam

CHIKV Febrile illness,
rash, arthritis

Mosquito-primate/
other mammal;
mosquito-human

Africa, Asia, Americas

ONNV Febrile illness,
rash, arthritis

Mosquito-human
epidemic cycle

Africa

MAYV Febrile illness,
rash, arthritis

Mosquito-primate,
other mammal/
marsupial/bird

Central and South America,
Caribbean

Una virus Asymptomatic? Mosquito-primates, birds? South America
RRV Febrile illness,

rash, arthritis
Mosquito-mammal;
mosquito-human
(epidemic)

Australia, Oceania

(Continued)
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clustering of the New World MAYV with the Old World
arboviruses (11) and the emergence of the Indian Ocean
lineage of CHIKV in 2005 (10). The geographic origin of
the alphaviruses is unclear, but recent phylogenetic analyses
suggest a possible origin from louse-borne fish alphaviruses,
SPDV being the only currently known representative, which
then adapted to terrestrial mammals and mosquitoes (4). In
that scenario, subsequent movement of viruses between the
hemispheres and further recombination between Old and
New World viruses contributed to the diversity (1, 2, 11).
For example, a later recombination between ancestral EEEV-
like and SINV-like viruses occurring more than a thousand
years ago, presumably in the New World, generated a re-
combinant that subsequently diverged into WEEV and re-
lated Fort Morgan (FMV) and Highlands J (HJV) viruses
(12). Where this recombination event occurred is unknown,
but authors have variously suggested that it took place in the
Old World (11) or in the New World and either in South
America (12) or North America (13). However, the recent
discovery of the insect-specific EILV may mean that the
mosquito-borne alphaviruses descended from insect-specific
viruses through adaptation to vertebrate hosts (14), either
directly or via a fish-louse alphavirus.

EEEV, originally designated as a single species with four
antigenic subtypes (I–IV), recently has been divided into
EEEV (subtype I found in North America and the Carib-
bean) and Madariaga virus (MADV) (subtypes II–IV found
in South America) (15). Both EEEV and the MADV sub-
types are associated with equine disease. North American
EEEV (subtype I) has been associated with severe human
disease for decades, but only in 2010 was MADV associated
with an outbreak of human encephalitis in Panama (16).

The North American lineage is highly conserved both ge-
netically and antigenically, while MADV is more diverse.
The lack of virulence of most MADV strains in humans may
be related to their greater sensitivity to human type I in-
terferons (17).

The VEEV antigenic complex, a sister group to EEEV, is
even more diverse, with at least 10 different subtypes and
varieties. These viruses are distributed in a mostly non-
overlapping pattern in the Central and South American
tropics and subtropics. The greater diversity of the VEEV
complex may be explained by the low mobility of their
rodent hosts compared to the avian hosts of EEEV.
WEEV, which also cycles among birds, also exhibits highly
conserved lineages spanning North and South America
(18, 19).

Composition
The alphaviruses are small icosahedral viruses with a lipid-
bilayer envelope closely enshrouding a nucleocapsid with a
diameter of 40 nm (Fig. 2) (2). Eighty glycoprotein spikes
extend from the virion surface in a T=4 lattice, giving the
virion a total diameter of 70 nm. The flower-like spikes,
trimers of E1 and E2 heterodimers, are anchored in, and
span, the envelope to form 1:1 associations with nucleo-
capsid monomers via the carboxy-terminal E2-specific pep-
tide. The positively charged N-terminal domain of capsid
protein mediates specific packaging of alphavirus ge-
nomes into nucleocapsid, and the interactions of C-terminal
domains determine the icosahedral T=4 symmetry of the
nucleocapsid. Interaction of the latter domain with glyco-
protein spikes also drives the virion budding process.

TABLE 1 Selected characteristics of alphavirusesa (Continued)

Antigenic
complex Virus

Subtype(s)/
variety

Clinical
syndrome Transmission cycle Geographic distribution

Getah virus Fever? Mosquito-pig/horses,
other mammals

Asia, Australia

Sagiyama
virus

Mosquito-horses Japan

Bebaru virus Mosquito-? Malaysia

Barmah
Forest

BFV Febrile illness,
rash, arthritis

Mosquito-mammal Australia

Middelburge Middelburg virus Mosquito-? Africa
Ndumu Ndumu virus Mosquito-mammals? Africa
Salmon
pancreas
disease

Salmon pancreas
disease virusf

Aquatic

Sleeping disease virus Aquatic
Southern
elephant
seal

Southern elephant
seal virus

Lepidophthirus macrorhini Aquatic

Eilat Eilat virusg Mosquito host Israel
aViruses in bold type are human pathogens. Individual viruses are distinguished by standard serologic procedures; strains that exhibit slight differences (e.g.,

unidirectional 4-fold difference in cross-neutralization tests) are regarded as subtypes, and lesser but consistent antigenic differences define viral varieties.
bWEEV is a genetic recombinant of EEE-like and ancestral Sindbis-like viruses but is antigenically related to Sindbis complex viruses.
cAdditional antigenic subtypes or varieties are recognized.
dSINV is the official type species of the Alphavirus genus.
eMiddelburg virus is antigenically distinct from viruses in other alphavirus complexes but is related genetically to SFV.
fSalmon pancreas disease virus and Southern elephant seal virus are both aquatic viruses.
gEilat virus is the first known mosquito virus, unable to replicate in vertebrate cells and adapted to a single mosquito host.
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FIGURE 1 Phylogenetic tree of the alphavirus species and selected variants based on the structural protein (E2, 6K, E1) amino acid
sequences constructed using Bayesian methods and midpoint rooting. Terminal nodes are labeled by virus species, subtype, or variant, in
parentheses. The dashed line indicates the point at which ancestors of Sindbis and Madariaga viruses recombined to form the recombinant
WEEV group. All posterior probabilities were 1 except nodes with a symbol had posterior probabilities less than 0.9 and nodes with a had
no posterior support. Adapted from reference 186 with permission.

FIGURE 2 Ross River virus (RRV): (Left) Cryoelectron microscopic image reconstruction of RRV showing the flower-like envelope
protein spikes, virion membrane, and nucleocapsid core. (Right) Relationships of spike and capsid proteins and virion RNA. Courtesy of R. J.
Kuhn.
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The viral genome is a single strand of positive-sense
RNA, 11 to 12 kb in length, with a poly(A) tail and a 5¢-
terminal cap (Fig. 3). The genome consists of an open-
reading frame (ORF) that occupies the 5¢ two-thirds of the
genome and encodes the four nonstructural proteins, while
the 3¢ one-third has an ORF encoding the three structural
proteins (1). The nonstructural proteins are translated as a
polyprotein that subsequently is cleaved into a number of
functional intermediates and ultimately to four nonstruc-
tural proteins (nsP1–4) that are required for replication. The
structural proteins are translated from a subgenomic mRNA
(approximately 4.1 kb) and cleaved from a polyprotein into
two major-envelope proteins (E1, E2), the capsid protein,
the minor envelope protein E3, and the transmembrane 6K/
TF proteins. Conserved sequences in the junction between
nonstructural and structural domains and in 5¢- and 3¢-
terminal untranslated regions serve as promoters in RNA
replication and transcription of the subgenomic RNA.

Characteristics of structural and nonstructural proteins
derived from crystal structures (20, 21) and cryoelectron
microscopic reconstructions (22), are summarized in Table 2.
Multiple domains on the E2 protein are principally associ-
ated with antibody-mediated viral neutralization of which
the most important is a small linear sequence of two anti-
genic sites between amino acids 180 to 216 for SINV and
VEEV and in a corresponding position for RRV; other do-
mains are discontinuous and conformationally dependent.
The E1 glycoprotein contains the viral hemagglutinin, fu-
sion properties, and cross-reactive neutralizing epitopes.
Epitopes that elicit protective nonneutralizing antibodies
have been identified.

Studies conducted using SINV-infected mice as an en-
cephalitis model have linked neurovirulence to specific E1
and E2 amino acid substitutions. In particular, a change from
glutamine to histidine at position 55 of the E2 protein in-
duces neuronal apoptosis by blocking apoptotic inhibitors
such as bcl-2; a similar effect on apoptosis can be seen in vitro
in mouse neuronal cells and the human cancer cell line AT-3
(23, 24). Attenuating loci have been identified at other E2
loci, in the 5¢ noncoding region, and in nsP1 of SFV, VEEV,
and SINV. Natural viral determinants of equine virulence,
associated with epizootic VEEV emergence and viral ca-
pacity to replicate and disseminate in mosquito vectors, also
have been identified in the E2 protein (18).

Replication
Several different cellular protein receptors in vertebrate and
mosquito cells have been identified for alphaviruses. The
high-affinity laminin receptor serves as a mammalian and
mosquito cell (in vitro) receptor for SINV, whereas other
protein receptors for SINV have been identified in mouse
neural and chicken cells. Collagen-binding a1b1 integrin
has been identified as the RRV receptor on fibroblasts (25).
A number of other potential CHIKV receptors have been
identified, but their roles remain unclear (26). Glyco-
saminoglycans have been implicated as mammalian cellular
receptors or enhancers of viral binding for SINV, SFV,
CHIKV, and RRV (26, 27). Other less-conserved protein
receptors or accessory factors may be involved in infection
of the mosquito midgut. After binding to the cell mem-
brane, virions are taken up in clathrin-coated endocytic
vesicles (Fig. 4). Virion spikes, especially through the E1

FIGURE 3 Schematic diagram of alphavirus genome [positive (+) sense RNA with poly(A) (An) tail and 5¢ terminal cap (CAP); viral
complementary RNA (vcRNA) of negative (-) sense; and subgenomic mRNA of positive sense]. Viral nonstructural proteins are translated
from the 5¢ two-thirds region of the genome, yielding polyprotein intermediates and nonstructural proteins nsP1 to nsP4. RNA is replicated
into negative-sense RNA templates and transcribed into 26S subgenomic RNA. Cotranslational processing of the subgenomic mRNAyields
the three principal structural proteins: capsid and envelope glycoproteins (E1 and E2). ORF, open reading frame; nt, nucleotide.
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fusion-promoting protein, induce bridging of virion and
vesicle membranes with pH-dependent release of the nucle-
ocapsid into the cytoplasm. The acidic conditions in the
vesicle lead to shrinkage of the capsid, exposure of a ribo-
somal binding domain, and uncoating, with release of RNA
from the capsid matrix. In the cytoplasm, the positive-sense
viral genome functions as mRNA. Nonstructural proteins are
translated as polyproteins, principally as a P123 moiety when

translation is terminated by an opal (UAG) codon near the 3¢
end of the nsP3 gene, or when replaced by a sense codon or
through translational read-through as a P1234 polyprotein.
Replicase activities are associated with the polyprotein in-
termediates and individual nonstructural proteins, as well as
host factors (1). Sequential processing of nonstructural
polyprotein differentially regulates synthesis of alphavirus-
specific RNA species at different replication steps.

TABLE 2 Alphavirus proteins

Protein

Length
(amino
acids)a Characteristics and function

Structural
Capsid 264 30 kDa monomers organized as 12 pentamers and 30 hexamers; multiple copies bind to viral RNA

genome, ribosome, and cytoplasmic domain of transmembrane spike
E1 439 52 kDa glycosylated transmembrane (spike) protein; fusion domain for viral membrane penetration;

hemagglutination, neutralization, and protection
E2 423 49 kDa glycosylated transmembrane (spike) protein; epitopes for viral neutralization, neurovirulence,

hemagglutination, viral receptor interactions
E3 64 10 kDa glycoprotein cleaved with E2 from PE2 intermediate; associated with virion spike in SFV

Nonstructural
nsP1 540 Initiation of RNA minus-strand synthesis; guanyltransferase function, modulation of nsP2 activity
nsP2 807 N-terminal domain—RNA helicase, NTP binding, initiation of 26 mRNA transcription; C-terminal

domain—nonstructural proteinase; 50% of SFV activity in nucleus (function unknown)
nsP3 556 N-terminal domain conserved in length and sequence; C-terminal domain variable in length and

sequence; functions unclear
nsP4 610 RNA polymerase; unstable and rapidly degraded
aLength in SINV.

FIGURE 4 Replication of alphaviruses. After binding to the cell membrane (step 1), virions are taken up in endocytic vesicles (steps 2 and 3).
Thevirion and vesicularmembranes fuse, releasing thenucleocapsid (step 4).Theviral nucleocapsid binds to a ribosome (step 5) and is uncoated,
freeing viral RNA (step 6) from the individual capsid (gray dots). Positive-sense viral RNA (heavy line) is replicated (step 7), producing
complementary negative-sense RNA (gray line) (step 8), which, in turn, is transcribed to full-length genomic positive-sense RNA (step 9) or
subgenomic RNA (step 10). Nonstructural proteins (nsp) are translated from genomic RNA. Subgenomic RNA is translated to produce capsid
proteins (black dots) and envelope proteins, which are modified before insertion into the cell membrane (gray bars) (step 11). Genomic RNA is
packaged with capsid proteins into nucleocapsid cores (step 12); capsid and E2 proteins associate (step 13) prior to viral budding (step 14).
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The replication complexes of alphaviruses are initially
associated with the plasma membrane, after which most are
transported into the cytoplasm on the membranes of endo-
cytic vesicles. Association with cytoplasmic membranes is
achieved by a specific peptide in nsP1, which is also modi-
fied by palmitoylation of cysteine residues. RNA is repli-
cated with the production of negative-sense RNA templates,
which are present in the cells as dsRNA duplex with
positive-strand RNA. They are later transcribed either to
full-length genomic RNA or, when initiated at the internal
junction site, to subgenomic RNA. The 5¢ ends of both
genomic and subgenomic RNA are capped with Cap(0),
which makes alphavirus RNAs different from cellular
mRNAs, because the first nucleotide downstream of Cap
itself is not methylated. Genomic alphavirus RNA can
bind to the viral replicase, producing more negative-strand
templates, which then bind to ribosomes and is translated
into additional nonstructural proteins. These non-structural
proteins also lead to the transcription of the subgenomic 26S
mRNA, which is then cotranslated to form the structural
polyprotein. A rapid autoproteolytic process then cleaves
the capsid protein from the 5¢ end of the polyprotein. This
cleavage exposes an N-terminal signal sequence that facili-
tates transport and insertion of the PE2 polyprotein (con-
taining E2) into the endoplasmic reticulum (ER) membrane.
Subsequent signals on a structural polyprotein intermediate
lead to insertion of the 6K protein and translocation of E1.
Ultimately, the structural proteins are processed into capsid,
PE2, and E1. The latter envelope proteins are modified in
the ER lumen by addition of carbohydrate chains and fatty
acids and are further modified during transport through the
Golgi apparatus. PE2-E1 dimers are formed in the ER; during
transport through the Golgi apparatus, PE2 is cleaved to
form E2 and E3. The envelope spikes are transported to the
cell plasma membrane, where the E2 cytoplasmic domain
associates with the nucleocapsid C-terminal domain prior to
viral budding.

Besides being the components of the viral replication
machinery and of the virions, some alphavirus-specific pro-
teins exhibit other critical functions in virus replication. The
capsid protein of the New World alphaviruses, like EEEV
and VEEV, inhibits nucleocytoplasmic traffic (28, 29), and
the nsP2 protein of the Old World alphaviruses, like SINV,
SFV, and CHIKV, mediates degradation of the main subunit
of cellular DNA-dependent RNA polymerase (17). These
two different mechanisms lead to similar results: rapid in-
hibition of transcription in vertebrate but not in insect cells
(30), and thus downregulation of the innate immune re-
sponse in the former.

The highly productive and rapid alphavirus replication
cycle (see below) has been exploited in a novel approach to
produce nonreplicating particles (replicons) as immunogens.
Foreign genes from a variety of viruses, including human
immunodeficiency virus, Ebola virus, and Marburg virus,
have been introduced in place of VEEV or SINV structural
protein genes, with helper systems providing the alphavirus
structural proteins that allow packaging of recombinant par-
ticles that cannot replicate, while allowing high-level ex-
pression of the desired antigen.

Host Range in Animals
Alphaviruses are transmitted to vertebrate hosts principally
by mosquitoes but in some instances by ticks, mites, or other
arthropods. The capacity of specific mosquito vectors to
transmit infection requires competency to support viral
replication in their midgut cells, followed by dissemination

within the mosquito and infection of salivary glands (ex-
trinsic incubation period). Salivary gland infection and the
resultant capacity to transmit infection with subsequent
blood feedings often persist for the life of the mosquito.
Barriers to midgut and salivary gland infection have been
identified in some species; e.g., a midgut barrier to CHIKV
infection in Aedes (Stegomyia) aegypti has been linked to eye
color at a chromosome 3 locus. Recently, several point
mutations in the CHIKV Indian Ocean Lineage (IOL),
that initially emerged from Kenya in 2004, have been
identified that confer increased infectivity for the midgut of
A. (Stegomyia) albopictus (31–33). These same mutations
have little or no impact on infection of A. aegypti, and the
critical E1-A226V substitution has no impact in Asian
Lineage strains because they have an epistatic constraint
that restricts their ability to adapt to this new vector (34).
Transovarial transmission of RRV in mosquitoes has been
demonstrated experimentally and confirmed in Australian
field studies.

Natural alphavirus infections are observed in a broad
range of animal species, including birds, mammals, reptiles,
and amphibians. Only animals that develop a higher-titer
viremia (approximately. ‡ 103.5/ml) for a sustained period of
several days contribute to further virus transmission. Many
alphaviruses cause clinically silent infections of birds and
rodents. Individual alphaviruses produce symptomatic in-
fections in various animal species as described below.
However, horses are unusually susceptible to a number of
alphaviruses, e.g., EEEV, WEEV, VEEV, SFV, Getah virus
(GETV), Una virus (UNAV), RRV, and Middelburg virus,
while EEEV is virulent for an extensive range of avian and
mammalian species.

Alphaviruses produce lethal infections in newly hatched
chicks and embryonated eggs. Mice exhibit an age-
dependent susceptibility; 2- to 3-day-old suckling mice de-
velop fatal encephalitis when inoculated intracerebrally,
while weanling and older mice are variably susceptible after
intracerebral or peripheral inoculation. Differential ratios of
fatal infection after inoculation by these routes have been
linked to neuroinvasiveness and virulence of specific viral
strains. Some strains of o’nyong-nyong virus (ONNV) kill
suckling mice only after adaptation by serial passage. Other
laboratory animals, such as hamsters, guinea pigs, rats, rab-
bits, and nonhuman primates, develop encephalitis after
intracerebral inoculation with encephalitogenic alphavi-
ruses. Animal studies on joint and bone disease due to SINV,
CHIKV, RRV, and BFV have been conducted in mice, as
discussed under the individual viruses below.

Growth in Cell Culture
Alphaviruses can be propagated in a variety of cell cultures
but generally grow best in mosquito cell lines, such as C6/36,
AP-61, and TRA-284. As may be expected with viruses that
replicate in insects at ambient temperatures, they often grow
better at low temperatures. However, the cytopathic effect
(CPE) is minimal or absent in mosquito cells, so blind pas-
sage to another cell line is required. Infection rapidly causes
destructive CPE in primary duck and chicken embryo cells
and in most mammalian cell lines, including BHK-21, Vero,
and HeLa cells. EEEV and VEEV produce cell rounding,
degeneration, and lysis within 18 to 24 hours and complete
destruction of cell monolayers by 48 to 72 hours; WEEV-
induced CPE appears 24 to 48 hours later. Viral yields usually
range in the order of l07 to 1010 plaque-forming units (PFU)/
ml. These viruses are adapted to mosquitoes and to birds,
whose body temperatures can exceed 40ºC, and viral
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replication in vitro occurs over a broad range of temperatures,
from 25 to 41ºC. In mosquito-cell cultures, after an initial
phase that may produce some degree of CPE, a persistent
infection without visible cytopathology can be maintained
indefinitely. Numerous differences in viral nucleotide use,
maturation, and replication have been demonstrated in
mammalian and insect cells (5).

Inactivation by Physical and Chemical Agents
As enveloped RNA viruses, alphaviruses are labile in the
environment and are inactivated by lipid solvents like ether
and chloroform, by deoxycholate, and by common labora-
tory disinfectants, such as hypochlorite, 70% alcohol, phe-
nol, paraformaldehyde, and formaldehyde. Commercial
procedures to eliminate potential viral contaminants of
human biologics are effective in removing alphaviruses, e.g.,
ethanol fractionation and polyethylene glycol precipitation,
virucidal treatments with tri(n-butyl) phosphate in combi-
nation with sodium cholate or Tween, and pasteurization at
60ºC for 1 hour (35).

PATHOGENESIS
Natural infection of vertebrates is initiated when mosquitoes
deposit infected saliva in extravascular tissues while blood
feeding. Most alphaviruses replicate initially in skeletal
muscle cells in mouse models (36), although VEEV is taken
up into Langerhans cells. The latter may be important in
natural human infections, with virus then travelling within
leukocytes to draining lymph nodes and eventually spread-
ing to target tissues in the nervous system, joints, or skin.

Neurotropic Alphaviruses
For the neurotropic alphaviruses, local replication results in
a brief viremia, followed by CNS invasion through the ce-
rebral vascular endothelium or olfactory epithelium. Like
the arthropod-borne flaviviruses, the pathology typically
includes the central cerebral structures (substantia nigra,
thalamus, brainstem) and the spinal cord. Unlike EEEV and
WEEV, which are principally neurotropic in humans, VEEV
also produces a systemic illness in humans with pathological
changes in the lung and lymphoid tissue of the gastrointes-
tinal tract, spleen, and peripheral nodes (37). CNS pathology
in VEEV infection reflects both viral and immunopatho-
logical processes, in which the induction of cytokines, in-
terferons, TNF-a, and NO appear to be important in the
balance of viral clearance and immune-mediated damage.

Variants of VEEV produced by site-directed mutagenesis
have elucidated patterns of viral spread in mice after pe-
ripheral inoculation; specific changes in the E2 protein have
been associated with delayed and sporadic infection of local
lymph nodes, limitation of viral spread beyond the lymph
nodes, and infection of local lymph nodes and other lym-
phatic tissue without significant viremia or neuroinvasion.
Comparing the neurotropic wild-type VEEV Trinidad don-
key IAB strain with its attenuated (vaccine) derivative (TC-
83), in mice, attenuation appears to involve a combination
of alterations in the E2 glycoprotein, perhaps affecting viral
attachment and cell entry and, in the 5¢-untranslated region,
affecting viral RNA synthesis. A mutation at amino acid
position 120 in E2 corresponds to a locus associated with
attenuation of SINV strains exhibiting rapid cellular pene-
tration. The attenuated strain is more rapidly cleared from
blood, reducing opportunities for neuroinvasion (faster cell
penetration expedites peripheral viral clearance). The mu-
tation in the 5¢-noncoding region may reduce viral replica-

tion in infected CNS cells, leading to decreased necrosis,
inflammation, and CNS spread. The vaccine’s limited neu-
rovirulence has been shown by direct intracerebral inocu-
lation of horses, which results in a minimal inflammatory
reaction. Thus, attenuation is speculated to be a combined
effect of reduced neuroinvasion and neurovirulence. In
contrast to VEEV, EEEV induces a lesser interferon response
in human myeloid-lineage cells and appears to evade host
defenses via sites in the 3¢-UTR that bind to microRNAs
(38). Studies using a chimeric EILV/VEEV virus in verte-
brate cells found that the IFN-b sensitivity of several of the
alphaviruses, including EEV, VEEV, and CHIKV, appears to
be due to inhibition of translation, resulting from activation
of interferon stimulated genes including IFIT-1, which binds
to the 5¢-noncoding region (39). Mutations that alter the
RNA secondary structural motifs within that region confer
resistance to IFIT-1 in mice (40).

In humans, an age-dependent susceptibility of infants and
the elderly to CNS infection has been observed epidemio-
logically, although its pathogenesis has not been elucidated.

The mechanism of antibody-mediated protection against
alphavirus infection is only partially understood. Clearance
of SINV from the murine nervous system in nonfatal in-
fections relies on antibodies to the E2 glycoprotein and does
not kill infected neurons. Release of budding virus is pre-
vented and viral replication is inhibited through unknown
antiviral mechanisms not requiring an interferon response;
however, this nonlytic mechanism that controls viral in-
fection results in viral RNA persistence (41). IFN-a/b pro-
tects adult mice from SINV infection by rapidly conferring
an antiviral state on otherwise permissive cell types, both
locally and systemically.

Arthritogenic Alphaviruses
In alphavirus infections characterized by rash and poly-
arthritis, the virus infects human monocyte/macrophages
and dendritic cells, fibroblasts of the skin and synovium,
muscle cells, and possibly keratinocytes, and it has also been
found in periosteum in mice (42, 43) inducing an inflam-
matory response. Infection of skin structures in humans has
been demonstrated by viral isolation and direct detection by
PCR for SINV and by immunohistochemical staining of
RRV antigen in basal epidermal and eccrine duct epithelial
cells (44, 45). Skin biopsy samples from RRV patients show
a perivascular mononuclear cell infiltrate of predominantly
cytotoxic T cells, which, in the rare cases of purpuric rash,
also lead to capillary damage and extravasation of blood
(44). In experimentally infected mice, viral infection of, and
extensive necrotic changes in, muscles, tendons, connective
tissue, and periosteum offer a possible explanation for the
musculoskeletal symptoms in humans, probably mediated by
the inflammatory response (42). Macrophages have been
directly implicated as the primary mediators of tissue dam-
age. RRV infects macrophages both via a natural virus re-
ceptor and by Fc receptor–mediated antibody-dependent
enhancement. Infection interferes with transcription of the
interferon regulatory factor 1 and NF-kB genes and with
translation of tumor necrosis factor and inducible nitric
oxide synthase.

Joint fluids from the acute and chronic phases of human
RRV disease contain an exudate comprised almost entirely
of mononuclear cells that exhibit vacuolation, mitotic fig-
ures, and other signs of activation. Synovium shows an ex-
tensive mononuclear cell infiltrate, predominantly cytotoxic
T cells, with areas of necrosis and fibrin deposition (46, 47).
Viral antigen and RNA, but not infectious virus, have been
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detected in joint synovium and macrophages for as long as 5
weeks after onset of symptoms (43). RRV, Barmah Forest
virus (BFV), CHIKV, and SINV infect synovial monocytes/
macrophages in animal models and some in vitro systems,
whereas RRV can also be found in synovial cells of mice
(47). A combination of release of inflammatory mediators
from the infected monocytes/macrophages and the cytotoxic
T-cell responses to viral antigens is the likely explanation for
the synovial swelling, effusion, and joint pain experienced in
acute human alphavirus infection.

Genetic susceptibility to RRV polyarthritis in humans
has been linked to Gm phenotype and HLA-DR7 haplo-
type, which may have a role in reducing the cytotoxic T-cell
response and delaying viral clearance, while SINV disease is
associated with the DRB1*01 allele (47–49).

Joint symptoms persist for months or years in a substantial
proportion of patients with alphavirus polyarthritis. This is
likely caused by ongoing immune stimulation due to per-
sistence of virus or viral components (42, 43), rather than
being an autoimmune disease, though SINV arthritis in
Finland has been associated with increased frequency of
autoantibodies, including rheumatoid factor (49). RRV
RNA has been shown by RT-PCR to persist within synovial
tissue, and the virus can also persist in macrophages in vitro
and in vivo, and residual CHIKV has been found up to 18
months postinfection, even in the presence of neutralizing
antibodies, activated T cells, IFN-a, and IFN-b (43, 50).
Alphaviruses have a range of possible strategies to avoid host
immune cells, including chronic replicative infection of
macrophages, reducing recognition of infected cells by cy-
totoxic T cells due to reduced MHC expression on the cell
surface, reducing the susceptibility of infected cells to IFN-a
and IFN-b, and possibly even integrating into host cell
DNA. This appears to be accompanied by virus-induced
impaired-host responses, such as a reduction of IFN re-
sponsiveness and macrophage antiviral responses (43).
The chronic phase of joint disease is characterized by a
monocyte/macrophage/NK cell and CD-4 T-cell response in
the synovial fluid and elevated levels of a number of in-
flammatory mediators, including IL-6, IL-1beta, IFN gamma,
CCL-2, and TNF. Although there is no evidence that al-
phavirus infections trigger autoimmune diseases, such as
rheumatoid arthritis (RA), the inflammatory responses
resemble those seen in RA. Mouse models have shown
that infection with CHIKV and RRV triggers osteoclasto-
genesis resulting in both local and systemic bone loss
mimicking that seen in RA (42). Studies conducted in
humans also suggest a pathogenic inflammatory processes, as
chronic joint disease following RRV or SINV infection is
more common in patients who have pre-existing degener-
ative joint disease that contributes to the inflammation
(42, 43).

The pathogenesis of severe CHIKV disease remains
unclear (10) but presumably relates to the same pro-
inflammatory responses associated with milder disease and
possibly to poor IFN-a/b responses. The cause of the hem-
orrhagic diathesis in some cases of chikungunya is uncertain.

LABORATORY DIAGNOSIS
Viral Detection
Most alphaviruses are assigned to BSL-2 level (51). How-
ever, the encephalitic alphaviruses (EEEV, WEEV, VEEV,
MADV, Cabassou, Mucambo, and Tonate viruses) are
classed as BSL-3 agents due to the severity of illness, known

respiratory transmission, and demonstrated laboratory-
acquired infections. Similarly CHIKV and SFV are also
currently classified as BSL-3 because a number of laboratory-
acquired percutaneous and nonpercutaneous infections with
CHIKV have been reported, as has a single case of fatal
laboratory-acquired SFV (52). Where appropriate, and if
available, staff working with live viruses should be immu-
nized with VEEV and/or CHIKV vaccine.

The viruses can be isolated from blood, CSF, pharyngeal
secretions, skin, and other tissue specimens, the most ap-
propriate sources varying individually for each of the viruses.
Most are readily isolated in a variety of cell lines found in
diagnostic laboratories, including Vero, A549, and MRC-5
cells. Reference laboratories often employ mosquito cell
lines and occasionally intrathoracic inoculation of mosqui-
toes. Spin inoculation has been shown to improve recovery
of EEEV.

Antigen detection and PCR assays to detect viral prod-
ucts in blood, CSF, joint fluid, and skin have been described
for several alphavirus infections, but few have been exten-
sively evaluated. RT-PCR is more sensitive than culture,
and, in CHIKV infection, detection of viral RNA in blood
has been shown to be reliably positive in the first few days of
illness, even in the presence of detectable antibody (10),
unlike virus isolation. However, for most alphavirus infec-
tions, RT-PCR is usually negative by the time patients
present to a medical practitioner and that, combined with
the limited availability, means it is not currently used in
routine diagnosis.

RT-PCR is superior to culture for detection of alphavi-
ruses in trapped mosquitoes, including detection in ex-
pectorated saliva following feeding on sugar-impregnated
nucleic acid preservation cards (53). Nucleic acid detection
methods also assist molecular epidemiology and pathogen-
esis studies.

Serology
The most sensitive serologic assays detect virus-specific IgM
by capture EIA or indirect IF methods. Specific IgM can be
detected in serum within the first 7 to 10 days of illness in
nearly all cases of alphavirus infection and in the CSF in
encephalitis cases. However, serum IgM may persist for
several months after acute infection and is not necessarily
indicative of recent infection, and false positive IgM results
have been problematic in some EIA tests (54, 55). Therefore
confirmation by demonstrating rising IgG titers or serocon-
version by HI, indirect IF, EIA, complement fixation (CF),
or neutralization is recommended, particularly where there is
not a clear clinical and exposure history. Detection of spe-
cific IgM in the CSF is considered diagnostic of recent en-
cephalitis. IgM testing for alphaviruses is relatively specific,
with cross-reactions usually occurring only among viruses
within the same antigenic complex, e.g., among viruses re-
lated to SINV.

Cross-reactions are uncommon for all of these assays but
are most likely with IF, EIA, and HI, whereas CF antibodies
are relatively specific, and neutralization is highly specific.
HI, IF, EIA, and neutralization antibodies rise in the first
week after onset of illness, with a ‡ 4-fold change usually
noted by the second week. HI and neutralization antibodies
decline minimally after 30 months and may persist for years.
CF antibodies rise more slowly and may not be detected until
2 to 3 weeks after illness onset. The half-life of CF antibodies
is 2 to 3 years, and they remain detectable in only 15% of
patients after 5 years, providing an alternate approach to
identify recent past infections.
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PREVENTION
General
Alphaviruses principally are maintained in zoonotic trans-
mission cycles in natural habitats. Consequently, little can
be done in an ecologically acceptable manner to control
levels of virus circulation, and eradication is not feasible. At
a societal level, consideration should be given to the envi-
ronmental impact of human developments, such as water
catchment areas, in increasing breeding of vector species and
control of housing development near known mosquito
breeding areas, which have been shown to correlate directly
with RRV risk (56). However, prevention is primarily based
on individual protection and public health measures to re-
duce vector numbers.

Approaches to vector control are tailored to specific viral
transmission cycles and habits of individual vector species.
In general, these can be divided into steps to eliminate
sources of mosquito vectors by environmental modifications,
to minimize the emergent vector mosquito population by
applications of larvicides, and to reduce adult mosquitoes by
the emergency application of adulticides using backpack
sprayers, trucks, or planes.

Examples of source-reduction strategies include commu-
nity projects to eliminate A. aegypti breeding sites in peri-
domestic containers to control CHIKV and environmental
modifications, such as draining swamps and improving
groundwater runoff, to control EEEV, WEEV, and RRV.
Large-scale environmental modifications may be prohibi-
tively expensive or conflict with other environmental pri-
orities. Nevertheless, environmental modifications can
achieve some reduction in vectors, especially when com-
bined with systematic applications of larvicides to breeding
sites.

Emergency vector control with adulticides can tempo-
rarily reduce vector mosquitoes that pose an immediate
human risk. Typically, the decision to implement a large-
scale adulticide program is stimulated by surveillance indi-
cating large vector populations, high vector infection rates,
seroconversions in sentinel animals, or cases in indicator
animals, such as horses. These interventions are immediately
effective in reducing adult mosquitoes on the wing, but in-
filtration of mosquitoes from surrounding untreated areas
and their continued emergence necessitate repeated appli-
cations. The effectiveness of emergency vector control in
preventing human disease has been difficult to prove be-
cause of inherent difficulties in conducting controlled
evaluations under natural conditions. Large-scale insecticide
applications are expensive and sometimes are met with local
opposition because of concerns about pesticide toxicity for
humans, birds, fish, and commercial bees. Nevertheless,
adulticide use combined with public health advisories to
avoid activities associated with exposure to vectors is the
only available intervention to prevent epidemic transmis-
sion, and its expense, compared with the potential costs
of even a single human EEE case, has been shown to be
justified.

Recently there have been interesting developments of
biological control measures, and particular success has been
achieved with the use of modified endosymbiont bacterium
(Wolbachia) to create noncompetent A. aegypti that dis-
places the natural population and interrupts dengue trans-
mission. A number of other applications to other species and
other viruses, including CHIKV and RRV, are being evalu-
ated (57).

Personal Protection
Avoidance of mosquito exposure is the principal means of
personal protection, including covering up exposed skin and
using bed nets or sleeping in mosquito-screened or air-
conditioned accommodation. Different species have differ-
ent peak biting periods and preferred locations. For example,
both A. aegypti, the major vector species for CHIKV and
dengue, and A. albopictus, the alternative vector for these
viruses, preferentially feed during the day, with peak periods
in the early morning and late afternoon. So bed nets are
most important if sleeping during the day. A. vigilax, which
carries RRV, will bite at any time of the day or night, and bed
nets are recommended at all times. In most risk areas for
mosquito-borne diseases there are a range of species, habi-
tats, and feeding patterns, meaning that it is prudent to take
precautions at all times.

Mosquito repellents are an important part of personal
protection. Diethyl-m-toluamide (DEET) is the most effec-
tive one that is approved for use on skin (58) and has a long
track record. It has dual action in blocking the ability of the
mosquito to locate hosts from a distance, as well as repel-
lency on contact. It is available in concentrations up to
100%, but recommendations are that concentrations of 30
to 50% be used in adults and 30% in children older than 2
months. The higher the concentration of DEET, the longer
lasting the protection. Ingestion and topical application
have been associated with potentially fatal seizures and en-
cephalopathy, principally in children. More than half of a
topically applied dose penetrates the skin, and 17% is ab-
sorbed systemically. DEET toxicity should be included in the
differential diagnosis of neurologic infections in patients
exposed to arboviruses. Picaridin, oil of lemon eucalyptus
(OLE), and IR-3535 are effective alternatives. OLE is not
recommended for children younger than 3 years.

Repellents can also be applied to clothing, shoes, and
camping gear, including bed nets, to increase effectiveness.
However, permethrin is the most effective for this purpose
and will reduce both mosquito and tick bites. It should not
be applied to the body surface.

The US Environmental Protection Agency does not
recommend any additional precautions for pregnant or lac-
tating women or children using registered repellents (58).
For children younger than 2 months, physical measures
should be used to protect them from insect exposure. Spe-
cific recommendations for safe and effective use of repellents
are summarized in Table 4.

No special infection control or isolation precautions are
required for patients with alphavirus infections either in the
community or in health care settings. Recently infected
people may not be permitted to donate blood, tissue, or
organs for transplantation.

EASTERN EQUINE ENCEPHALITIS VIRUS
Virology

Classification and Composition
EEEV was first isolated in 1933 after an equine epizootic in
New Jersey and Virginia, though outbreaks had been oc-
curring in horses for more than a century prior to that, and
then identified as a cause of human encephalitis in 1938.
Two antigenic varieties of North and South American origin
had previously been recognized, but the South American
strains have been re-designated as MADV, a new species in
the EEEV complex (15). Genetically, the EEEV strains in
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North America are relatively homogeneous and stable, al-
though enzootic foci are segregated to a degree. Viral
movement within the continent and selective pressures over
a longer time frame have maintained the virus in one or two
phylogenetic groups over the entire > 50-year period during
which strains have been available for study (Fig. 1).

Host Range
Severe, often lethal, CNS infection occurs in humans,
horses, and pheasants. In contrast, whooping cranes, turkeys,
and emus develop rapidly fatal viscerotropic infection, with
necrotic lesions variously in spleen, liver, pancreas, intes-
tines, kidneys, adrenals, and lungs, without CNS lesions.
Other patterns of organ tropism have been described for
various avian and mammalian species.

Devastating outbreaks have occurred in commercial
pheasant, partridge, turkey, and emu flocks. Infection is
rapidly spread among pheasants by pecking and probably by
preening as well, because virus can be isolated from quills
for as many as 6 days after experimental inoculation, and
the birds can be infected orally. An outbreak in captive
whooping cranes had nearly disastrous consequences, killing
7 of 39 of the endangered birds. The episode was an ex-
ception to the rule that native birds generally are resistant
to infection, while exotic (introduced) species, such as
sparrows, pheasants, and emus, develop lethal infections.
The copious bloody diarrhea in ill whooping cranes and
emus probably contributes to direct bird-to-bird trans-
mission.

Horses have been considered dead-end hosts because
viremia levels usually are too low to infect mosquitoes,
though occasional horses may achieve circulating virus in
the range of 103.5 to 105.5 PFU/ml, and experimental horse-
to-horse transmission by Aedes sollicitans mosquitoes has
been shown.

Epidemiology

(i) Distribution
The virus is transmitted only in the western hemisphere,

where disease in horses or humans has been reported as far
north as the Ontario and Quebec provinces in Canada, as far
west as Wisconsin and eastern Texas, in the Caribbean, and
in Mexico (59, 60). In the United States, transmission is
concentrated in coastal areas on the Atlantic seaboard and
Gulf Coast, but certain relatively constant inland foci of
transmission also have been recognized (Fig. 5) (61).

(ii) Incidence and Prevalence of Human Infection
In the United States, infections are rare, sporadic, and

steadily declining (7), with an average of 8 cases of neuro-
invasive disease cases reported annually over the last decade
(62). Subclinical infections typically have been found in
only 0.05 to 0.17% of persons surveyed in epidemic areas, so
levels of immunity in human populations remain low (63).

In Florida, equine and human cases are reported
throughout the year, although nearly all human cases have
had onset between June and September (Fig. 7) (64, 65). In
mid-Atlantic and New England states, human cases usually
occur no earlier than July and can appear through the end of
October or until the intervention of cold weather (66).
Heavy rainfall in the preceding year and heavy late summer
precipitation have been associated with increased risk of
EEEV infection (60). Increased rainfall, creating a high
water table, augments the breeding habitat of C. melanura,
and late summer rains expand the population of bridging
vectors at an opportune stage for epizootic viral transmission.

(iii) Epidemic Patterns
Few outbreaks have been reported, and outbreaks are

typically preceded by an epizootic in horses. An early Mas-
sachusetts outbreak led to 34 cases and, typical of EEE

FIGURE 5 Reported cases of EEE among humans in the United States, 2004 to 2013. The reported incidence is highest in Florida, where
equine cases are reported perennially from the northeastern coast and throughout the peninsula. Relatively constant inland foci of trans-
mission have been identified in upstate New York, southwestern Michigan, northeastern Indiana, and southcentral Georgia. In Massa-
chusetts, human cases have been reported almost entirely from the eastern counties and, in New Jersey, from the southern counties. Reprinted
from the CDC at http://www.cdc.gov/easternequineencephalitis/tech/epi/html.
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epidemics, was preceded by an epizootic of 300 equine cases
in the state and simultaneous epizootics among horses in
Rhode Island and Connecticut and an epornitic among
pheasants the same summer (67). The last outbreak of note
occurred in New Jersey in 1959, when 32 cases (22 fatal)
were reported, yielding an epidemic attack rate of 101/
100,000 (63).

Human infections are usually preceded by cases in horses.
Immunization has lessened the predictive value of equine
deaths, but pheasant, partridge, pig, and goat deaths also may
signal a risk for human cases.

(iv) Transmission
The potential for viral transmission generally corresponds

to the freshwater woodland swamp distribution of Culiseta
melanura mosquitoes, the principal enzootic vector, with
passerine birds as the major vertebrate hosts (60, 68). Its
larval stages breed in depressions of mucky peat soils prin-
cipally associated with upland red maples, or further inland,
where Atlantic white cedar swamps drain into salt marshes,
and in the South, with loblolly bay vegetation.

In the Caribbean, horse cases and enzootic viral trans-
mission have been widely reported, and outbreaks of human
disease have been reported from Jamaica and the Dominican
Republic (69). The enzootic vectors appear to be Culex
taeniopus in the Caribbean.

In North America, the virus is transmitted in a freshwater
swamp-enzootic cycle among birds and strictly ornithophilic
C. melanura mosquitoes (Fig. 6). Viral transmission is con-
centrated at the edge of, and within, the swamp interior.
Other mosquito vectors that feed on both birds and mam-
mals are required to bridge the enzootic cycle, carrying the
virus to locations where humans, horses, and other suscep-
tible dead-end hosts are exposed. Several species have been
identified as bridge or epizootic vectors (Fig. 6). The virus
also has been isolated from A. albopictus, an Asian mosquito

introduced into the southeastern United States; however, its
role in transmitting infections to horses or humans has not
been shown.

Viral amplification through the summer initially is
manifested by rising viral infection rates in C. melanura,
followed by an increasing population of infected epizootic
vectors (60). Infections in C. melanura with Highlands J
virus (HJV), a benignWEEV-related virus transmitted in the
same enzootic cycle, often foreshadows other indicators of
EEEV transmission.

The permanence of EEEV foci has suggested a local
overwintering reservoir, but attempts to demonstrate vertical
transmission in C. melanura have not been convincing.
Observations in enzootic coastal foci in New Jersey suggest
that persistently infected permanent-resident birds might
carry the virus through the winter, with the intervention of
an unknown amplification mechanism preceding trans-
mission in the C. melanura cycle. The maintenance of

FIGURE 6 Schematic diagram of the EEE transmission cycle; solid lines show known portions, and broken lines show speculative
portions. The principal enzootic mosquito vector, Culiseta melanura, transmits the virus among birds and occasionally initiates an outbreak
among pheasants or other captive birds. Various other species bridge the enzootic cycle to infect humans and horses, which are dead-end
hosts; the principal species include Aedes sollicitans, found in salt marsh coastal habitat; Aedes vexans, associated with open meadows and
flooded ground pools; Aedes canadensis, associated with woodland pools; and Coquillettidia perturbans, found in open freshwater swamps with
emerging vegetation. The viral overwintering mechanism is unknown but potentially includes vertically infected mosquitoes, persistently
infected birds, and other vertebrates.

FIGURE 7 Reported cases of EEE by month, United States,
2003–2015. Data from reference 65.
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temperate overwintering foci also is supported by genetic
analyses of viral strains from disparate locations.

EEV is on the US Select Agents and Toxins list due to
bioweapon potential, which does not include the South
American subtypes now classified as MADV (70).

(v) Risk Factors
Young children and the elderly are most likely to develop

illness (63, 66). In the 1959 New Jersey outbreak, infections
occurred equally in all age groups, but clinical attack rates
were higher in children < 4 years old and in adults > 55 years
old. Respective inapparent-to-apparent case ratios were 8:1
and 16:1, whereas at intermediate ages the ratio was 29:1
(63). Factors underlying increased biological susceptibility at
the extremes of age have not been defined.

Many patients have a history of residence near, or ex-
posure to, tidal or freshwater swampy locations where epi-
zootic vectors can be prevalent. However, the movements of
birds and vectors from these habitats into adjoining subur-
ban residential areas place people over a much wider area at
potential risk. Horse ownership and occupational exposure
to infected pheasants have not been associated with in-
creased risk of acquiring illness or infection. However,
emu owners and veterinarians may be infected when ex-
posed to highly infectious bloody discharges or organs
while nursing or handling ill or dead animals. Brains of
horses that die of acute EEE also may contain high viral
titers, placing veterinarians at potential risk. Four laboratory-
acquired infections, two by aerosol exposure, have been re-
ported (51).

Pathology
In fatal human cases the brain appears swollen, with flat-
tened convolutions and narrowed sulci, while the meninges
are congested (71–73). Inflammatory infiltrates of lympho-
cytes, histiocytes, and neutrophils are present in a peri-
vascular distribution and in the parenchyma of the cerebral
cortex, lentiform nuclei, thalamus, and brain stem, particu-
larly in gray matter regions. The spinal cord may be affected
at all levels, with lesions principally in the gray matter, but
this is unusual. There is a mild to moderate loss of neurons,
with neuronophagia, microglial reaction, and loss of oligo-
dendrocytes with demyelinated lesions. Infection occurs
preferentially in neurons, with occasional involvement of
perivascular macrophages (72). Demyelinating lesions are
more prevalent in patients dying after a prolonged illness.

Clinical Manifestations
The incubation period has not been defined but is likely to
be in the range of 3 to 10 days. The initial descriptions of
cases, principally in infants, emphasized the dramatic onset
and rapid evolution of neurologic symptoms leading to coma
and death in 30 to 75% of cases (73, 74). However, in many
cases in children and adults, a prodromal illness of fever,
chills, malaise, and myalgia occurs over 1 to 2 weeks, after
which patients may recover or progress to more severe illness
requiring hospitalization (69, 74, 75). Early symptoms may
also include headache, photophobia, and dysesthesia. Those
who deteriorate develop worsening headache, dizziness,
vomiting, lethargy, and, later, neck stiffness, confusion, and
convulsions. These events are compressed in infants, in
whom illness begins with a rapid elevation of temperature,
irritability, vomiting, and diarrhea, followed quickly by re-
ducing conscious state or intermittent convulsions, leading
to coma in 24 to 48 hours.

High fever, often above 39ºC, is common, and the level
of consciousness spans a spectrum from mildly depressed to
comatose. Meningismus is common. The initial cranial
nerve and motor examination may be normal, but, more
frequently, abnormalities, such as nystagmus, gaze deviation,
or sluggish pupils, are present, and alterations in tone, flaccid
or spastic paralysis, and abnormal reflexes are present or
evolve over several days. Some patients exhibit unilateral
seizures, hemiparesis or hemiplegia, emotional lability, or
aphasia reflecting focal damage. Clinical signs and radio-
logical evidence of cerebral edema are frequent, and brain
swelling and uncal or subtentorial herniation occurs. Hy-
ponatremia is common and can be severe due to inappro-
priate antidiuretic hormone secretion.

Patients with a prodrome of more than 4 days preceding
the onset of neurologic symptoms have a better outcome
than those with a more rapid clinical course, suggesting that
the early systemic immune response may modulate neuro-
invasion and neurologic disease (69, 74–76). This is sup-
ported by one unusual case in which a patient with
preexisting MAYV antibodies had only a systemic febrile
illness without headache or neurologic signs (76), suggesting
partial cross-protection. A mild case with limb dysesthesia
and weakness, but no disturbances of consciousness sug-
gesting encephalitis, indicated the possibility of myelitis
without brain infection (76).

(i) Outcomes and Complications
Progressive neurologic deterioration leads to death in as

many as 75% of encephalitis cases, usually within 10 days.
Fatality rates are highest in the elderly, intermediate in
children, and lowest in middle-aged adults (63, 66, 75).
Although children are more likely to survive the illness than
adults, infants are most likely to have residual neurologic
abnormalities and to suffer permanent sequelae of motor
weakness, paralysis, aphasia, intellectual disability, and
continued seizures.

(ii) Laboratory Abnormalities
The peripheral leukocyte (WBC) count may be normal

but more often ranges from 15 · 109 to 35 · 109/liter, with
a neutrophil predominance and left shift (69, 74, 75, 77).
The cerebrospinal fluid (CSF) may be xanthochromic and
show increased pressure. The CSF WBC count is greatly
elevated (10 · 106 to 2,000 · 106/liter), with a predomi-
nance of polymorphonuclear cells early in infection, fol-
lowed by a mononuclear cell predominance. The ratio of
mononuclear cells increases over several days, but in indi-
vidual cases, a neutrophil pleocytosis has persisted into the
second week of illness. Red blood cells are usually present,
the protein content may be elevated, and the ratio of CSF to
serum glucose is reduced to below 50% in half of cases.
Magnetic resonance imaging is more sensitive than com-
puted tomography scans; the majority of patients show
thalamic, basal ganglia, and/or brainstem changes, with less
frequent cortical meningeal and periventricular abnormali-
ties, which generally improve over several weeks (77).
Electroencephalogram (EEG) tracings show background
slowing, with focal slowing in 50% of cases.

(iii) Differential Diagnosis
The diagnosis should be considered in the summer or

early fall in persons with a history of exposure to an enzootic
focus, particularly in the context of recent mosquito expo-
sure. Public health surveillance data can shed light on cur-
rent transmission levels (60). The principal considerations
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in the differential diagnosis are bacterial cerebritis/cerebral
abscess, herpes simplex encephalitis, or other viral enceph-
alitides.

Laboratory Diagnosis
The virus has been isolated from serum 2 days after onset of
illness in at least one case, but that is unusual (76). Virus
often has been recovered from brain specimens of patients
with fatal illness, and viral antigen has been demonstrated by
immunohistochemical staining in brain biopsy and autopsy
specimens (77). RT-PCR assays are more sensitive than cell
culture and should increase diagnostic sensitivity (78) for
blood, CSF, and premortem and postmortem tissues. De-
tection of EEEV IgM in serum is suggestive of recent in-
fection, especially if accompanied by IgG seroconversion or
a rise in titer. Detection of specific IgM in CSF is highly
suggestive of encephalitis.

Prevention
Although, in most years, no more than one EEE case will
occur in any single state, even the threat of a case can cause
great concern in the general population. Public anxiety
about EEE has led to reduced tourism in seaside resorts and
to concern among owners of valuable racehorses. Thus,
surveillance and preventive mosquito control programs are
maintained in many areas with enzootic transmission. Per-
sonal protective measures are advisable when entering
marshy and woodland areas where the enzootic cycle is
maintained, bearing in mind that important epizootic vec-
tors bite during the day as well as in the evening. Infants are
less able to defend themselves against mosquitoes and should
be kept under screened bassinets when outdoors.

An inactivated vaccine is available on an investigational
basis for laboratory workers and others at high risk. Com-
mercial, inactivated equine vaccine formulated with WEEV
and VEEV offers a high degree of protection for horses, but
annual boosters are required to maintain immunity.

Treatment
No specific antiviral therapy is currently available. Two case
reports suggest that the use of intravenous immunoglobulin
may have improved the patient outcome (79, 80). However,
the reduction of the EEE mortality rate in the US, from 50%
between 1955 and 1971 to 33% between 1972 and 1989,
most likely reflects the lifesaving effects of high-level sup-
portive care including respiratory support (66).

MADARIAGA VIRUS
MADV was original classified as EEEV but, as described
above, has been redesignated a new species in the EEE
complex (15). The virus has been shown to occur as three
lineages in Central and South America and extends as far
south as central Argentina (81). The virus has largely been
associated with equine disease (82), although occasional
human infections have been reported (81, 83, 84). Antibody
prevalence rates have been highly variable, from 0 to 19%,
depending on location (81). The lack of virulence of the
Latin American subtypes in humans may be related to their
greater sensitivity to human type I interferons (17).

Viral transmission in South America occurs in forests
among Culex (Melanoconion) spp., especially Culex taenio-
pus, and rodents, marsupials, and, to a lesser degree, birds.
Sporadic equine epizootics, often in conjunction with
VEEV, have been reported, and the virus has been shown to
cause severe encephalitis in South American camelids (85).

A wide range of bridging vectors is probably involved in
transmission to humans and other mammals. People appear
to be regularly exposed but rarely seroconvert, presumably
because the South American strains that circulate there are
poorly infectious for humans (28).

WESTERN EQUINE ENCEPHALITIS VIRUS
Virology
WEEV was identified in 1930 as a cause of equine enceph-
alitis in California and was isolated in 1938 from the brain of
an encephalitic child. WEEV and SINV are the only
members of the WEE antigenic complex known to cause
human infections (Table 1). Several antigenic subtypes or
varieties have been recognized, including an enzootic
WEEV strain transmitted in subtropical Argentina (AG80-
646), which differs in mouse pathogenicity and other bio-
logical characteristics (86). Genetic similarities of North and
South American strains in the principal WEEV lineages
indicate that the virus has moved between the continents.

Amino acid and nucleotide sequences of the viral capsid
and envelope proteins are most similar to those of EEEV and
SINV, respectively, indicating that WEEV is a recombinant
of EEEV and an ancestral New World Sindbis-like virus
(12). The recombinant event is speculated to have occurred
thousands of years ago, before the divergence of EEEV
strains into North and South American varieties, and pre-
sumably occurred within the avian-mosquito transmission
cycle shared by all three viruses.

Host Range
Humans, horses, and emus develop clinical symptoms after
natural infection. In the eastern United States, HJV, trans-
mitted in the same enzootic cycle as EEEV, is a rare cause of
equine encephalitis but has produced outbreaks of fatal ill-
ness among pheasants, turkeys, and chukar partridges. Four
human HJV infections based on IgM detection have been
reported, though all were also infected with St. Louis en-
cephalitis virus, which was the likely cause of their en-
cephalitis (87). Captive exotic emus die of a fulminant
viscerotropic infection, similar to that caused by EEEV.
Experimental infection produces antibody without illness or
viremia in cattle, illness without encephalitis in burros, and
neurologic infections in a small proportion of ponies. Fatal
illnesses are produced in certain wild rodents. The Argen-
tine enzootic strain is avirulent in horses and exhibits min-
imal neurovirulence in mice (86).

Epidemiology

(i) Distribution
WEEV activity has been reported from the western United
States and Canadian provinces, Mexico, Guyana, Brazil,
Argentina, and Uruguay (88–90). Small equine out-
breaks without human disease have occurred in Brazil and
Guyana. In the temperate provinces of Argentina, inter-
mittent epizootics have occurred in an area between lati-
tudes 28º and 40ºS, and from the Andes to the Atlantic
coast, spilling over into adjacent areas of Uruguay. The en-
zootic WEEV subtype is transmitted in the subtropical
Chaco province (86).

(ii) Incidence and Prevalence of Human Infections
Subclinical infections are common among residents of rural
areas where the viral transmission cycle is maintained.
Regular sporadic and occasional epidemics of human disease
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occurred in the US up to the mid-1980s, but human cases
have become rare in recent decades. The US Geological
Service did not report any human cases between 2003 and
2015 (65). Estimates of the ratios of apparent to inapparent
cases have ranged from 1:1 for children < 1 year old to 1:58
for children 1 to 4 years old to 1:1,150 for adults (7). In an
outbreak where seroconversions were monitored, the overall
ratio of reported cases to infections was 1:160.

(iii) Epidemic Patterns
WEEV now occurs as a very rare sporadic infection in the
western United States and Canada, with only five cases re-
ported since 1988 and none since 2003. The virus is also
now rarely detected in mosquitoes or sentinel animals or
mosquitoes, the last found in 2007 for the former and in
2013 for the latter (65). However, past outbreaks have re-
sulted in thousands of cases, and the epidemic potential of
the virus should not be overlooked. In the largest recorded
outbreak, in 1941, 3,400 human and hundreds of thousands
of equine cases were reported from Minnesota, North and
South Dakota, Nebraska, Montana, Alberta, Manitoba, and
Saskatchewan, with an estimated incidence of 167/100,000
in North Dakota (89). Between 1945 and 1958, more than
600 cases were reported from California, 375 in 1952 alone,
with an incidence rate of 340/100,000 in rural Kern County,
and, in 1975, a regional outbreak produced 145 cases in
Manitoba and 132 cases in the Red River Valley of North
Dakota, with an estimated attack rate of 11/100,000 resi-
dents (90, 91). The last major outbreak, in 1987, led to 41
cases in the Great Plains and mountain states and 30 cases in
Colorado. Active case finding in the state found an inci-
dence of 1.6/100,000 in affected counties (88). Incidence
rates consistently are highest in rural areas where the viral
transmission cycle is maintained, with a lower risk in town
and urban residents.

Previously, seroprevalence rates of 20% were common in
areas of the western United States. However, a decline in the
rural population and changes in land-use patterns and life-
styles have reduced the risk of acquiring infection, such that
current antibody levels in some areas of endemicity are in
the range of 1%. Few human cases have been reported
from South America, despite active surveillance in areas
experiencing epizootics in horses. The epizootic strains
appear to be virulent variants of enzootic strains (86).
Clusters of human cases were reported in 1972–1973 and
again in 1982–1983; a total of seven cases, with one death,
were recognized, for an estimated attack rate of 3/1,000 in-
habitants.

(iv) Transmission
In the western United States, the virus is transmitted be-
tween Culex tarsalis mosquitoes and passerine birds, princi-
pally sparrows and house finches. C. tarsalis is adapted to
naturally flooded ground pools and irrigated pastures, found
mainly in rural and agricultural areas where most human and
equine cases are acquired. Viral amplification and epidemic
risk are increased by heavy winter snowpack, spring pre-
cipitation, and flooding, which expand vector larval habitat.
Another cycle involving Aedes melanimon and the blacktail
jackrabbit has also been identified (7). Concurrent out-
breaks of WEEVand SLEV, transmitted in the same enzootic
cycle in the western United States, have been reported
frequently. However, extrinsic incubation of SLEV in vector
mosquitoes is slower and requires higher temperatures, de-
laying transmission, often after WEEV activity has subsided.

(v) Risk Factors
A bimodal age distribution of risk has been observed, with a
sharp increase in risk with advanced age and a secondary
peak in infants (88). Residence in rural areas is a principal
risk factor; however, the long flight range of the mosquito
vector allows it to infiltrate towns and suburban areas, and,
often, more cases are reported from these populated loca-
tions, while population incidence rates are higher in thinly
populated rural areas (91). In semiarid locations, WEEV
incidence is highest in irrigated areas along the major river
basins. Incidence rates in the United States and Argentina
have been higher in males, probably reflecting greater out-
door exposure in ranch and farming activities. Cases occa-
sionally are reported among persons engaged in outdoor
leisure activities. Seven laboratory-acquired cases, including
two deaths, have been reported through 1980, among them
a well-documented case resulting from conjunctival or re-
spiratory infection (92, 93).

Pathology
The brain appears normal or exhibits a moderate degree of
vascular congestion (30, 90, 94–96). There is a mild patchy,
sometimes extensive, infiltration of the meninges and
prominent vascular congestion. Inflammatory infiltrates of
lymphocytes, plasma cells, and neutrophils are found in a
perivascular distribution, with invasion of the vessel wall
and vascular necrosis in some instances. Parenchymal lesions
are typified by widely scattered, discrete foci of tissue ne-
crosis with microglial proliferation and inflammatory cell
infiltration. Neurons are found in various stages of degen-
eration. Lesions are distributed mainly in the subcortical
white matter, the internal capsule, thalami, basal ganglia,
substantia nigra, dentate nucleus, and molecular layer of the
cerebellum and gray matter of the brain stem and spinal
cord. Widely scattered focal areas of demyelination are seen.
Infections acquired in infancy have led to significant dis-
turbances in brain development resulting in cerebral atrophy
and demyelination, with the formation of multiple glia-lined
cysts and vascular calcification (94, 95).

Clinical Manifestations
The reported incubation period has been as short as 2 days in
one case and, in two laboratory-acquired infections, it was 4
days in one and up to 10 days in the other (92, 93). Illness
typically begins with the sudden onset of headache, usually
followed by dizziness, chills, fever, myalgia, and malaise (89,
90, 92, 93). These progressively worsen over a few days and
may be followed by dizziness, tremor, irritability, photopho-
bia, and neck stiffness. Patients typically appear to be drowsy
or may be restless, with a moderately elevated temperature.
Meningismus is present in about 50% of cases. Neurologic
abnormalities are usually limited to weakness and general-
ized tremulousness, especially of the hands, lips, and tongue.
Cranial nerve palsy, motor weakness, spasticity, or convul-
sions occur in < 5% of patients. Hemiplegia, quadriplegia,
and focal weakness or seizures are unusual (33% of cases).
Depressed conscious state or coma develops in < 10% of
cases, with respiratory failure in some cases. Hyponatremia
occurs occasionally but less frequently than with EEE.
General improvement begins several days after the resolu-
tion of fever, typically within a week to 10 days after the
onset. Cases of mild illness have been described in which
fever, headache, and afternoon fatigue persist for several days
to a week, without more serious manifestations.
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In infants, the initial presentation and clinical progres-
sion are more rapid, evolving from a nonspecific illness of
fever, irritability, and diarrhea to convulsions and coma (94,
95, 97, 98). Seizures usually are generalized but may have a
focal component. Increased muscular tone, often to a point
of generalized rigidity, is typical. Rapid fatal outcome or
significant residual brain damage was common among cases
reported from the 1940s to 1950s.

(i) Outcomes and Complications
The overall mortality rate is 4% and is highest among per-
sons > 75 years old. Signs of parkinsonism were reported on
follow-up in at least 11 cases, though there is no evidence
that WEEV infection is a significant cause of Parkinson’s
disease in endemic areas (93, 96, 99).

However, serious sequelae are more prevalent in recov-
ered infants and children, with the most serious outcomes in
the youngest infants (100). Among infants < 3 months old
at the onset of illness, 44% have had extensive brain damage
resulting in serious neurologic sequelae, and > 25% have
had mental retardation necessitating institutionalization.
Other sequelae included lesser degrees of developmental
delay, convulsions, spasticity, and extrapyramidal movement
disorders. Sequelae have been less severe and more likely to
improve in older infants and children. Five cases of perinatal
illness following late-trimester or postpartum maternal in-
fection have been reported in which vertical transmission of
infection was surmised. The neonates became ill 3 to 6 days
after delivery, while maternal illness began on the same
postpartum day in two cases and in the others had occurred 3
or 10 days prepartum (100, 101).

As nearly all of the clinical data are from case series
occurring more than five decades ago, outcomes in modern
health care settings should be better, as was seen with EEEV.

(ii) Laboratory Abnormalities
The peripheral WBC count is usually normal or elevated
to 15 · 109 to 25 · 109/liter (89, 90). The CSF rarely
is xanthochromic; the WBC count is usually elevated to
110 · 106 to 1,500 · 106/liter, with an early neutrophil and
later mononuclear cell predominance. CSF protein is mod-
erately elevated in about 50% of cases; glucose is usually
normal. When recorded, CSF pressure was elevated in about
two-thirds of cases.

Brain scans, cerebral angiography, and contrast-enhanced
computed tomography findings have been unremarkable in
the few cases in which they have been reported (29, 90,
102–104). One neonatal case showed diffuse low-attenu-
ation lesions in the white matter, accompanied by multifocal
EEG epileptiform discharges. Follow-up studies 4 months
later showed severe diffuse seizure activity and enlarged
ventricles, encephalomalacia, and numerous intracranial
calcifications in the insular cortex and thalamus bilaterally.
In several cases mimicking the focal presentation of herpes
encephalitis, EEGs showed diffuse slowing with focal delta
activity in the temporal region (29, 102–104).

(iii) Differential Diagnosis
Due to its overlapping geographic, seasonal, and transmis-
sion patterns, as well as its similar clinical features, SLEV
infection is the principal alternative diagnosis (105). Even
with the epidemiological clues of occurrence during a rec-
ognized outbreak, clinical differentiation of WEEV from
other causes of acute CNS infection is difficult. Other
clinical diagnoses that were later proved to be due to WEEV
or SLEV are shown in Table 3.

Laboratory Diagnosis
Viremia is generally considered to have cleared before the
onset of CNS signs, and virus is rarely recovered from blood.
Virus was isolated from the CSF of only 2 of 21 patients in
one series and, in two cases, from brain biopsy samples that
were obtained to rule out herpes encephalitis (99). RT-PCR-
based tests appear to be more sensitive than culture (78).
Detection of virus-specific IgM in CSF or serum provides
the most rapid laboratory confirmation. Serologic cross-
reactions with other alphaviruses have not been a major
concern in the western United States and Canada.

Prevention
Where WEE has occurred in epidemics and epizootics,
public health programs have been established to survey viral
activity in mosquitoes and birds and to preemptively control
vector mosquitoes. An experimental inactivated vaccine is
available on an investigational basis for laboratory workers
and other persons at high risk of exposure. Horses in enzootic
areas should be immunized on an annual basis.

Treatment
No specific therapy is currently available, and treatment is
supportive, including respiratory assistance and anticonvul-
sant therapy. Favipiravir (T-705) and indole-2-carboxamide
compounds have reduced disease severity in mice (106,
107).

VENEZUELAN EQUINE
ENCEPHALITIS VIRUS
Virology
VEEV was first detected in an outbreak of equine enceph-
alitis in Colombia and Venezuela in 1936 and only later was

TABLE 3 Initial diagnosis of diseases ultimately proven
by laboratory test to be either WEE or St. Louis encephalitisa

Infectious causes
Polioencephalomyelitis
Bacterial meningitis
Brain abscess
Tuberculous meningitis
Mumps encephalitis
Coccidioidal infection
Lymphocytic choriomeningitis
CNS syphilis
Coxsackie encephalitis
Pneumonia
Otitis media
Subacute bacterial endocarditis
Sydenham’s chorea
Noninfectious causes
Brain trauma
Cerebrovascular accident
Intracranial hemorrhage
Intracranial neoplasm
Convulsive disorder
Cardiac failure

aData from reference 105.
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found in human encephalitis cases occurring during a period
of epizootic activity. Several subtypes of VEEV comprise a
complex of six antigenically related but epidemiologically
and ecologically disparate viruses. Only type I (VEEV) and
type II (Everglades virus [EVEV]) are known to cause human
disease. VEEV is further subdivided into IAB, IC, ID, IE, and
IF strains. Epizootic viruses (IAB, IC, and IE) emerge at
unpredictable intervals of years or decades, producing ex-
tensive outbreaks in equines and humans. By contrast, the
sylvatic VEEV subtypes (ID, IE, and IF) are transmitted
continuously in forest or swamp foci, causing sporadic hu-
man infections, but in general no equine disease. Subtypes
can be distinguished by special serologic procedures and by
monoclonal antibodies; in addition, they differ biologically
in characteristics such as plaque size, viremia levels, rapidity
of clearance from blood, and host range (108, 109). In one
Venezuelan focus, the close genetic relationships of sylvatic
ID and epizootic IC viruses ( < 1% nucleotide substitutions
in their entire genomes) suggested that the epizootic strain
may have arisen by mutation from continuously circulating
sylvatic viruses, and recent epizootic strains of IE have arisen
from enzootic strains (18, 110). In contrast to spontaneous
epizootics due to IC viruses, certain IAB virus outbreaks are
speculated to have arisen from improperly inactivated
equine vaccine, as the IAB strains isolated during many later
epizootics were virtually identical to the Trinidad donkey
and other early strains of IAB virus used to produce inacti-
vated equine vaccine (19).

After the divergence of VEEV and EEEV, the VEEV
lineage diverged into several enzootic lineages that generally
occupy non-overlapping distributions in the tropical and
subtropical areas. Of these enzootic lineages, one genotype of
subtype ID virus evidently generated the epizootic strains
implicated in outbreaks dating to the 1920s (subtypes IAB
and IC) (Fig. 1) (111, 112). Geographically isolated sylvatic
viruses such as subtypes II (EVEV-Florida) and IIIB (Bijou
Bridge-Colorado) may have become established through
introductions by migratory birds, with their subsequent ad-
aptations to local enzootic cycles. The latter virus, presum-
ably an introduction of Tonate virus from South America, is
believed to have been a contemporary event, occurring only
approximately 40 years ago.

Host Range
Illnesses and encephalitis in horses and burros have been
fatal in 20 to 40% of animals, without apparent age-related
susceptibility (108, 113). Goat deaths have been reported in
outbreaks, and dogs occasionally die with evidence of CNS
pathology. Experimental infections have produced high
mortality rates in species of North American rodents, dogs,
and coyotes. Beef cattle, pigs, some bats, rodents, and birds
(especially herons) develop sufficient viremia to participate
in viral amplification.

Horses experimentally infected with sylvatic viral strains
develop fever, mild leukopenia, and an insignificant viremia,
while epizootic strains produce an illness with high fever,
severe leukopenia, depressed hematocrit, high viremia, and
encephalitis (108). Equine virulence patterns generally are
mirrored in experimentally infected English shorthaired
guinea pigs, except for some enzootic subtype ID strains (18).
Rhesus monkeys experimentally infected with epizootic
strains develop febrile illness with elevated hepatic trans-
aminases, while enzootic strains produce no symptoms or
fever (114).

Epidemiology

(i) Distribution
Sylvatic viruses are transmitted in tropical and subtropical
swamps and forested foci in North, Central, and South
America. Epizootics have occurred principally in northern
South America in Colombia, Venezuela, Trinidad, Peru, and
Ecuador, but a series of outbreaks between 1969 and 1972
extended from Guatemala through all the countries of
Central America, except Panama, and into Mexico and
Texas (Fig. 8) (115).

(ii) Incidence and Prevalence of Human Infections
A low ratio of apparent to inapparent infections, 1:10, is
typical; however, airborne transmission has resulted in illness
in > 75% of laboratory-infected persons (116). In the 1962
Zulia state outbreak, attack rates were 183.5/1,000/month in
children < 15 years old and 72.9 in persons > 15 years old,
reflecting immunity acquired during a series of outbreaks
from 1942 to 1949. Six years later, in 1968, VEE recurred,
and attack rates were highest in children < 6 years of age.
Infants < 1 year old may be protected by maternal immunity.
In the immunologically naïve Texas population, age-specific
immunity rates after the 1971 outbreak were highest (21/
100,000) in the 20- to 39-year age group, presumably re-
flecting outdoor exposure in occupational and leisure ac-
tivities (117).

Outbreaks occur during the rainy season, the monthly
distribution of cases varying with local and secular changes

TABLE 4 Precautions to minimize exposure
to mosquitoes and ticksa

Use an insect repellent on exposed skin to repel mosquitoes, ticks,
fleas, and other arthropods. EPA-registered repellents include
products containing DEET at concentrations of 30 to 50%,
which are effective for several hours.

For mosquitoes only: Preparations containing picaridin (7 and 15%
concentrations), para-menthane-3,8-diol (PMD), oil of lemon
eucalyptus (which contains PMD), or IR-3535.

DEET formulations as high as 50% are recommended for adults
and up to 30% for children older than 2 months. Protect infants
younger than 2 months by using a carrier draped with mosquito
netting with an elastic edge for a tight fit.

When using sunscreen, apply sunscreen first and then repellent.
Repellent should be washed off at the end of the day before
going to bed.

Wear long-sleeved shirts (which should be tucked in), long pants,
and hats to cover exposed skin. When you visit areas with ticks
and fleas, wear boots, not sandals, and tuck pants into socks.

Inspect your body and clothing for ticks during outdoor activity
and at the end of the day. Wear light-colored or white clothing
so ticks can more easily be seen. Removing ticks right away can
prevent some infections.

Apply permethrin-containing or other insect repellents to
clothing, shoes, tents, mosquito nets, and other gear for greater
protection. Permethrin should not be applied directly to the
skin. Repellent is generally effective for several washings.

Stay in air-conditioned or well-screened housing, and/or sleep
under an insecticide-treated bed net. Bed nets should be tucked
under mattresses and can be sprayed with a repellent if not
already treated with an insecticide.
aBased on reference 164 and Centers for Disease Control and Prevention

recommendations (http://wwwn.cdc.gov/travel/contentMosquitoTick.aspx).
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in rainfall patterns. Outbreaks in northwestern Venezuela
often have started in April, peaked in June or July, and
subsided by December. Sylvatic viral strains are transmitted
continuously in their tropical and subtropical foci.

(iii) Epidemic Patterns
Sylvatic viruses are transmitted among small mammals and
aquatic birds in swampy and forested locations principally by
Culex melanoconion mosquitoes (Fig. 9A). Sylvatic VEEV
infections occur among persons living near, or entering,
enzootic foci, e.g., among soldiers on jungle bivouacs (118–
121). In certain locations, endemic transmission to lo-
cal residents leads to age-dependent seroprevalence rates
of > 50%.

Epidemic VEE occurs in conjunction with epizootic
transmission among horses, leading to combined outbreaks
of tens of thousands of human cases and hundreds of thou-
sands of equine cases (Fig. 9B) (112, 115, 117, 122). In the
1995 outbreak in Venezuela and Colombia, an estimated
85,000 human cases were identified, 3,000 with neurologic
symptoms (4%) and 300 fatalities (110, 112). A serosurvey
found that 36% of the resident population had been infected
and as many as 8% of the state’s equines had died. Similar
statistics have been reported from previous outbreaks.

(iv) Transmission
A susceptible equine population is essential for epizootic
emergence and spread. Horses are potent amplifying hosts,
their high level of viremia facilitating rapid animal-to-
animal transmission by a variety of mosquito vectors, in-
cluding floodwater Aedes taeniorhychus, Psorophora confinnis,
Mansonia spp., and Deinocerites spp. Other biting insects may
transmit the virus mechanically. Outbreaks frequently occur
in normally dry locations when heavy rainfall and flooding
have expanded mosquito breeding habitats and mosquito
and rodent populations. In areas with susceptible horses,
outbreaks spread at rates of several kilometers per day, fol-
lowed by associated human cases several weeks later (112,
115). Transmission continues inexorably until susceptible
horses have been depleted by natural infection or immuni-
zation or until the onset of dry weather and diminishing

mosquito numbers. Transmission sometimes has resumed
with the return of the rainy season. The intensity of trans-
mission and high attack rates among horses and humans
create a high level of immunity that may contribute to the
periodicity of outbreaks every 10 to 20 years

In outbreaks where few equine deaths were noted, the
possibility of supplemental viral amplification in humans
was considered. The viremia in humans is sufficiently high
to infect mosquitoes, and peridomestic A. aegyptimosquitoes
are potential vectors. In addition, direct person-to-person
spread seems possible because virus can be isolated from
the pharynx, sometimes on successive days, in 6 to 40% of
acutely ill patients (123). However, no clinical or serologic
evidence of household clustering or intrafamilial spread has
been recognized, suggesting a minor role, if any, for person-
to-person spread or for the importance of humans as am-
plifying hosts (112, 123).

Numerous laboratory outbreaks have been traced to air-
borne infection, with a total of 150 cases and one death
reported through 1980 (116, 121). Very brief exposures in
persons not working directly with the virus (e.g., walking
through a laboratory) have been sufficient for infection to
occur. The IAB and IC subtypes are on the US Select Agents
and Toxins list due to bioweapon potential (70).

(v) Risk Factors
Outbreaks occur principally in rural areas where horses and
burros still are commonly used as transportation. Native
Indians have been at greater risk because of residence in rural
rancherias and other factors related to increased mosquito
exposure or horse ownership (112).

Pathology
Histopathological lesions have consistently been found in
the CNS, lungs, heart, spleen, lymph nodes, liver, and gas-
trointestinal tract and, less often, in the kidneys and adrenal
glands (37). The respiratory and intestinal mucosa appears
hyperemic, with microscopic evidence of vascular conges-
tion, hemorrhage, and vascular injury. Inflammatory reac-
tions are most prominent in the lungs, with diffuse or patchy
alveolar septal infiltrates, intra-alveolar edema, and, rarely,
hemorrhage. Myocarditis and centrilobular hepatic necrosis
may be seen. The brain appears swollen and hyperemic.
Diffuse cellular infiltrates involve the meninges and, in one-
third of cases, the brain and spinal cord. Encephalomyelitis is
characterized by perivascular inflammatory infiltrates, hem-
orrhages, foci of neuronal degeneration, and glial prolifera-
tion. Lesions are distributed in the cerebral gray and white
matter, especially in the substantia nigra. The lymph nodes
and spleen exhibit extensive follicular necrosis, germinal
center lymphoid depletion, neutrophil infiltration, lym-
phophagocytosis, and vasculitis.

Spontaneous abortions after VEE-like infections have
been associated with massive cerebral necrosis and typical
acute lesions in the aborted fetuses, including cerebral cal-
cifications similar to those associated with toxoplasmosis in
one case (124). Congenital VEEV infection has been con-
firmed virologically by recovery of the virus from aborted
fetuses (74). Infections acquired early in pregnancy have
been associated with fetal hydranencephaly, porencephaly,
and cerebral dysgenesis, a pattern of lesions reproduced in
experimentally infected fetal rhesus monkeys.

Clinical Manifestations
The incubation period has been characterized from labora-
tory and other outbreaks usually as 2 to 3 days, but ranging

FIGURE 8 Geographic distribution of VEE epizootics and syl-
vatic viral subtypes.
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from < 1 to 5 days (116). Well-documented cases have had
onset 12 hours after laboratory exposure.

The onset of illness is abrupt and rapidly incapacitating,
with sudden chills, headache, fever, body aches, and pros-
tration (116–118, 120). Headache is nearly unbearable and
may be exacerbated by even the smallest movements of the
eyes or neck and is worsened by bright light. Asthenia,
dizziness, and acute discomfort are incapacitating. Nausea
and vomiting are common. The temperature is moderately
elevated, and the face appears flushed, with injected or
suffused conjunctivae. Pharyngeal pain and inflammation
are accompanied by cervical and other lymphadenitis. There
may be mild subcostal abdominal tenderness. Symptoms
resolve over several days with defervescence, but a dull
headache and weakness may persist several days longer.

Occasionally, fever and symptoms recrudesce after an initial
remission.

Despite the disease name, severe neurologic symptoms
and encephalitis occur in only 4 to 14% of cases overall,
principally in children and the elderly; however, tremu-
lousness and somnolence, suggesting milder neurologic in-
volvement, are not uncommon in a larger proportion of
cases (74, 112, 115, 122). The risk for neurologic infection
in children, compared to adults, has been estimated to be 10-
fold greater (4% of all symptomatic cases versus 0.4%).
Among patients hospitalized with neurologic symptoms,
as many as 85% are children < 10 years old, 15% are
adults > 50 years old, and only 1% are young adults (112).
Neurologic symptoms often appear late in the illness,
sometimes after defervescence. Seizures are common and

FIGURE 9 Life cycles of Venezuelan equine encephalitis virus. (A) Sylvatic VEEVs circulate continuously in silent tropical and sub-
tropical foci among (Culex Melaconion) mosquitoes and small mammals or aquatic birds. Humans (e.g., soldiers on jungle bivouacs) are
infected when they chance upon transmission foci. Bridging vectors (e.g., Aedes taeniorhychus) that feed on viremic vertebrates in a sylvatic
focus can carry the virus to nearby areas of human activity. (B) In contrast to the continuous cycling of sylvatic VEEV subtypes, epizootic
VEEV had never been isolated until recently, except during periodic outbreaks. Once introduced, epizootic viruses are rapidly amplified
among equines (horses and burros). Equines develop high viremia levels, so various mosquito species can function as biological vectors (only
some important species are shown), and other biting insects, such as blackflies, can spread the virus mechanically. Humans develop illness
with high viremia levels but probably have an insignificant role, if any, in viral amplification. Transmission declines as susceptible equines are
exhausted by natural infection or immunization. It is speculated that epizootic IC viruses arise by mutation from sylvatic ID viruses; the
subpopulation circulates in a sylvatic cycle and under appropriate conditions is amplified, leading to epizootic and epidemic spread.
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have a focal component in 40% of cases (112, 125). Cranial
nerve palsy, motor weakness, paralysis, and specific signs of
cerebellitis are present in 5 to 10% of hospitalized patients,
while stupor and coma occur less frequently. More than half
of hospitalized patients may exhibit clinical signs of elevated
intracranial pressure. Meningismus is found in the majority
of childhood cases (75, 112, 115).

(i) Outcomes and Complications
The fatality rate among encephalitis cases is 10 to 25%, with
higher mortality rates in children < 4 years old. Overall,
between 0.2 and 1% of all symptomatic cases are fatal, nearly
all in children. The outcome of recovered cases has not been
well characterized; however, forgetfulness, nervousness, as-
thenia, and headache are not uncommon, at least through
the first year. Recurrent seizures, motor impairment, psy-
chomotor retardation, and behavioral disorders are sequelae
in children (126).

Sylvatic EEEV infections generally cause a mild and self-
limiting febrile illness, though leukopenia is common and
occasionally severe (118). Fatal encephalitis occurred after
Tonate virus (IIIB subtype) infection in one study (127). All
three recognized cases of subtype II (EVEV) infection pro-
duced encephalitis and coma without sequelae.

(ii) Laboratory Abnormalities
Leukopenia is characteristic, resulting from an early lym-
phopenia that rebounds over a week, while the absolute
neutrophil count moves in the opposite direction, declining
to 0.5 · 109 to 2 · 109/liter after 5 to 7 days. The net result
is a declining total WBC count in the range of 2 · 109 to
6 · 109/liter (117). CSF contains a variable pleocytosis,
usually with a lymphocytic predominance. Elevated CSF
glucose has been reported; CSF protein typically is normal
and rarely is elevated. About one-third of patients have had
moderately elevated serum liver transaminases. Volunteers
receiving live attenuated vaccine have exhibited transient
attenuated or depressed Twaves on electrocardiograms.

(iii) Differential Diagnosis
Sylvatic infections are indistinguishable from many ordinary
or tropical viral infections, such as Oropouche virus and
other bunyavirus fevers, while the absence of a rash and joint
symptoms helps to rule out MAYV disease. The neurologic
syndrome cannot be differentiated from that due to EEEV,
SLEV, or other pathogens that occur in the same locations.
Even in the context of an epidemic, the clinical diagnosis
based on symptoms of acute febrile illness has been accurate
only in about two-thirds of cases. The absence of rash and
hemorrhagic phenomena aids in excluding epidemic den-
gue. An ongoing equine epizootic is the most helpful clue to
the diagnosis.

Laboratory Diagnosis
Virus can be recovered from blood most easily in the first 3
days of illness, with declining sensitivity up to the eighth day
(121, 123). Viral titers remain in the range of 103.8 to 105.7
PFU/ml until at least the fourth day of illness. In addition,
virus can be recovered from the pharynx in 7 to 40% of cases
in the same time frame (122, 123). RT-PCR appears to be
highly sensitive in detecting virus in acute-phase serum
samples (128). Viral isolations also have been made from
decidua of abortions and from bone marrow but have been
inconsistent from brain (5). The subtype of viral isolates

should be rapidly identified to inform public health decisions
on control measures.

In-house serological tests are available in reference lab-
oratories. Detection of virus-specific IgM in acute-phase
serum provides a rapid presumptive diagnosis in both horses
and humans (101, 129). No cross-reactions with WEEV or
EEEV antibodies are detected with available IgM and IgG
enzyme-linked immunosorbent assay kits using IAB viral
antigen. Antibodies to epizootic viruses can be differentiated
from antibodies to enzootic viruses by using an epitope-
blocking enzyme immunoassay (EIA) (130). Neutralization
(NT) titers may also provide subtype specificity of the an-
tibodies. Specific IgM has persisted for several months after
immunization with TC-83 vaccine, but its longevity after
natural infection is unknown.

Prevention
Personal protection is based on avoiding foci of enzootic
and epidemic transmission, using mosquito repellents, and
wearing protective clothing.

Systematic equine immunization should dampen epizo-
otic transmission and, in principle, can prevent the emer-
gence of outbreaks. Only the live attenuated TC-83 vaccine
should be used, to avoid risk of inadequate inactivation and
iatrogenic transmission. Attenuated equine vaccine is no
longer produced in the United States, but production and
distribution are maintained in support of public veteri-
nary vaccination programs in several Latin American
countries.

Live-attenuated TC-83 strain and killed (TC-84) ex-
perimental human vaccines have been used extensively to
protect laboratory workers and others at high risk of expo-
sure (131). Direct studies of the former’s efficacy are lacking,
but effectiveness with its use can be inferred from the re-
duction of laboratory-acquired cases and from experimental-
challenge experiments in which vaccinated animals have
been protected against airborne challenge infection. A sin-
gle dose produces a neutralizing antibody response in 82% of
vaccinees and induction of specific IgA, with 56% retaining
a neutralizing antibody titer of > 1:20 for 10 years (132).
The TC-83 strain is only partially attenuated, and self-
limited influenza-like illness similar to those of natural in-
fection occurs in 20% of vaccinees (133). Virus has been
recovered from blood and pharyngeal swabs as in the natural
infection; therefore, immunosuppressive conditions or
pregnancy in either the intended vaccinee or household
contacts is a reason for exclusion.

Among the 18% who fail to respond serologically, 76%
seroconvert after reimmunization with the killed TC-84
vaccine (132). Preexisting antibodies from prior alphavirus
vaccinations may interfere with a proper immune response,
and other vaccinees show a persistent failure to respond to
the live vaccine (134). Although vaccination with inacti-
vated TC-84 vaccine is recommended in live-vaccine non-
responders, inactivated vaccine may not protect against
infection by the respiratory route, the principal concern in
laboratories. In addition, titers of TC-84-induced antibody
to enzootic ID and IE subtypes are lower, and these infec-
tions have occurred in vaccinees. Because of the limitations
of available vaccine, all laboratory manipulations should be
undertaken in biosafety level 3 (BSL-3) facilities. Other
vaccines are under development.

Nonreplicating VEEV replicon particles have shown
promise as a vehicle for delivery of chimeric vaccines for a
range of other infectious agents.
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Treatment
Treatment is symptomatic, with analgesics and bed rest in
mild cases and supportive therapy in more severe cases. Fa-
tality rates in children with neurologic symptoms remain
high, in part because outbreaks occur in relatively unde-
veloped rural areas. Pneumonia is the principal non-
neurologic illness, with evidence of secondary infection in
some cases. In addition, significant lymphoid depletion
could predispose to bacterial infection through the gastro-
intestinal tract. Appropriate early antibacterial therapy is
important in acutely ill patients.

CHIKUNGUNYA VIRUS
Virology
The name of CHIKV derives from a Kimakonde root verb,
kungunyala, meaning ‘‘to dry up or become contorted,’’
specifically modified in early times to describe the bent
posture of patients with painful joints (135). The disease has
occurred for at least decades over a wide geographic area
from sub-Saharan Africa, where genetic studies suggest the
virus originated, to the Philippine archipelago in Asia,
where it was transported during the late 19th or early 20th
century (136). The West African strains form one major
enzootic genetic lineage, while the other major enzootic
lineage (East, Central, South African [ECSA]) has spread
widely to generate the Asian (AL) and Indian Ocean (IOL)
epidemic lineages, with some phenotypic and antigenic
differences (137). Individual epidemics may be caused
by specific genetic variants (138). The different CHIKV

lineages and sublineages do not have clear pathogenic
differences.

Host Range
Disease has not been observed in naturally infected animals.
Monkeys and baboons, the principal vertebrate hosts in the
African enzootic viral transmission cycle, develop a viremia
after infection but remain asymptomatic. Viremia of a suf-
ficient level to potentially support viral transmission has
been experimentally produced in some species of rodents
and bats.

Epidemiology

(i) Distribution
Viral transmission has been reported within a vast area of
Asia and sub-Saharan Africa, and more recently in the Pa-
cific, the Caribbean, and South America (Fig. 10), while
serologic evidence of infection also has been found in Pa-
kistan, Saudi Arabia, and Iraq. Historical accounts suggest
that CHIKV also may have been brought to the western
hemisphere with the slave trade, as was yellow fever virus,
and the name dengue may have originally referred to chi-
kungunya virus infections (139). However, the involvement
of other viruses (e.g., MAYV) causing a similar clinical
syndrome cannot be excluded. Historically, the virus has
been transmitted in the urban human-to-human cycle pre-
dominantly by A. aegypti mosquitoes, but A. albopictus has
become a major vector of IOL strains since 2005, and other
Aedes species have been implicated in other outbreaks. A.
albopictus appears to have been the important vector in the

FIGURE 10 Origin, spread, and distribution of chikungunya virus and its vectors showing the African origins of enzootic chikungunya
virus strains and the patterns of emergence and spread of the Asian lineage and Indian Ocean lineage (IOL) of the virus and the distributions
of Aedes aegypti and A. albopictus. ECSA denotes eastern, central, and southern African. Reprinted from reference 3 with permission.
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recent epidemic in the Indian Ocean region (140) and in
Italy in 2007 (141).

(ii) Incidence and Prevalence of Human Infections
Seroprevalence rates of 30 to 100% have been found in
enzootic regions of Africa. Sporadic human infections occur
with exposure to the enzootic transmission due to occupa-
tional activities or travel to nearby villages, with A. furcifer
implicated in the invasion of villages near enzootic arboreal
foci (142). Transmission occurs mainly in the rainy season,
when mosquito numbers increase.

(iii) Epidemic Patterns
Extensive epidemics were reported between 1952 and 1977
in eastern and southern Africa, with polyarthritis attack
rates of 50% and village-to-village spread occurring in 2- to
3-week intervals. Past epidemics have been infrequent in
Africa, but recently several have been documented, some
mediated by A. albopictus transmission.

In Asia, explosive A. aegypti–borne outbreaks have oc-
curred mainly in urban locations where peridomestic
breeding sites in discarded containers and water storage
reservoirs are prevalent. An estimated 400,000 cases oc-
curred during an outbreak in Madras, India, in 1964, and in
Bangkok, Thailand, 40,000 to 70,000 outpatient pediatric
cases were seen in 1962 (10). By 1988 the disease had dis-
appeared from the city, but in a sudden reversal, scattered
outbreaks in Thailand reemerged without warning in 1995.
A similar disappearance from Calcutta, India, was demon-
strated in a 1994 serosurvey that showed a 12% antibody
prevalence in persons > 50 years old but no evidence of
infection in children or young adults. Malaysia experienced
spread of the virus in 1998–1999, and CHIKVoutbreaks also
occurred in Indonesia in 1982 and again in 2001 to 2003.

The most recent CHIKV epidemic, involving millions of
cases, began in Kenya in late 2004, spread to the Comoros in
early 2005, and subsequently spread to the Seychelles, Ré-
union, Mayotte, and Mauritius. In 2006, the same Indian
Ocean lineage strain spread independently from Africa to
India, predominantly to the western coastal provinces, and
Sri Lanka (140). Attack rates have approached or exceeded
50% of the population in many areas. It also spread to Italy
in 2007, the first entry of CHIKV into Europe, followed by
Southern France in 2010. Additional spread into Southeast
Asia was also accompanied by major outbreaks. Trans-
mission in most of these regions has been predominantly due
toA. albopictus in the Indian Ocean and Italy (33, 140, 141),
augmented by point mutations in the E1 and E2 protein
genes that increase the efficiency for transmission by A. al-
bopictus (33). Therefore, there was concern that this IOL
strain would continue spreading internationally, including
to Europe and North America, due to the wide distribution
of A. albopictus there.

It was therefore a surprise that, when CHIKV circulation
in the Americas was finally detected in late 2013, it involved
the older Asian epidemic strain that had circulated in
Southeast Asia at least since the 1950s (10), suggesting that
transmission would mainly be via A. aegypti. Initial cases
were diagnosed on the Caribbean Island of St. Martin, but
the outbreak quickly spread throughout the Caribbean,
Central America, northern South America, and into Mex-
ico and Florida in North America. To March 2016, 991,134
cases in the Americas have been reported to the Pan
American Health Organization/WHO (143), although the
difficulty in distinguishing clinically between dengue and

CHIKV, as well as the lack of available diagnostics in many
affected regions, raises questions about the accuracy of these
estimates.

(iv) Transmission
In Africa, reduction of human infections in areas of previous
activity parallels the natural transmission cycle of infections
among forest monkeys and sylvatic Aedes mosquitoes, in
which the virus circulates locally in 5- to 7-year cycles,
probably determined by the availability of susceptible am-
plifying hosts. The virus is presumably maintained by the
continuous movement of epizootics over large regions, re-
freshed by the birth of new cohorts of susceptible animals.A.
aegypti– and A. albopictus–borne outbreaks also have oc-
curred in Africa (including the former in the Tanganyika
outbreak that led to the initial recognition of the disease),
fueled by the prevalence of peridomestic mosquito breeding
sites and, in arid areas, by receptacles of stored water.

Little is known about possible enzootic transmission cy-
cles in Asia, although seropositive monkeys have been
found, indicating the possibility of a similar forest primate-
mosquito cycle.A. albopictus andAedes vittatus are capable of
transmitting the virus and are prevalent in areas where
outbreaks have occurred, and the former has been shown to
be important in the Indian Ocean and European outbreaks
(33, 140, 141).

Cases have been reported in travelers and expatriates in
tropical locations. CHIKV is also highly contagious in the
laboratory; at least 39 cases, due to percutaneous and non-
percutaneous exposures, have been reported. Laboratory
manipulations of live virus should be confined to BSL-3
facilities (51).

Clinical Manifestations
In contrast to many other arboviral diseases, the apparent:
inapparent ratio for CHIKV infection is high, with generally
less than 15% of patients showing evidence of asymptomatic
infection (10). The incubation period is estimated to be 2 to
10 days prior to the onset of signs and symptoms, which
usually coincide with viremia. The onset of malaise, fever,
and joint pains is sudden and typically without prodromal
symptoms and is rapidly incapacitating (43). Arthralgia is
usually symmetrical, involving the knees, elbows, fingers,
feet, ankles, and, less often, the shoulders and hips (47, 144).
Backache and headache are common. Inflammation of the
fascia of the sole of the foot and the wrist is often reported,
and pressure on nerves due to swelling of the fascia may
cause tingling in the extremities.

Patients appear to be distressed, holding their extremities
motionless. In children, high fevers ( > 40ºC) are typical, but
fever may be entirely absent in adults. The conjunctivae are
suffused, and the pharynx may be mildly inflamed. Rarely,
the ear pinnae may be painful and inflamed (43, 145).
Lymph nodes may be slightly enlarged and tender. Affected
joints are warm and painful to palpation and exhibit peri-
articular fullness; definite effusions are present in about 10%
of cases. Stiffness and intense pain accompany movement.
Rash occurs in as many as 50% of cases, appearing either with
the onset of symptoms or several days later, with the decline of
fever. It is a faint, irritating, or pruritic maculopapular rash
initially on the trunk and face and spreading to the extrem-
ities, including the palms and soles. Patients may develop fine
petechiae, and occasional purpura may appear on the trunk
and limbs, especially on the legs and feet, with or without
gingival bleeding. The liver may be slightly enlarged, al-
though not as prominently as in dengue hemorrhagic fever.
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After 2 to 4 days of illness, improvement is often rapid,
while joint pain and stiffness resolve more slowly and can
persist for months or years in some cases (see below). Ar-
thritic symptoms consist of morning stiffness, pain, and
swelling of the joints, impairing function. Fever may be bi-
phasic in children. The rash also may reappear in 3 to 7 days,
with as many as three successive eruptions. CNS involve-
ment, consisting of meningismus, nuchal rigidity, oph-
thalmoplegia, slurred speech, and limb weakness, has been
described in individual cases. During the Réunion Island
epidemic, CHIKV-associated encephalitis occurred at a rate
of 8.6 per 100,000 patients, with the highest ratios in infants
less than 1 year old (187 per 100,000) and in adults more
than 65 years old (37 per 100,000) (146). Persistent con-
vulsions associated with neurologic sequelae have been re-
ported for infants, who are at high risk of infection (up to
50%) during birth if the mother is viremic (10, 145,
147). Acute polyneuropathy and paralysis have also been
described (147).

(i) Outcomes and Complications
Myocarditis, hepatitis, and multi-organ failure may occur in
severe cases, but hemorrhagic phenomena are rare. During
recent outbreaks, some fatalities associated with CHIKV
infection have been noted, especially in newborn and el-
derly populations, frequently associated with neurologic
disease. The overall case-fatality rate averages about 0.1%
(10). Severe and fatal cases of CHIKV infection often
manifest with high fever, prolonged convulsions, and neu-
rologic deficits suggesting primary encephalitis (145–147).
The 2005 Indian Ocean outbreak of CHIKV infection was
associated with a much higher incidence of serious disease
than previously described (140). However, many of these
cases involved other underlying illnesses that contributed to
the poor outcomes or followed peripartum transmission from
symptomatic mothers resulting in severe disease in the ne-
onates (10, 145, 148). Ocular involvement, including uve-
itis and optic neuritis, may occur. Older patients and those
with comorbidities, such as cardiovascular, neurologic, re-
spiratory disorders, or diabetes, are at higher risk for severe
CHIKV disease requiring hospitalization. Early nasal skin
necrosis was reported in three patients with severe CHIKV
disease in Venezuela in 2014, and involvement of the nasal
skin has been reported in previous outbreaks (149).

CHIKV-induced chronic polyarthralgia and/or poly-
arthritis can be persistent or relapsing over many weeks or
months (43) and causes substantial incapacitation in as
many as 50% of patients. It involves mainly the distal
joints, mimicking rheumatoid arthritis, and may manifest as
chronic inflammatory, erosive, and, rarely, deforming poly-
arthritis. Children and young adults typically have mild
transitory joint pains, while arthritic symptoms are sub-
stantially more severe and persistent in older people.
Morning stiffness and other symptoms typically persist for
several weeks or months and, in a small percentage of cases,
continue for years (43). A 3- to 5-year follow-up of 107
patients in South Africa found that one-third had fully re-
covered within several weeks; one-third had a slower reso-
lution, over about a year; and in 14%, recovery took 2 to 3
years (150). Fully recovered patients were younger, with a
mean age of 37 years. Residual symptoms ranged from mild
discomfort and stiffness to persistent pain with effusions or
synovial thickening but no destructive changes or muscular
atrophy. Joint fluids in three cases showed an elevated WBC
count (2 · 109 to 5 · 109/liter) and, in one case, reduced
complement levels (151). Low titers of rheumatoid factor

(mean, 1:2), indicative of low-grade inflammation, and el-
evated ESRs (15 to 25 mm/h) have been reported for pa-
tients with persistent arthritic symptoms. Radiographs
have shown mainly soft tissue swelling, but small erosions
were noted in a metacarpophalangeal joint of one patient
(151).

(ii) Laboratory Abnormalities
The peripheral WBC count usually is normal or slightly
depressed, whereas children may present with a neutrophilia
followed by a relative lymphocytosis (43, 145, 146). Mark-
edly depressed platelet counts, < 50 · 109/liter, have been
observed in patients with hemorrhagic manifestations. Pro-
thrombin and bleeding times have been normal in a few
reported cases. The erythrocyte sedimentation rate (ESR)
may be increased to 20 to 50 mm/h, with elevated C-reactive
protein. Various joint fluid abnormalities have been de-
scribed in cases with persistent arthritic symptoms (see
below).

In patients with neurological diseases, the CSF protein
and leukocyte count are usually elevated, especially in
those with encephalitis (147). Routine electrocardiographs
have disclosed changes suggestive of myocarditis in three
cases (148).

(iii) Differential Diagnosis
In endemic or epidemic regions, the debilitating poly-
arthralgia has a positive predictive value as high as 80% for
CHIKV viremia in adults and children (10). Dengue is the
principal consideration in the differential diagnosis be-
cause of its overlapping geographic distribution, vectors, and
transmission season and its similar clinical presentation,
with acute fever and musculoskeletal pain. CHIKV produces
a more severe and immediately debilitating illness, with
prominent polyarthralgia. Dengue is characterized by more
severe constitutional symptoms, retro-orbital headache, and
eye pain and is less likely to produce a clinically apparent
rash, and if it does, the rash differs from the maculopapular
rash seen with CHIKV infection. Principal laboratory find-
ings of CHIKV include lymphopenia, often closely associ-
ated with viremia, thrombocytopenia, increased levels of
aspartate aminotransferase and alanine aminotransferase in
blood, and hypocalcemia. Thrombocytopenia is also rela-
tively common in dengue. The illnesses are less easily dif-
ferentiated in children, who have milder joint symptoms
than do adults with CHIKV infection. ONNV illness is very
similar but with more prominent cervical lymphadenitis and
conjunctivitis. SINV disease also occurs in southern Africa
and causes polyarthralgia and rash, though with a milder
illness and less fever than that due to CHIKV. In travelers
returning to areas with endemic arboviruses, such as RRV
and BFV in Australia and SINV in Scandinavia, the illness
may resemble locally acquired infection. In addition, rheu-
matic symptoms may be associated with various parasitic
infections endemic in Africa or Asia. The differential diag-
nosis also should include cosmopolitan infections due to
viruses producing acute polyarthritis, including parvovirus
B19 and rubella virus, as well as hepatitis B and C viruses,
human immunodeficiency virus, mumps virus, enteroviruses,
and Epstein-Barr virus, and post- and para-infectious ar-
thritis due to acute rheumatic fever, bacterial and parasitic
enteric infections, Reiter’s syndrome, and disseminated
gonococcal infection. Serum sickness and Henoch-Schön-
lein purpura also should be considered in the diagnosis.
Cases with acute arthritis involving small joints of the
hands, wrists, knees, and elbows can mimic acute
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rheumatoid arthritis, and the chronicity of symptoms in
some cases adds to the difficulty of making the appropriate
diagnosis.

Laboratory Diagnosis
High and relatively persistent levels of viremia have been
observed (> 108.0 PFU/ml), peaking on the day of onset of
fever, declining to approximately 101.0 PFU/ml by the fifth
day. Viral RNA can often be detected in blood within 1
week of onset and may persist longer (152, 153). Viral RNA
has been detected in the CSF of patients with neurological
disease, more often in encephalitic infants than adults (146).
It has not yet been found in the joint fluids or blood of
patients with persistent symptoms, but testing has been
limited.

Most diagnoses are serologic, using hemagglutination
inhibition (HI) or immunofluorescence (IF) assays or, most
commonly, enzyme immunoassay (EIA) (154, 155). A
number of commercial and in-house assays have been used,
with variable performance on quality assurance programs
(155). Indirect and isotype-capture EIAs for virus-specific
IgM are positive within the first few days of illness and
generally indicate recent infection. However, IgM persists
for several weeks or months and may indicate recent past
infection. A ‡ 4-fold rise in IgG titer or IgG seroconversion
supports recent infection. On Réunion Island, IgM was de-
tected in the CSF of 21/52 patients with CHIKV neuro-
logical disease, including 10/15 adult encephalitis cases but
in none of the encephalitic infants (146).

Cross-reacting antibodies are uncommon but may occur
due to ONNV and possibly other alphaviruses, and where
potential exposure to more than one arthritogenic virus has
occurred, IgM and IgG tests should be carried out for all. If
there is IgM reactivity to more than one virus, then neu-
tralization tests are usually required to determine the in-
fecting virus.

Prevention
Outbreaks of A. aegypti– or A. albopictus–borne diseases are
best prevented by destroying or removing containers holding
water that serve as breeding sites, following the approaches
described for dengue control. A. albopictus utilizes a wider
range of larval habitats, so control cannot rely only on
peridomestic environments. Personal protective measures
against mosquito bites are indicated to prevent exposure to
these urban vectors, including during the daytime when they
typically bite and remain in houses, as well as to reduce
exposure in sylvatic settings, which also involve nighttime
biting mosquitoes. Newer investigational strategies for vec-
tor control include the release of transgenic A. aegypti en-
gineered to carry a late-acting lethal transgene (156) and the
use of Wolbachia bacteria, which reduce the competence of
both urban vectors for transmitting CHIKV and DENV.

Treatment
Symptomatic treatment with nonsteroidal anti-inflammatory
drugs provides relief from joint stiffness and pain in many
patients, though individuals respond variably to the different
drugs. Rest, heat, and gentle exercise may assist, but vigorous
exercise should be avoided. There are no specific antiviral
agents for any of the alphaviruses or specific therapies for
alphavirus-induced arthritis. A number of compounds have
shown activity against chikungunya in vitro, and two of these
have shown effectiveness in mice: favipiravir (T-705) pro-
tected against arthritis and viremia, while an anti-E2
monoclonal antibody was effective in treatment and pro-

phylaxis in mice (157). Severe arthritis may be managed
with immunosuppressive therapies used for RA, but this
should be done with caution.

O’NYONG-NYONG VIRUS
The name of ONNV derives from the Acholi term meaning
“very painful and weak,’’ which was given to describe the
illness in the first recorded outbreak (158). The epidemic,
resulting in an estimated 2 million cases, emerged in 1959 in
Uganda and spread rapidly in East Africa, south to Mo-
zambique, and west to Zaire, and to Senegal in West Africa
before dying out 3 years later. Another outbreak occurred in
the Ivory Coast in the mid-1980s, but the virus did not
reappear in East Africa until another major epidemic erupted
in 1996–1997, leading to an extensive outbreak in southern
Uganda (159, 160). In retrospect, the virus had been cir-
culating locally at a low level, and virus recovered from those
patients and the 1996 and 1959 strains proved to be similar
genetically (161; R. Swanepoel, E. Sanders, and T. Tsai,
unpublished data). Most recently the virus has been found in
Chad (162).

As previous field studies indicated,Anopheles funestus was
implicated as the principal mosquito vector in outbreaks
and, interestingly, ONNV is the only virus known to use
anophiline mosquitoes as its major vector. Adaptation of the
virus to peridomestic Anopheles mosquitoes undoubtedly
contributes to the explosive nature of its epidemic trans-
mission (163). The molecular determinants of this unique
vector specificity appear to reside in the nonstructural pro-
tein 3 (nsP3) gene (164). Other aspects of the viral trans-
mission cycle have not been elucidated, but the presence of
an unidentified nonhuman mammalian host may account
for the maintenance of the virus between epidemics.

Clinically, the illness resembles that due to CHIKV
and the other arthritogenic alphaviruses and is characterized
by fever, constitutional symptoms, joint pain, rash, and
lymphadenitis, the full syndrome appearing in 40% of cases.
Differentiation may be difficult; however, lymphadenopathy,
occurring in 50% of cases, seems to be more marked in
ONNV disease (159).

Virus can be recovered from acute-phase blood samples
taken within the first 6 days after onset, and virus recovery
may be successful in afebrile patients (159, 160). Laboratory
diagnosis is usually done by serology, as discussed for CHIKV.

Personal protective measures against malaria should also
be effective against acquiring ONNV, i.e., using mosquito
nets impregnated with permethrin and avoiding unprotected
evening and nighttime exposure.

Igbo-Ora virus, a genetic variant of ONNV (161), was
isolated in 1966 from blood samples of febrile patients in
Igbo-Ora and Ibadan, Nigeria, and cases subsequently were
reported from the Central African Republic and the Ivory
Coast. The clinical illness, described in only one case,
consisted of fever, polyarthritis, and pharyngitis.

SINDBIS VIRUS
SINV, named after the northern Egyptian district where the
virus was first isolated in 1952, is transmitted in Europe,
Africa, Asia, and Australia and is thus the most widely oc-
curring alphavirus. Strains are separated into Europe/Africa
and Asia/Australia lineages. The close genetic relationship
of northern European and South African strains suggests
that they were originally introduced from South Africa to
Scandinavia by migratory birds (165). While Australian
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SINV is predominantly the Asia/Australia lineage, a third
lineage has been identified in the southwest of Western
Australia that shows considerable genetic divergence from
the South African and European strains and that appears
to be restricted in its distribution (166). Novel outbreaks,
occurring in 1981 in Sweden, Finland, and the adjacent
Karelia area of Russia, were given local names: Ockelbo,
Pogosta, and Karelian fevers, respectively. Subsequently,
endemic transmission was recognized in those locales and in
Norway.

Epidemiology
In Africa, sporadic cases and occasional outbreaks number-
ing in hundreds or thousands of cases were first reported in
1954 to 1956, principally from areas of South Africa during
the summer from December to April (167), but it is an
uncommon illness in travelers returning from that country.

In Sweden, 600 to 1,200 cases are estimated to occur
annually (168, 169), while Pogosta disease recurs in a 7-year
cycle. Transmission is localized to a zone between latitudes
60º and 63º N, with declining incidence and seroprevalence
north and south of this zone. Most cases occur from July to
September during the season of most active viral transmis-
sion among middle-aged adults with woodland exposure
(e.g., while picking berries or gathering mushrooms).

In contrast, SINV rarely causes human disease in Asia or
Australia, despite the fact that serologic studies in Australia
have shown evidence of regular human infections. This
suggests that there may be pathogenicity differences between
the different lineages (170).

The maintenance cycle for SINV is thought to be a
mosquito-bird cycle. Humans are dead-end hosts infected by
the bite of ornithophilic mosquito species or by bridging
mosquito vectors with broader feeding habits. These include
Aedes, Culex, Culiseta, and Mansonia spp.

Clinical Manifestations
The incubation period is as long as 1 week, and the principal
clinical features are arthralgia and rash (167–169). Symp-
toms may be preceded by a short prodrome of fever, head-
ache, and malaise followed by progressive musculoskeletal
pain. All the joints may be symmetrically involved, although
the ankles, wrists, knees, fingers, and toes are most fre-
quently affected, followed by the hips, shoulders, elbows,
and, occasionally, the neck and back. Joints are swollen due
to synovial and periarticular edema, and some patients are
unable to walk. Tendons may be inflamed as well. Phar-
yngitis and lymphadenopathy may be present. Discrete
macules on the trunk and limbs, including the palms and
soles, evolve to small (3 mm diameter) papules, generally
sparing the face and head (Fig. 11), and a vesicular rash
occasionally develops. The ESR may be elevated during the
acute illness, occasionally to > 25 mm/h. Other laboratory
examinations have been unremarkable.

Joint symptoms usually resolve over a period of weeks, but
residual symptoms persist for several years in one-third of cases
(49). Convalescence is characterized by asthenia and fatigue.

The principal consideration in the differential diagnosis
is West Nile virus infection, which is transmitted in the
same-season enzootic cycle and in an overlapping geo-
graphic distribution in Africa and Asia. However, West Nile
virus causes less prominent joint pains, rash is less common,
and lymphadenopathy may be more prominent. Other
conditions to be differentiated are described in the section
on CHIKV above.

Laboratory Diagnosis
Virus has been recovered from both blood and skin lesions of
a minority of infected individuals but has limited diagnostic
value (171). Specific IgM generally appears within a week
after onset, and IgG appears a few days later (171). IgM
declines slowly over a period of years (172). Cross-reacting
antibody has not been described as a problem, and it should
be considered where exposure to other alphaviruses may
have occurred.

Prevention and Treatment
Individuals planning excursions to known enzootic areas
during the transmission season should use precautions against
mosquito bites. No specific therapy is available. Symptomatic
treatment with nonsteroidal anti-inflammatory drugs may
provide relief from joint symptoms.

MAYARO VIRUS
MAYV is a member of the SFV complex of alphaviruses and
is its principal representative of alphaviruses within the New
World. Viral activity is widely distributed in forested loca-
tions in Central America and the pan-Amazonia region of
South America, resulting in a high level of endemic trans-
mission and seroprevalence rates of > 50% in some areas.
The virus was isolated in 1954 from febrile humans in
scattered areas of Trinidad and was named after the island’s
Mayaro District (30, 173). Phylogenetic studies have shown
that MAYV exists in two distinct genotypes; genotype D
contains isolates from Trinidad and the north central portion
of South America, including Peru, French Guiana, Surinam,
Brazil, and Bolivia, whereas genotype L appears to be re-
stricted to the Amazonian region of Brazil (173).

Most outbreaks are typified by forest exposure, high at-
tack rates, often with higher risk among males of working
age, and occurrence in the rainy season. Outbreaks in cities
have also been described. The epidemiological pattern is
explained by the forest cycle of viral transmission, probably
between Hemagogus mosquitoes and wild vertebrates, in-
cluding monkeys and marmosets, analogous to the sylvatic
cycle of yellow fever.

The incubation period is < 6 to 12 days (174, 175).
Onset of illness is sudden, with severe headache, vertigo,
chills, myalgia, malaise, and fever as high as 40ºC. Move-
ment of the eyes, head, and neck is painful, and the con-
junctivae may be injected. Joint pain and swelling are the

FIGURE 11 Small papular lesions seen in Sindbis (Ockelbo)
fever. Courtesy of B. Niklasson.
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principal features of the illness, affecting (in decreasing fre-
quency) the fingers, wrists, ankles, toes, elbows, and knees.
Joint pains sometimes precede the onset of fever and range
in severity from mild to incapacitating. In two-thirds of
cases, a morbilliform rash over the trunk and limbs appears
late in the illness, often with the resolution of fever. Rash
occurs more often in children than in adults. Inguinal
lymphadenopathy is present in about half the cases. Slight
liver enlargement and mild jaundice have been reported.
Fever remits after 1 to 6 days, and patients with mild symp-
toms are able to resume work in 2 to 3 days. Others remain
incapacitatedwith fatigue and joint stiffness for several weeks.
Leukopenia with a relative lymphocytosis is a constant find-
ing in the first week, with values returning to normal in the
second week. Moderate albuminuria and slight elevations of
liver transaminases and direct bilirubin have been reported
for a few patients (174). Hemorrhagic disease has been de-
scribed, but no fatalities have been attributed to the illness.

Clinically the illness may be mistaken for dengue. An
epidemiological history of forest exposure suggests the di-
agnosis, and other considerations are discussed in the section
on CHIKV above.

The virus can readily be isolated from blood obtained
within the first 3 or 4 days of illness (30, 174, 175). De-
tection of specific IgM and detection of a ‡ 4-fold or greater
rise in IgG titer provides a serologic diagnosis of recent in-
fection, but reciprocal testing with antigens against other
local alphaviruses may be needed (175).

Infection is best prevented by avoiding forested areas,
particularly during the day when Hemagogus mosquitoes are
active, and by taking appropriate measures to prevent ex-
posure.

ROSS RIVER VIRUS
Virology
RRV is the most common arbovirus infection in Australia.
Outbreaks of “epidemic polyarthritis’’ infection were recog-
nized in 1886 and 1928 and also during World War II before
the virus was isolated in 1959 from A. vigilax mosquitoes
collected along the Ross River in Queensland (8). The virus
exhibits a high degree of conservation, with strains from the
known region of viral transmission, spanning a 30-year period,
showing only a 3.3% divergence in the nucleotide sequences
of the E2 and E3 genes. Strains separate into three genotypes
that have demonstrated strain replacement (genotype 2) and
extinction (genotype 1). Genotype 1 was present in northern
Queensland until the mid-1970s when it was replaced by
genotype 3, which also caused the outbreaks in the Pacific
Islands. Genotype 2 is restricted to the southwestern corner of
Western Australia but was largely replaced by genotype 3 in
1996, which is now the dominant strain throughout Australia
(170). The reasons for this genotype 3 dominance may be
due to a fitness advantage related to duplications of 36 nu-
cleotides (and their resulting polypeptide) in the 3¢ region of
the nsP3 gene (176). Complete genome sequences are
available for genotype 1 (T48) and several genotype 3 strains,
including one human isolate (QML 1), and a full-length
cDNA clone of the T48 strain has been constructed.

Epidemiology
Cases have been reported from all states of Australia, Papua
New Guinea, New Caledonia, the Solomon Islands, and, in
a single extensive outbreak in 1979–1980, from Fiji,
American Samoa, Tonga, and the Cook Islands in the South

Pacific (170). Several thousand cases of RRV disease are
reported each year in Australia, the majority occurring in the
heavily populated areas of southeastern Queensland, coastal
New South Wales, and the southwest region of Western
Australia, although the highest attack rates and individual
risk actually occur in the sparsely populated northern trop-
ical areas (Fig. 12). In the subtropical and tropical northern
regions, human infections occur mainly in the December-to-
May wet season, and, in the central arid regions, outbreaks
occur following irregular heavy rainfall and flooding. In the
southerly temperate climates, infection is highest in the late
spring, early summer, and autumn, when it is warm and wet
(177). Risk is directly related to proximity to mosquito
breeding areas (56). A low level of viral transmission may
occur throughout the year, even in temperate southern
Australia. Epidemics in these temperate areas generally oc-
cur every 2 to 4 years and are likely related to the climatic
conditions resulting in increases in vector numbers and to
the availability of susceptible amplifying marsupial hosts
(178).

The principal vectors are salt marsh Aedes species, espe-
cially A. vigilax in coastal areas, and Culex annulirostris and
other freshwater species in the interior (170, 177). Natural
infections occur in a broad range of animals, including birds,
marsupials, and placental mammals. The principal viral
transmission cycle in Australia involves kangaroos, walla-
bies, and other macropods, especially younger animals (178),
as vertebrate hosts, with humans as incidental hosts. Short
cycles of human-mosquito-human transmission have oc-
curred during major epidemics (170) but are not sustained
and do not significantly contribute to maintenance of the
virus.

Epidemics typically have been preceded by increased
rainfall and increased tidal inundation of coastal swamps,
leading to expanded vector mosquito populations. Risk is
associated with outdoor exposure during the periods of
greatest mosquito activity, during the day and at night for A.
vigilax, and in the period before and after dusk and dawn for
C. annulirostris. The highest rates of infection occur in res-
idents of epidemic areas, but infections in tourists and other
visitors are not unusual (177). Recently, transmission by
blood transfusion has been documented (179), adding to the
list of transfusion-transmitted arboviruses.

Clinical Manifestations
The estimates of clinical illness following RRV infection
have varied widely, with case-to-infection ratios between
1:80 and 3:1 or higher (36, 43, 48). The incubation period
can last 3 to 21 days, but usually ranges from 7 to 9 days (48).
The acute illness consists of malaise, fatigue, muscle pains,
joint pains, and, in one-half of cases, low-grade fever (177,
180). Some patients have diarrhea, headache, neck stiffness,
or sore throat. Within a few days, a maculopapular ery-
thematous rash appears in 50 to 60% of cases, initially on the
trunk and limbs and sometimes spreading to the palms, soles,
and face. It may appear as early as 11 days before or as many
as 15 days after onset. Occasionally the rash is predomi-
nantly papular and, rarely, vesicular. Enanthems of the oral
mucosa are uncommon. The rash generally fades or des-
quamates within 10 days, although lesions may recur.
Tiredness, debilitating joint pain, stiffness, and swelling de-
velop in 80 to 90% of patients; joint involvement is usually
symmetric and typically affects the wrists, knees, ankles, and
small joints of the hands and fingers. The elbows, shoulders,
feet, back, and jaw may also be involved and, less frequently,
the hips and costochondral junctions. Inflammation may
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extend to wrist and ankle tendons and the plantar fascia,
causing nerve compression and paresthesia.

Most patients recover within a month, with joint pain,
lethargy, and muscle pains being the slowest symptoms to
resolve. Fever and rash, if present, usually last less than a
week; many patients recover fully within 4 weeks, and most
return to full physical activity within 3 to 6 months (177,
180), although symptoms, such as joint pains, muscle pains,
and lethargy, may continue for months, especially in patients
with preexisting joint disease (42, 43).

Glomerulonephritis and associated loin pain have been
noted in several cases. Vertical infections have been dem-
onstrated in experimentally infected mice and may occur
rarely in humans, but there is no evidence of any associated
fetal disease in humans. While headache is relatively com-
mon, there is no convincing evidence of more serious neu-
rologic disease due to RRV (177).

The blood count is nearly always normal, and the C-
reactive protein level is rarely elevated. Rheumatoid factor
and other autoantibodies are absent. Cases with glomeru-
lonephritis may have hematuria with the presence of glo-
merular red cells, pyuria, and proteinuria. The ESR may be
moderately elevated during the first week of illness and
usually declines to normal despite the persistence of symp-
toms. Joints, even if swollen, often have little excess synovial
fluid, although amounts as high as 70 ml have been reported.
The joint fluid is clear, opalescent, and free of clots and
exhibits a mononuclear pleocytosis of 1 · 109 to 60 · 109
cells/liter. Radiographs show no erosive changes or defor-
mities.

The differential diagnosis includes other arthritogenic
arboviruses found in Australia, e.g., BFV, two flaviviruses

(Kokobera virus and the Kunjin strain of West Nile virus),
and, rarely, SINV (170, 180). Other considerations in the
differential diagnosis are mentioned in the section on
CHIKV.

Laboratory Diagnosis
Humans have a transient viremia, so virus is only occa-
sionally detected in acute-phase blood. Culture is usually
done in C6/36 cells, although blind passage to indicator
cells, such as Vero, BHK, or chicken embryo cells, is needed
to see a CPE. Intrathoracic injection of Toxorhynchites
mosquitoes or inoculation of mice is less common. Detection
of viral RNA is more sensitive than culture and may be
positive prior to, and in the early phase of, the antibody
response. However, viral RNA is usually undetectable by the
time patients present to a medical practitioner, and that,
combined with the limited availability, means that it is not
used in routine diagnosis.

Laboratory diagnosis is usually made serologically. Con-
firmed recent infection is indicated either by IgG serocon-
version by EIA, HI, or NT or by a 4-fold rise in IgG titer by
HI or NT. This may take as long as 4 weeks and occasionally
more. Virus-specific IgM antibodies, detectable by EIA or IF,
appear within 1 week of onset of illness. False-positive re-
actions can occur such that detection of IgM alone, espe-
cially using some of the commercially available EIAs, is
likely to be a false-positive result and should always be
confirmed by convalescent serology to check for IgG sero-
conversion (54). Cross-reactions between RRV and BFV
antibodies are uncommon and usually occur with EIA IgM
tests; the infecting virus can usually be determined by
looking for rising IgG or retesting using a different assay.

FIGURE 12 Notifications and notification rates of RRV infections, Australia, 2005–2006, by Statistical Division of residence. Reprinted
from reference 187 with permission.
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Prevention and Treatment
Mosquito control measures can be undertaken to control
breeding in areas near human populations. Personal pro-
tective measures are recommended for people living in or
visiting areas of RRV activity. There are no vaccines avail-
able. An inactivated vaccine for Ross River virus has been
shown to be safe and immunogenic in humans, inducing
neutralizing antibody responses in 91.5% of adults younger
than 60 years and in 76% of adults aged 60 years or older,
following three doses (181). However, as the vaccine has
never been licensed for use, its effectiveness in prevention of
infection and disease in humans is not known.

Rest during the acute period of illness is prudent, fol-
lowed by gentle exercise. Heat assists some patients. Non-
steroidal anti-inflammatory drugs provide rapid relief of
symptoms and hasten resumption of activities in most pa-
tients (48). Steroids have been used and provide temporary
relief, but they are not recommended due to potential side
effects and a lack of data on benefits.

BARMAH FOREST VIRUS
BFV, named after the site in northern Victoria where it was
first isolated from Culex annulirostris mosquitoes, is anti-
genically distinct from other alphaviruses, including RRV
and SINV, which are also found in Australia (170, 177). The
diseases caused by BFV and RV are clinically indistinguish-
able, although arthritis and arthralgia are less severe, occur
less frequently, and do not persist as long as with RRV dis-
ease, and rash is more prominent in BFV disease (180). In a
mouse model, BFV caused less severe myositis than did RRV
and showed lesser activation of inflammatory mediators
TNF-a, IL-6, CCL2, and arginase-1 than did RRV (182).

Their seasonality and transmission cycles have overlap-
ping features, but independent outbreaks have occurred.
Overall, the BFV notification rates in Australia are usually 5
to 10% of those for RRV disease (177). Apparent increases
in infections in recent years have resulted from an increase
in testing and from high false-positive rates in the commonly
used EIA-IgM test (55). Patient management is the same as
for RRV disease, and there is no vaccine available.

MISCELLANEOUS ALPHAVIRUSES
Semliki Forest Virus
In Central Africa, SFV is transmitted in a sylvatic cycle
analogous to that of yellow fever virus (183). While human
infections are common, disease is rare, with one case of fe-
brile illness with severe persistent headache following nat-
ural infection in Africa and one laboratory-acquired case of
fatal encephalitis in Germany.

Me Tri virus is a variant of SFV (184), which was isolated
from Culex tritaeniorhynchus, and has been associated with
sporadic encephalitis cases in children in Vietnam (185).

Getah Virus
GETV is distributed widely in Asia and Oceania. It causes
disease in horses and abortion in pigs and is a rare cause of
febrile illness in humans.

Una Virus
UNAV is closely related to Mayaro virus, but phylogenetic
studies show that it is quite distinct genetically. It produces
febrile illness with arthritis in horses but has not been as-
sociated with human disease.
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Rubella Virus
DAVID W. KIMBERLIN

56
Rubella is a benign disease when acquired by a child or adult,
but causes significant sequelae to a developing fetus when
intrauterine transmission occurs. Following the devastating
worldwide pandemic in 1962–1965, a safe and effective ru-
bella vaccine was developed and widely utilized. As a con-
sequence, the occurrence of congenital rubella syndrome has
decreased dramatically in those regions of the world with
rubella vaccination programs. In 2015 the Americas region
became the first World Health Organization (WHO) region
in the world to be declared free of endemic transmission of
rubella. Despite this, rubella continues to circulate in other
parts of the world, including a large outbreak in Japan oc-
curring since 2012, and approximately 100,000 cases of
congenital rubella syndrome still occur worldwide. Given
the ease and frequency of global travel, however, clinicians
need to remain aware of rubella even in the United States, so
that imported cases can be identified and managed accord-
ingly. This chapter reviews the current knowledge of the
natural history, pathogenesis, diagnosis, treatment, and
prevention of rubella.

INTRODUCTION
Rubella was known to early Arabian physicians by the name
al-hamikah, but it was initially considered to be a form of
measles (1). In 1752 and 1758, the German physicians de
Bergen and Orlow first described rubella as a unique clinical
entity (2, 3). Rubella subsequently was reported in England
(3–5) and the United States (3, 6). In 1866, Henry Veale
introduced the name rubella, believing that the name of a
disease “should be short for the sake of convenience in
writing, and euphonious for ease in pronunciation” (7). At
the International Congress of Medicine in London, Eng-
land, in 1881, these developments culminated in the con-
sensus that rubella was a distinct disease (8, 9). Rubella is
commonly called German measles, and it is the third of the
six viral exanthems of childhood, with measles and scarlet
fever being first and second, respectively (10).

Rubella was thought to be a benign disease until 1941,
when the Australian ophthalmologist Norman McAlister
Gregg first described the congenital defects of infants of
mothers who had developed rubella early in pregnancy (11,
12). Although initially met with skepticism by the world-
wide medical community, Gregg’s keen observations were

quickly confirmed in Australia (13–15), the United States
(16), and the United Kingdom (17). By 1947, 521 cases of
congenital rubella had been reported in the medical litera-
ture (18).

In 1938, Hiro and Tasaka (19) established the viral eti-
ology and transmissibility of rubella by subcutaneously
inoculating 16 nonimmune children with filtered nasopha-
ryngeal saline washings collected from patients in the erup-
tive stage of rubella. Habel (20) used similar nasal washings
obtained within 24 h of the appearance of the rash to infect
Macaca mulattamonkeys. Rubella was successfully cultivated
in tissue culture in 1962 by Weller and Neva (21) in Boston,
and by Parkman et al. (22) in Washington, DC. The
methodology of Parkman and colleagues for the isolation of
the noncytopathic rubella virus exploited its interference
with the growth of enteroviruses in African green monkey
kidney (AGMK) cell culture, and this soon became the
standard method for rubella virus isolation.

The increasing recognition of congenital rubella syn-
drome during and after the pandemic of 1962 to 1965 em-
phasized the need for the development of an efficacious
vaccine. Between 1965 and 1967, several attenuated rubella
virus strains were developed and evaluated in clinical trials
(23–25). Results of these investigations culminated in the
convening of the International Conference on Rubella
Immunization in February 1969 (26). During the same year,
three strains of live attenuated rubella vaccines were li-
censed in various countries: HPV-77, grown in duck embryos
for five passages (DE-5) or dog kidney cells for 12 passages
(DK-12); Cendehill, grown in primary rabbit cells; and
RA27/3, grown in human diploid fibroblast culture (24, 25,
27, 28). Developed by Stanley Plotkin, the RA27/3 vaccine
has been used exclusively in the United States since 1979
(29, 30). Due to the overwhelming success of the rubella
immunization program, endemic transmission of rubella has
been eliminated in the United States and throughout the
Americas (31, 32).

VIROLOGY
Classification
Rubella virus is the sole member of the Rubivirus genus of the
Togaviridae family. The other genus in the family of Toga-
viridae is Alphavirus. In contrast to the Alphaviruses, which
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replicate in arthropods and in vertebrates, rubella virus has
no invertebrate hosts. The only known host for rubella virus
is humans.

Only one immunologically distinct serotype of rubella
virus exists, and rubella virus is serologically unrelated to
other known viruses. At least two genotypes can be distin-
guished by E1 gene sequences. Rubella genotype I isolates,
predominant in Europe, Japan, and the western hemisphere,
segregated into discrete subgenotypes. Rubella genotype II
viruses are limited to Asia and Europe, demonstrate greater
genetic diversity, and may consist of multiple genotypes
(33). However, these biological variations are not the con-
sequence of antigenic differences, as determined by protein
composition or serologic analysis (34, 35).

Viral Composition
The spherical particles of rubella virus measure 50 to 70 nm
in diameter (36, 37). An individual virion is composed of a
30-nm core structure surrounded by a single-layered enve-
lope measuring 10 nm in thickness. The envelope is ac-
quired during budding through the host nuclear or plasma
membrane (37, 38). Glycoprotein projections measuring 5
to 6 nm in length are located on the viral surface (38, 39).

The viral core contains the single-stranded, positive-
sense 40S RNA genome, composed of approximately 10,000
nucleotides, with a molecular weight of approximately 3.8 ·
106 daltons (40, 41). The structural protein known as pro-
tein C (or capsid protein) is one of three structural proteins
of rubella virus and is associated with the 40S RNA. Protein
C is nonglycosylated and has a molecular mass of 33 kDa
(39). The other two major structural proteins, E1 and E2, are
envelope glycoproteins that together comprise the viral
surface projections described above. The molecular masses of
E1 and E2 are 58 and 42 to 47 kDa, respectively. E1 is the
viral hemagglutinin, and the exact function of E2 is unclear.
A 42-kDa E2 molecule (designated E2a) and a 47-kDa E2
molecule (designated E2b) have been recognized (39).

Biology
Viral genomic and subgenomic RNA species are detectable
in tissue culture 12 h postinfection, with peak RNA syn-
thesis occurring by 26 h following initial infection (42). In
comparison, viral protein production can be initially
detected by immunofluorescence at 12 h postinfection, and
peak structural protein synthesis occurs by 16 h after initial
infection (42).

Propagation of rubella virus in tissue culture does not
produce a reliable or distinctive cytopathic effect (CPE) by
light microscopy. In general, growth of rubella virus in
continuous cell lines (hamster, rabbit, simian, and human)
produces a variable CPE which depends upon adaptation of
the viral isolate to the cell line and on the passage history of
the cell line, among other factors (41). Of the continuous
cell lines, the kidney cell lines from the rabbit (RK-13),
African green monkey (Vero), and baby hamster (BHK-21)
are used most frequently for the detection of CPE.

Detection of rubella virus in primary cell culture (human,
simian, bovine, rabbit, canine, or duck) is accomplished by
means of an interference assay. Although infection with
rubella virus in primary cell cultures does not produce CPE,
superinfection by many additional viruses is blocked.
AGMK cells have proven superior for isolation of virus from
human specimens by the interference technique: infection
in AGMK tissue culture by rubella virus is suggested by the
failure of the typical enteroviral CPE to occur after challenge
with echovirus 11 or other enteroviruses. The presence of

rubella virus is then confirmed by an additional technique,
such as neutralization or fluorescence with specific anti-
rubella serum.

Although natural rubella infection occurs only in hu-
mans, infection in experimental animals can be achieved.
The complete spectrum of acquired or congenital disease is
not manifested in any of these animal models, however.
Following intranasal, intramuscular, or intravenous admin-
istration, rhesus monkeys develop viremia and shed virus in
nasopharyngeal secretions (43). Other species of monkeys
can also be infected with rubella virus (44). Attempts at
mimicking congenital rubella have resulted in recovery of
virus from the amnion and placenta of monkeys, although
the embryos are not consistently infected (45, 46). The
ferret also has proven to be a very useful animal model in the
study of rubella disease following both subcutaneous and
intracerebral inoculation of virus (47). Additional animals
that have been experimentally infected with rubella virus
include rabbits, hamsters, guinea pigs, rats, and suckling
mice.

Rubella virus is heat labile. Rapid inactivation occurs at
56°C, and a slower decrease in activity is noted at 37°C
(48). In the presence of protein, the virus remains viable at
4°C for a week or more. However, infectivity is rapidly lost at
temperatures of - 10 to - 20°C (48). Specimens can be
stored indefinitely at - 60°C. The addition of MgSO4 sta-
bilizes the virus with respect to heat inactivation, allow-
ing for safe transport on ice (49). Extremes of pH (less than
6.8 or greater than 8.1), UV light, and chemicals such
as ether, acetone, chloroform, deoxycholate, formalin, b-
propiolactone, ethylene oxide, free chlorine, and 70%
alcohol all inactivate rubella virus (50, 51).

EPIDEMIOLOGY
Geographic Distribution
Rubella has a worldwide distribution, although clinically
recognized disease occurs less frequently in tropical regions
than in temperate zones (52). Because humans are the only
known natural host for rubella virus, the virus must circulate
continuously within populations of people between periods
of epidemics. Such endemic spread of rubella virus occurs in
most areas of the globe, although small islands that are
geographically isolated can lack endemnicity (1, 53). Rubella
epidemics have occurred as well on several large islands
without the establishment of subsequent endemic spread of
the virus among the island populations (41, 54, 55).

Incidence and Prevalence of Infection
Reporting of rubella was not required in the United States
until 1966. Since widespread vaccination programs were
initiated only 3 years later, there is a paucity of thorough
U.S. data on the incidence and prevalence of rubella in the
prevaccination era. The majority of cases of rubella prior to
1969 occurred in children 5 to 9 years of age (56). In
comparison, rubella outbreaks in recent years predominantly
have occurred in adolescents and young adults, with 49 to
63% of cases in 1992 and 1993 occurring in persons of at
least 20 years of age (57).

Before 1969, epidemics of rubella occurred in 6- to 9-year
intervals, with worldwide pandemics ensuing every 10 to 30
years (47). An individual epidemic usually lasted 3 to 4
years, with cases peaking at the middle of the cycle (58). The
widespread use of rubella vaccine has interrupted this epi-
demic pattern in those countries with effective vaccination
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programs. The last epidemic of rubella in the United States
occurred in 1964 as part of the worldwide pandemic of 1962
to 1965. During that epidemic, 12.5 million cases of rubella
were reported in the United States (59), with some 20,000
cases of congenital rubella syndrome (41).

Rubella is a highly contagious disease, and the incidence
of rubella infection during an epidemic cycle approaches
100% of susceptible hosts in closed populations (e.g., mili-
tary recruits) (60–62). Virtually all susceptible household
contacts are infected during such outbreaks (54). The
overall incidence of disease among susceptible hosts at the
community level during an epidemic ranges from 50 to 90%
(1). Clinically apparent rubella occurs with equal frequency
in boys and girls; however, rubella is more commonly diag-
nosed in women than men in adult populations, possibly due
to heightened awareness of the risk of congenital rubella
among women of childbearing age (46).

At least half of all serologically confirmed childhood
primary rubella infections result in clinically inapparent ill-
ness (41, 61). Reinfection with rubella virus can occur fol-
lowing natural infection, but is usually asymptomatic (62).
Viremia is rarely documented, although systemic symptoms
such as arthritis and rash may occur (63). Reinfection fol-
lowing vaccination occurs more commonly than following
natural infection, but also usually is asymptomatic and not
associated with viremia (64, 65). Up to 80% of persons
previously vaccinated against rubella will be reinfected
during an epidemic (62, 64). Reinfections are more likely to
occur in persons with lower rubella antibody titers (62, 64,
65). Rubella reinfection during pregnancy can result in
congenital rubella syndrome, although this is a very rare
event (66, 67).

The success of the rubella control program is illustrated in
the 40 years following licensure of the rubella vaccine in the
United States (Figure 1). By 2005, endemic transmission of
rubella had been eliminated in the United States (31), and
cases of rubella and of congenital rubella syndrome in the
United States in 2007 were 99.9 and 99.3% lower, respec-
tively, than in the prevaccine era (68). From 2004 through
2012, 79 cases of rubella and 6 cases of congenital rubella
syndrome, including 3 cases in 2012, were reported in the
United States; all of the cases were import-associated or from
unknown sources (69). An estimated 95% of the U.S.
children and adolescents of 6 through 19 years of age are

immune to rubella (70). However, approximately 10% of
adults of 20 through 49 years of age lack antibodies to ru-
bella, although 92% of women are seropositive.

The remarkable success in decreasing the incidence of
rubella in this country and others has led scientists and in-
ternational organizations to consider the goal of rubella
eradication (71–75). In 2003, the Pan American Health
Organization (PAHO) adopted a resolution calling for
elimination of rubella and CRS in the Americas by the year
2010. All countries with endemic rubella in the Americas
implemented the recommended PAHO strategy by the end
of 2008. The strategy consists of achieving high levels of
measles-rubella vaccination coverage in the routine immu-
nization program and in the supplemental vaccination
campaigns to rapidly reduce the number of people in the
country susceptible to acute infection. This is accomplished
while simultaneously strengthening epidemiologic surveil-
lance to monitor impact. The last confirmed endemic case in
the Americas was diagnosed in Argentina in February 2009.
In September 2010, the PAHO announced that the region
of the Americas had achieved the rubella and CRS elimi-
nation goals on the basis of surveillance data, and in 2015,
the Americas region became the first WHO region in the
world to be declared free of endemic transmission of rubella
(32). Rubella continues to circulate in other parts of the
world, however, including a large outbreak in Japan occur-
ring since 2012 (76). Approximately 100,000 cases of con-
genital rubella syndrome still occur worldwide, illustrating
the length remaining toward the ultimate goal of a world free
of rubella’s devastating effects during pregnancy (77). Three
of the five remaining WHO regions have set control or
elimination targets for rubella (77). The European region
has a target of rubella elimination by 2015, and the Western
Pacific region aims to have substantially accelerated rubella
control and congenital rubella syndrome prevention by
2015. Rubella control or elimination goals are yet to be
established in the African, Eastern Mediterranean, and
South-East Asia regions.

Seasonality
In temperate climates such as North America and Europe,
rubella is most prevalent in March, April, and May (78).
This seasonal pattern occurs both in years with high rates of
infection and in years with low rates of infection (1).

FIGURE 1 Number of rubella and congenital rubella syndrome (CRS) cases—United States, 1966–2011. Source: Rubella and CRS data
provided were reported voluntarily to CDC from state health departments. * By year of birth. (Reprinted from reference 162 with permission.)
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Transmission
Rubella virus is transmitted primarily by virus-laden droplets
from the respiratory secretions of infected persons. In studies
conducted with volunteers, rubella virus can be detected in
nasopharyngeal secretions from 7 days prior to 14 days fol-
lowing the onset of the rash (79, 80), with maximal shed-
ding of virus occurring from 5 days before to 6 days after the
appearance of the exanthem (1). The incubation period of
rubella is usually 16 to 18 days, but can range from 14 to 23
days (81). Persons with subclinical cases of rubella are
contagious and can transmit infection to others. Recipients
of the rubella vaccine do not transmit rubella, however, even
though the virus can be isolated from the pharynx.

Infants with congenital rubella syndrome are capable of
transmission of virus to susceptible persons (82). At one year
of age, between 10 and 20% of infants with congenital ru-
bella syndrome continue to shed virus in the nasopharynx
(83). Viral shedding occurs for as long as 20 months after
birth in up to 3% of congenitally infected infants (84), a
finding that can be of particular concern in hospital envi-
ronments (85).

Individuals vary in their ability to transmit rubella. A
minority of patients who have a high likelihood of trans-
mitting virus to susceptible contacts have been identified
during rubella epidemics (“spreaders”) (86). In contrast,
most individuals transmit rubella virus less efficiently
(“nonspreaders”). Genetic factors may correlate with the
ability to transmit rubella virus, with persons bearing the
major histocompatibility complex antigens HLA-A1 and
HLA-A8 being more likely to spread rubella during infec-
tion (1, 87).

Congenital Rubella
Fetal infection can occur throughout pregnancy, with the
risk of infection being greatest during the first trimester,
decreasing during the second trimester, and then rising again
as the fetus approaches term. In one study, the risk of fetal
infection in infants whose mothers had rubella during the
first trimester was determined to be 81% (Figure 2) (88).
The infection rate following second trimester exposure was
39%, and the infection rate was 53% after exposure during
the third trimester (88). In a second study, the risk of fetal

infection following maternal rubella during the second tri-
mester was 32%; the risk following third trimester maternal
infection was 24% overall, but when maternal infection
occurred near term, that rate rose to 58% (89).

The risk of congenital anomalies in live-born children
following fetal infection also varies according to the month
of pregnancy in which maternal infection occurs. One study
reported that 85% of infants born to women infected with
rubella virus during the first 8 weeks of pregnancy had
anomalies detected during the first 4 years of life (90).
Detectable defects occurred in 52% of infants born to
mothers infected at 9 to 12 weeks’ gestation, in 16% of
infants born to women infected at 13 to 20 weeks’ gestation,
and in no infants born to mothers infected beyond 20 weeks’
gestation (90). In another investigation that followed
infected infants until 2 years of age, 100% (9 of 9) of infants
infected within the first 11 weeks gestation had detectable
congenital defects (88). In addition, 50% (2 of 4) of infants
infected from 11 to 12 weeks’ gestation demonstrated con-
genital anomalies; thus, 85% (11 of 13) infants infected
during the first trimester had detectable defects in this study
(Figure 2) (88). A study of congenital rubella syndrome
among children born to Amish women during the rubella
outbreak of 1990 to 1991 reported a similar rate of defects
(80%) among congenitally infected infants whose mothers
had first trimester infections (91).

For counseling purposes, determination of the risk of
congenital defects after confirmed maternal infection can be
calculated by multiplying the rates of fetal infections by the
rates of defects in infected infants. Accordingly, the risks are
90% for maternal infection before the 11th week of gesta-
tion, 33% for infection occurring during weeks 11 and 12,
11% for infection from weeks 13 to 14, and 24% for infec-
tion between weeks 15 and 16 (47).

PATHOGENESIS IN HUMANS
Virus Replication
Following initial infection of cells of the nasopharyngeal
respiratory epithelium, rubella virus spreads rapidly to the
regional lymph nodes by means of the lymphatics and pos-
sibly by transient viremia. Viral replication continues in
localized areas of the nasopharynx and regional lymph nodes
for another 7 to 9 days, followed by viremic spread to mul-
tiple sites throughout the body (47). Maximal viremia and
viruria occur 10 to 17 days after infection, and heavy viral
shedding from the nasopharynx continues from 10 to 24 days
postexposure (1).

Rash develops 16 to 18 days after infection. At the same
time, antibody begins to be detected, in association with
clearance of viremia (47). Virus in tissues also clears rapidly
as antibody becomes detectable. While virus can usually be
cultured from nasopharyngeal secretions from 7 days before
to 14 days after the onset of the rash, maximal viral trans-
mission occurs during the period from 5 days prior to 6 days
after the appearance of the rash (47). Other sites from which
rubella virus has been cultured include lymph nodes, urine,
cerebrospinal fluid (CSF), the conjunctival sac, breast milk,
synovial fluid, lung tissue, and skin (at sites both with and
without rash) (1).

Histopathology

Postnatal Rubella
Rubella acquired in the postnatal period typically is a mild
disease, and death as a consequence of postnatally acquired

FIGURE 2 Likelihood and outcome of congenital rubella syn-
drome as a function of time of acquisition of maternal rubella virus
infection. Hatched bars, rate of fetal infection; striped bars, rate of
defects in infected persons; diamonds, overall risk of defects after
maternal infection. (Adapted from reference 88 with permission.)
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rubella is exceedingly uncommon. From 1966 to 1975,
0.05% of reported cases of rubella in the United States re-
sulted in death (92). As a result, a paucity of information
exists on the tissue pathology that results from postnatally
acquired rubella. Reported morphological changes in lym-
phoreticular tissues, central nervous system specimens, and
synovial tissue have been nonspecific (1). Follicular hyper-
plasia and edema in lymph nodes and splenic tissue have
been documented. In addition, minimal meningeal and
perivascular exudate has been noted in neural tissue from a
fatal case, as has diffuse swelling and nonspecific degenera-
tion of brain (1). Lymphocytic infiltration, increased vas-
cularity, and synovial cell hyperplasia are seen on synovial
biopsy specimens from patients with rubella arthritis.

Congenital Rubella
While direct cellular destruction by rubella virus accounts
for some of the tissue damage seen in congenital rubella
syndrome, vascular injury and resulting insufficiency are
more important in the pathogenesis of congenital defects
(47, 93, 94). The amount of inflammation produced in
target organs is much less than that seen with other con-
genital viral infections. In addition, rubella virus infection
in vitro disrupts actin microfilaments (95), and mitotic arrest
has been demonstrated in vivo (96). Such disruption and
arrest may account for the decreased numbers of cells in
many organs of congenitally infected infants, resulting in
their generalized intrauterine growth restriction.

The pathological findings of the placenta include ex-
tensive perivasculitis, endovasculitis, and perivascular fi-
brosis (93, 94). Edema, fibrosis, and necrosis of the chorionic
villi also occur, resulting in a small placenta. Cellular ne-
crosis and other evidence of cytolysis also are present, but are
less widespread than the vascular lesions.

Numerous organs are involved in congenital rubella
syndrome. In general, affected organs are hypoplastic, in part
due to the reduction in the total numbers of cells. The
necrotizing angiopathy of small blood vessels is characteris-
tically seen in affected organs, including the placenta. Cel-
lular and tissue necrosis also can be demonstrated in affected
organs, although much less frequently than the vascular
findings. As would be expected with a chronic infection,
new and old lesions frequently can be seen in a single tissue
specimen (93, 94).

Immune Responses to Rubella Virus Infection

Postnatal Rubella
Humoral Immune Response. Rubella-specific immunoglobu-
lin M (IgM) antibodies can be detected by hemagglutination
inhibition assay (HAI), immunofluorescence assay (IFA),
radioimmunoassay, or enzyme-linked immunosorbent assay
(ELISA) (47, 97). IgM antibodies can usually be detected
within a few days of the onset of the rubella rash (Figure 3).
After a rapid peak, however, the IgM component of the host
antibody response rapidly declines, becoming undetectable
by 8 weeks following initial infection. Rarely, patients can
have persistence of rubella-specific IgM for prolonged peri-
ods (98). IgM is usually not seen with reinfection. When
IgM is present, reinfection can be distinguished from primary
rubella by testing of the avidity of the IgG produced, which
is higher in reinfection (99, 100).

Neutralizing and HAI IgG antibodies are first detectable
in serum 14 to 18 days following infection, at the time of the
rash (79). The quantity of HAI antibodies peaks around 2
weeks later and then gradually declines over the following

year and persists thereafter for life. IgG antibodies measured
by latex agglutination, neutralization, IFA, single radial
hemolysis, RIA, and ELISA generally parallel this HAI
pattern of IgG antibody kinetics (Figure 3) (47). Passive
hemagglutination IgG antibodies become detectable some-
what later, at 3 to 4 weeks following onset of rash (1). These
antibodies then slowly rise to peak levels over the ensuing
weeks, and probably persist for life (47). Complement fixa-
tion (CF) IgG antibodies are first detectable 7 to 10 days
after the onset of the rash, peaking at 1 to 3 months. CF
antibodies subsequently diminish to the point of being un-
detectable over several years in the majority of patients.

The principle IgG subclass detected by the above assays is
IgG1 (101). In addition, IgA mucosal HAI and neutralizing
antibodies are usually produced following postnatally ac-
quired rubella infection. Roughly half of patients who re-
ceive the rubella vaccine RA27/3 subcutaneously will
produce detectable amounts of rubella-specific nasal IgA
antibody (1).
Cellular Immune Response. Cell-mediated immune responses
following postnatal rubella infection can be detected by
lymphocyte transformation response, secretion of interferon
or macrophage migration inhibitory factor, induction of
delayed hypersensitivity to skin testing, and release of lym-
phokines by cultured lymphocytes (47). Cell-mediated re-
sponses can usually be demonstrated 1 week prior to the
initiation of humoral immunity, peaking about 2 weeks after
the onset of rash and then persisting for years (47). Transient
suppression of lymphocyte function can occur initially, thus
explaining the suppressed response to purified protein de-
rivative within the month following acute rubella virus in-
fection (102).

Congenital Rubella
Humoral Immune Response. Following maternal rubella in-
fection, the transplacental transfer of maternal IgG is min-
imal during the first half of pregnancy but increases
considerably beginning around 16 to 20 weeks’ gestation. As
a consequence, until the middle of the second trimester, the
amount of maternal rubella-specific IgG present in the fetal
circulation is only 5 to 10% of that present in the maternal
circulation (47). At roughly the same time that transpla-
cental transport of rubella-specific IgG is increasing at

FIGURE 3 Schematic of the immune response in acute rubella
virus infection. Values on the x axis indicate number of days. RIA,
radioimmunoassay; EIA, enzyme immunoassay; HI, hemagglutina-
tion inhibition; LA, latex agglutination; FIA/FIAX and IFA, im-
munofluorescence; Nt, neutralization; PHA, passive agglutination.
(Reprinted from reference 47 with permission.)
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midgestation, the fetal humoral system is beginning to pro-
duce detectable quantities of fetal immunoglobulin. The
predominant class of fetal antibody produced in the latter
half of pregnancy is IgM, although fetal IgG and IgA are also
made (Figure 4) (103). Nevertheless, rubella-specific IgG is
more abundant overall, due to the combined amounts of
both maternal and fetal antibody of this class. As the con-
centrations of maternal IgG decline following birth, rubella-
specific IgM will predominate for a period of several months
before declining to levels that are less than those of the
increasing neonatal IgG. Virtually all congenitally infected
infants have detectable IgM during the first 3 months of life;
IgM is detectable in about half of such infants between 3 and
6 months of age; and about one-third have detectable IgM
from 6 months to 2 years of age (104). Over the first several
years of life, the amounts of rubella-specific IgG can decrease
markedly, and some children can lose detectable amounts of
such IgG altogether (105, 106). Low avidity IgG can persist
even after the disappearance of rubella-specific IgM (107).
Cellular Immune Response. Rubella-specific cell-mediated
immune responses (lymphocyte-mediated cytotoxicity, lym-
phocyte transformation, lymphocyte interferon production,
and leukocyte migration inhibition factor production) in
infants with congenital rubella are diminished compared to
those of children following postnatally acquired disease (1,
108). Additionally, abnormal delayed-hypersensitivity skin
reactions can occur in congenitally infected persons (47).
The degree of cellular immune dysfunction is greater in
children exposed to rubella virus earlier in gestation, with
the greatest impairment noted in infants whose mothers
were infected during the first 8 weeks of pregnancy (108).

CLINICAL MANIFESTATIONS
Postnatal Rubella
In children who acquire rubella postnatally, a distinct pro-
dromal period is rare. Adolescents and adults, on the other
hand, usually will have prodromal symptoms from 1 to 5 days
prior to the development of the rash. Symptoms include
some combination of lymphadenopathy, low-grade fever,
ophthalmalgia, mild conjunctivitis, headache, malaise,

anorexia, aches, chills, cough, coryza, and sore throat.
Lymph nodes that are characteristically involved include the
suboccipital, posterior auricular, and posterior cervical
chains. Such nodes are usually painful in adults. In volunteer
studies with young adults, it was found that the lymph node
enlargement usually lasts from 5 to 8 days (109), although
resolution may take several weeks. While frequently occur-
ring together in older patients with rubella, the combination
of suboccipital lymphadenopathy and rash is not patho-
gnomonic for rubella virus infection.

Up to half of all serologically confirmed childhood pri-
mary rubella virus infections result in subclinical illness (41,
61). In those patients who do develop symptoms, the rash
usually appears after an incubation period of 16 to 18 days.
The exanthem initially appears on the face and then spreads
rapidly to the trunk and distal extremities. The erythema-
tous, maculopapular rash usually does not coalesce, and it
typically spreads to the entire body within 24 h. During the
second day of the exanthem, the rash begins to fade on the
face, and by the end of the third day, it has resolved across
the entire body (hence the term “three-day measles”). The
rash frequently is pruritic, especially in adults. Desquama-
tion can occur during the convalescent stage of disease. If
the patient was febrile during the prodromal period, defer-
vescence usually occurs within 1 day of the appearance of
the rash.

Roughly 100 years ago, Forcheimer (110) described an
enanthem of rubella consisting of small “rose red spots” on
the soft palate and uvula that fade within 24 h, “sometimes
leaving a yellowish brown pigmentation.” In another article,
however, Forcheimer refers to the enanthem as “small, dis-
crete, dark red, but not dusky papules which disappear in a
short time, leaving no trace behind” (111). Regardless of the
type of enanthem noted, neither is pathognomonic for ru-
bella, in contrast to the Koplik spots of measles.

Patients with postnatally acquired rubella frequently
have leukopenia at the time of onset of rash. Studies in adult
volunteers documented leukopenia beginning 1 day before
the onset of rash and persisting for 4 to 5 days (109). Ele-
vation of the erythrocyte sedimentation rate can develop
during the first week of illness (1).

Recently, rubella virus has been associated with Fuchs
heterochromic iridocyclitis (112, 113).

Complications
Arthritis and Arthralgias. Joint manifestations occur com-
monly following natural rubella virus infections in adults.
Acute polyarticular arthritis occurs in 33 to 52% of women
with natural rubella disease, while only 9 to 10% of men
experience acute arthritis following rubella infection (114).
Symptoms range from joint pain alone to frank arthritis,
with swelling, joint effusions, decreased articular mobility,
and local warmth and erythema. Joint complaints begin 1 to
6 days after the onset of the rash and can take several weeks
to resolve completely (1). Chronic arthritis can develop,
although this occurs infrequently. Arthritis and arthralgias
can also occur following rubella immunization, although at a
lower frequency than following infection with wild-type
virus (114).

The pathogenesis of rubella arthritis is not fully under-
stood. Some studies have implicated circulating immune
complexes in disease pathogenesis (115), while others have
found no such direct role (116). Rubella virus has been
cultured from the synovial fluid of patients with acute and
recurrent rubella arthropathies (117, 118), as well as from
peripheral blood mononuclear cells of patients with chronic

FIGURE 4 Schematic of the immune response in the mother,
fetus, and infant after maternal and fetal rubella virus infections in
the first trimester of pregnancy. (Reprinted from reference 47 with
permission.)
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arthritis (117). One patient with chronic polyarthritis had
persistent synovial lymphocyte proliferative responses to
rubella antigen for at least 7 years following disease onset,
raising the possibility of ongoing rubella antigen production
within the joint (118, 119). Persistent rubella virus infection
has been achieved in cultured human joint tissue, suggesting
the possibility that similar events may occur in vivo (120,
121).
Neurologic Involvement. Unlike the arthropathies described
previously, encephalitis and postinfectious encephalopathy
are very rare complications of natural postnatal rubella virus
infection. The rate of occurrence of such neurologic events
ranges from 1 in 4,700 to 1 in 6,000 cases of rubella (122,
123). Neurologic symptoms appear abruptly 1 to 6 days after
appearance of the rash, with headache, vomiting, lethargy,
nuchal rigidity, and generalized seizures. CSF white blood
cell counts range from 20 to 100 cells/mm3, with a lym-
phocyte predominance; CSF protein concentrations are
normal or slightly increased; and CSF glucose concentra-
tions are normal (1). Electroencephalographic tracings are
frequently abnormal (41).

Mortality rates due to the neurologic manifestations of
rubella range from 20 to 50% (124). Survivors usually re-
cover fully following disease resolution (41). The patho-
genesis of such complications is unclear, with some reports
suggesting a direct involvement of rubella virus and others
reporting findings consistent with a postinfectious process.
Hemorrhagic Manifestations. While transient depression of
the thrombocyte count occurs not infrequently in postnatal
rubella, thrombocytopenic purpura is encountered in only 1
in 1,500 cases (122). The median interval between onset of
the exanthem of rubella and development of purpura is ap-
proximately 4 days (1). Unlike the other complications of
rubella discussed previously, hemorrhagic manifestations of
disease are more likely to occur in children than adults. The
thrombocytopenia can last for weeks or months, but com-
plete recovery eventually results in most cases.

Differential Diagnosis
The benign nature of rubella virus infection and its non-
specific symptoms contribute to the difficulty in diagnosing
rubella on clinical grounds. In addition, the marked decrease
in disease incidence has resulted in many physicians lacking
personal experience in recognizing the disease. Conse-
quently, rubella can be readily mistaken for such illnesses as
scarlet fever, toxoplasmosis, infectious mononucleosis,
measles, roseola, erythema infectiosum, and enteroviral in-
fections (124). In adults, the pruritic component of the ru-
bella exanthem can be confused with an allergic reaction.

Congenital Rubella
Unlike those of postnatal rubella disease, the clinical man-
ifestations of congenitally acquired rubella usually are severe.
The classic triad of congenital rubella consists of cataracts,
cardiac abnormalities, and deafness. In addition, less fre-
quent manifestations of congenital rubella syndrome were
recognized during the large pandemic of 1962 to 1965 and
are collectively referred to as the expanded congenital ru-
bella syndrome, as detailed below.

The consequences of in utero rubella virus infection can
be considered broadly as belonging to one of three cate-
gories: (i) signs and symptoms that are transiently apparent
in affected infants, (ii) permanent manifestations that are
noted within the first year of life, and (iii) manifestations of
congenital rubella that are delayed in onset until later in life
(2 years of age to adulthood) (47).

Transient Sequelae
Many of the transient clinical manifestations of congenital
rubella were first recognized during the large pandemic of
1962 to 1965.As implied, thesemanifestations usually resolve
over a period of weeks. They include dermal erythropoiesis
(“blueberry muffin” rash), chronic rash, thrombocytopenic
purpura, hemolytic anemia, generalized lymphadenopathy,
interstitial pneumonitis, hepatitis, hepatosplenomegaly, ne-
phritis, myositis, myocarditis, bone radiolucencies, and me-
ningoencephalitis (1). Among the more common of these
findings are rash (petechial or “blueberry muffin” rash),
hepatosplenomegaly, jaundice, pulmonary involvement, me-
ningoencephalitis, and radiographic abnormalities (Figure 5)
(1). The majority of such infants are intrauterine growth
restricted at delivery (47).

Permanent Manifestations
Sensorineural hearing loss is the most common permanent
manifestation of congenital rubella, with deafness occurring
in 80% of congenitally infected patients (47). Additional
permanent sequelae of congenital rubella include cardio-
vascular anomalies, ophthalmologic findings, and neurologic
impairment.

Structural defects of the cardiovascular system occur in
the majority of infants whose mothers acquired rubella dur-
ing the first 2 months of gestation (1). Patent ductus arte-
riosus is the most common of these cardiovascular sequelae,
followed by pulmonary artery stenosis, and pulmonary val-
vular stenosis. Two-thirds of patients with patent ductus ar-
teriosus will have other cardiovascular lesions present (1).

Ophthalmologic findings include cataracts (bilateral or
unilateral), retinopathy, and microphthalmia. The retinop-
athy results from pigmentary defects in the retina and usually
does not interfere with vision. In contrast, a small number of
patients have congenital glaucoma that, if undetected, can
result in visual impairment.

Permanent neurologic impairment can result from the
active replication in the central nervous system of rubella
virus both in utero and following delivery. Indeed, such
neurologic sequelae as mental retardation and motor dis-
abilities correlate with the severity and persistence of the

FIGURE 5 (Left) Provisional zones of calcification are poorly
defined and irregular. Radiolucent defects are present in metaphyses
of femora and tibiae and the parallel long axis of the bone. (Right)
Lower extremities 2 months later show nearly complete disappear-
ance of osseous abnormalities. (Reprinted from reference 163 with
permission.)
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acute meningoencephalitis that is present at delivery in 10
to 20% of infants with congenital rubella syndrome (1).
Movement and behavioral disorders can also be seen in
surviving patients.

Delayed Manifestations
Sequelae of congenital rubella that develop in childhood or
adulthood but are not present in infancy include en-
docrinopathies, deafness, ocular damage, vascular effects,
and progressive rubella panencephalitis (125, 126). Of these,
the development of insulin-dependent diabetes mellitus
occurs most frequently, with approximately 20% of patients
being diagnosed with this form of diabetes by the time they
reach adulthood (47). Autoimmune-mediated thyroid dys-
function can also be seen (127).

LABORATORY DIAGNOSIS
Rubella virus infection is definitively diagnosed by isolation
of rubella virus in tissue culture, using one of several cell
lines and primary cell strains. Viral interference in AGMK
cells is one common culture technique by which the pres-
ence of rubella virus is demonstrated. When using such in-
terference techniques, the presence of rubella virus is then
confirmed by the specific detection of viral antigen by
neutralization or immunofluorescence.

Virus can be readily isolated from throat swabs from pa-
tients with postnatal rubella virus infection for 6 days before
and after the onset of rash (41, 64). Virus can be isolated
from specimens from the nasopharynx, conjunctivae, urine,
blood buffy coat, and CSF of patients with congenital ru-
bella. In utero infection with rubella virus can be demon-
strated by nucleic acid hybridization or by virus-specific
antigen detection in specimens from the chorionic villus or
fetus (128, 129). PCR assays have also been developed,
and detection of rubella virus RNA by real time reverse-
transcriptase PCR from a throat/nasal swab or urine sample
with subsequent genotyping of strains may be valuable for
diagnosis and molecular epidemiology (130).

Despite the definitive results afforded by direct viral
isolation in tissue culture, the majority of rubella cases are
diagnosed serologically. A 4-fold rise in rubella-specific IgG
between acute- and convalescent-phase serum specimens
confirms the diagnosis of postnatal rubella. Commercially
available rubella virus IgG avidity assays are of variable
sensitivity (131). Demonstration of the presence of rubella-
specific IgM is also diagnostic for recent infection with ru-
bella virus. Rarely, rubella-specific IgM can be detected with
reinfection. Specific antigens of rubella virus can be iden-
tified by such serologic reactions as CF (132), hemaggluti-
nation inhibition assay (HIA) (133), precipitation (134),
platelet aggregation (135), IFA (136), and ELISAs (137).
Although the HAI remains the reference standard by which
other tests are compared, simpler tests such as ELISAs have
become the predominant assays used by commercial labo-
ratories for the detection of rubella-specific IgG or IgM.

Serologic diagnosis of congenital rubella can be demon-
strated by the presence of rubella-specific IgM in neonatal
serum. Confirmation of the diagnosis based solely upon the
presence of IgG is difficult. In such cases, it is necessary to
test sequential sera from the infant for rubella-specific IgG.
In most cases, the IgG titer will decrease over several months
if it is solely of maternal origin, whereas it will rise if con-
genital infection has occurred and the infant is producing
rubella-specific IgG.

PREVENTION
Hospitalized patients with postnatal rubella require contact
isolation for 7 days after the onset of the rash. Postnatally
infected children should be excluded from school or child
care for the same period (81). In contrast, infants with
congenital rubella should be considered contagious until at
least their first birthday, unless two nasopharyngeal or urine
viral cultures obtained after 3 months of age and obtained 1
month apart are negative.

Exposure to rubella virus during pregnancy can be espe-
cially anguishing (138). If a woman with such an exposure is
known to be rubella-immune from a previous pregnancy, she
can be reassured with no further evaluation required. If, on
the other hand, she is not immune to rubella or her rubella
status is unknown, serologic testing should be performed
immediately. If such testing performed around the time of
the exposure demonstrates the presence of rubella antibody,
it can be assumed that she is immune and thus not at risk.
However, if no rubella-specific antibody is detected, she
should have a second serum sample obtained 2 to 3 weeks
after the exposure, and it should be tested for antibody si-
multaneously with the first specimen; seroconversion sug-
gests that infection occurred with the exposure. If the second
test is also negative, a final serologic analysis should be
performed on a serum sample obtained 6 weeks following the
initial exposure and also tested concurrently with the first
specimen; a negative test result for both specimens indicates
that infection has not occurred, and a positive result for the
second but not the first (seroconversion) indicates recent
infection (81).

Passive Immunoprophylaxis
Administration of immunoglobulin to susceptible persons
experimentally exposed to rubella virus can prevent clinical
rubella (139). However, there have also been many reports
of the failure of immunoglobulin to prevent the anomalies of
congenital rubella (140, 141). Therefore, the routine use of
immunoglobulin for the prevention of rubella in an exposed
pregnant patient is not recommended (81); administration
of immunoglobulin should be considered only if termination
of the pregnancy is not an option. Limited data indicate that
intramuscular immunoglobulin in a dose of 0.55 ml/kg of
body weight may decrease clinically apparent infection in an
exposed susceptible person from 87 to 18% compared with
placebo. However, the absence of clinical signs in a woman
who has received intramuscular immunoglobulin does not
guarantee that fetal infection has been prevented (81).

Active Immunization
Since 1979, the RA27/3 rubella vaccine has been used ex-
clusively in the United States (29, 30). Vaccination with a
single dose of vaccine at 12 months of age or older results in
IgG antibody production in more than 95% of vaccine re-
cipients, and a single dose confers long-term (probably life-
long) immunity against clinical and asymptomatic infection
in more than 90% of vaccines (81). Because of the two-dose
recommendations for measles- and mumps-containing vac-
cine (as MMR) and varicella vaccine (as MMRV), two doses
of rubella vaccine are administered routinely. This provides
an added safeguard against primary vaccine failures. Cellular
and humoral immune responses to rubella vaccination may
be influenced by the HLA alleles of the vaccine recipient
(142, 143). Subcutaneous administration of vaccine induces
production of IgM antibodies that peak at 1 month post-
vaccination (104).
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Rubella vaccine given after exposure to wild-type rubella
virus theoretically can prevent illness if administered within
3 days of exposure (81). Immunization of exposed non-
pregnant persons may be indicated because, if the exposure
did not result in infection, immunization will protect the
person in the future.

Rubella vaccine is administered subcutaneously in com-
bination with measles and mumps vaccine (MMR) or in
combination with measles, mumps, and varicella vaccine
(MMRV). Monovalent rubella vaccine and combined
rubella-measles vaccine are no longer available in the United
States. Current recommendations for rubella vaccination call
for administration of the first MMR or MMRV vaccination
at 12 to 15 months of age. Antibody responses following the
first dose of a rubella-containing vaccine are similar for
premature and term infants at 15 months of age (144). A
second MMR or MMRV vaccination is then recommended
at school entry at 4 to 6 years of age; those persons who have
not received this dose at school entry should receive their
second dose of a rubella containing vaccine as soon as pos-
sible, but no later than 11 to 12 years of age.

Postpubertal females who are not known to be immune to
rubella should be immunized. They should not receive the
vaccine if they are pregnant, and they should be warned not
to get pregnant within 28 days of vaccination. In addition,
premarital serologic screening for rubella immunity will
bolster attempts at identifying susceptible women of child-
bearing age. Finally, prenatal or antepartum serologic
screening for rubella immunity should be routinely per-
formed. Women who are found to be rubella susceptible
should receive rubella vaccine in the immediate postpartum
period prior to discharge. Breast feeding is not a contrain-
dication to such immunization. Vaccinated women of
childbearing age who have received one or two doses of
rubella-containing vaccine and have rubella serum IgG
concentrations that are not clearly positive should be ad-
ministered one additional dose of MMR vaccine (maximum
of three doses) and do not need to be retested thereafter for
serologic evidence of rubella immunity (81).

Adverse Reactions
From 5 to 15% of children receiving rubella vaccine develop
rash, fever, or lymphadenopathy between 5 and 12 days after
vaccination. Approximately 0.5% of children and 25% of
susceptible postpubertal female vaccinees develop arthral-
gias beginning 7 to 21 days after vaccination. Such symp-
toms usually involve small peripheral joints. The incidence
of joint manifestations after vaccination is lower than that
following natural infection at the corresponding age (81).
MMR vaccination rarely can cause idiopathic thrombocy-
topenic purpura, with cases occurring in approximately 1 in
22,000 doses; children with a history of idiopathic throm-
bocytopenic purpura do not have relapses following receipt
of MMR (145).

A possible relationship between rubella vaccination and
chronic arthritis in adult women is controversial. Following
a 20-month review, the Institute of Medicine (IOM) in 1991
found that the evidence is consistent with a causal relation
between the RA27/3 rubella vaccine strain and chronic ar-
thritis in adult women, although the evidence is limited in
scope (146). In a subsequent special report, the IOM stated
that “proving that rubella vaccination can cause chronic
arthritis will require an understanding of pathogenetic
mechanisms and additional well-designed studies” (147).
One such large retrospective cohort study was published in
1997 and found no evidence of any increased risk of new

onset chronic arthropathies or neurologic conditions in
women receiving the RA27/3 rubella vaccine (148). Other
reports also have not demonstrated a definitive association
between rubella vaccine and persistent or recurrent joint
manifestations, although additional investigations are nee-
ded to definitively disprove such a relationship (149, 150).

In 1998, a possible link between MMR vaccine and in-
flammatory bowel disease was published by Wakefield et al.
(151). Over the ensuing years, their results could not be
reproduced by others, and in 2004 it came to light that
Wakefield’s work had actually been funded by lawyers in
Britain who were filing class action lawsuits regarding such
claims. In 2004, 10 of the 12 coauthors of the original paper
published a retraction (152), and the editors of The Lancet
detailed these misgivings and others in an editorial (153).

Another allegation of the initial Wakefield paper from
1998 was that MMR was also associated with autism. Again,
numerous studies subsequently found no such association,
leading to an Immunization Safety Review Committee of
the IOM review of the epidemiologic and other evidence on
MMR vaccine and risk for autism spectrum disorders. The
conclusion of the IOM was that the evidence favors rejec-
tion of a causal relationship (154). Despite the unequivocal
conclusions of the scientific community, confusion and
doubt remain within the general population (155), illus-
trating the dangers of recklessly raising safety concerns for
vaccines that have had such a positive impact on human
health worldwide.

Precautions and Contraindications
Rubella vaccine should not be administered to pregnant
women, although data from CDC surveillance systems have
not detected adverse outcomes if vaccine is inadvertently
provided during pregnancy (156). Based upon data from the
Centers for Disease Control and Prevention, the maximal
theoretical risk for the occurrence of congenital rubella
syndrome following administration of the RA27/3 vaccine
during the first trimester of pregnancy is 1.3% (81). While
asymptomatic rubella infection has been reported for 2% of
such infants, no cases of congenital rubella syndrome
resulting from live-virus vaccination of the mother have
been reported (81). Persistence of fetal infection following
inadvertent rubella vaccination during early pregnancy has
been documented, but with no apparent adverse clinical
sequelae (157).

Patients with altered immunity should not receive the
rubella vaccine. These include patients with immunodefi-
ciency diseases (except human immunodeficiency virus in-
fection), patients receiving immunosuppressive therapy, and
patients receiving large systemic doses of corticosteroids,
alkylating agents, antimetabolites, or radiation. If possible,
children receiving biologic response modifiers, such as anti-
tumor necrosis factor-alpha, should be immunized prior to
initiating treatment. Immunocompetent children with mi-
nor illnesses with or without fever may be vaccinated. Ru-
bella vaccine should not be given in the 2 weeks prior to or
up to 7 months following the administration of immuno-
globulin or blood products.

TREATMENT
Postnatal rubella virus infection is usually either subclinical
or so mild that no therapy is warranted. Complications of
rubella virus infection can be treated symptomatically. Man-
agement of rubella arthritis in adults may require bed rest and
administration of aspirin or nonsteroidal anti-inflammatory
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agents. Likewise, postinfectious encephalopathy and en-
cephalitis are managed with supportive care, as are the
thrombocytopenic and hemorrhagic manifestations of ru-
bella.

Patients with congenital rubella require supportive care
not only in the neonatal period but throughout life for such
permanent impairments as deafness and heart defects.
Prompt identification of such afflictions is of the utmost
importance.

Interferon and amantadine have been used in individual
cases of congenital rubella syndrome (158, 159). Results have
been equivocal, however, and no controlled trials have been
performed. Interferon has also been used in the treatment of
chronic arthritis secondary to postnatal rubella virus infec-
tion, again with indeterminate results (160). Isoprinosine has
been administered to patients with progressive rubella
panencephalitis, without apparent therapeutic benefit (161).
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Bornaviruses (Mononegavirales: Bornaviridae) form enveloped
virions with nonsegmented, single-stranded negative-sense
genomes (*8.9 kilobases). They naturally infect mammals
(e.g., bicolored white-toothed shrews [Crocidura leucodon],
equids, sheep, variegated squirrels [Sciurus variegatoides] but
rarely other mammals including humans) and a wide variety
of birds and snakes. Bornaviruses have unique characteristics,
such as 1) replication in the nucleus using cellular splicing
machinery for generation of mRNAs and integrating bor-
naviral elements into the host-cell genome; 2) genome trim-
ming for generation of RNAs that probably do not trigger
innate immune responses in infected cells; and 3) suppres-
sion of apoptosis in infected cells mediated by the accessory
protein (X), leading to persistent noncytolytic infection.

Bornaviruses can infect a wide spectrum of nerve cells
and other cells of mammals, birds, reptiles, and most prob-
ably animals of other orders. Humans and other mammals
bear endogenous bornaviral elements in their genomes as a
result of infections of early ancestors with ancient borna-
viruses. Aggravated CD8+ T-cell responses to the bornaviral
nucleoprotein (N) can result in immunopathological disease
in infected animals. Infected newborn animals are immuno-
tolerant and do not develop CD8+ T-cell responses, leading
to persistent infection.

The number of known bornaviruses is increasing, but the
epidemiology of bornavirus infections remains poorly un-
derstood. The detection of a new, divergent bornavirus as-
sociated with fatal neurological disease in three patients calls
for further study of human bornavirus infections.

VIROLOGY
Classification
Bornaviruses are assigned to the only genus of the mono-
negaviral family Bornaviridae, Bornavirus (1). Several bor-
navirus species have been established (2), but other
bornaviruses are still unassigned due to limited information
about their genetic and biological properties (Table 1).

Serotypes and Antigenicity
Replicating virus isolates are available for mammalian and
bird bornaviruses discovered to date. Reptile bornaviruses
are only known from genome detection and sequencing.

Current knowledge about bornavirus serotypes is therefore
limited to mammalian and avian representatives of the
family.

Antibodies directed against N protein, X protein, phos-
phoprotein (P), and matrix (M) protein cross-react well
between avian and mammalian bornaviruses (3). The im-
mune response directed against the glycoprotein (G) is
linked to virus-neutralizing activity (4, 5). Defining sero-
types for bornaviruses is not yet possible. Although there are
differences in the degree of cross-reactivity, currently the
existence of only one serotype is supported by measuring
immune responses against N, X, P, and M proteins (3). Pas-
seriform and mammalian bornaviruses have more prominent
cross-reactivity to each other than to psittaciform borna-
viruses (3). Further investigations are needed to postulate
serotypes based on antibody responses to the G protein.

Viruses
Viruses known so far are listed in Table 1. Genetic rela-
tionships between the recent mammalian bornaviruses
detected in Europe and bornaviruses of birds of the Passer-
iformes and Anseriformes are closer than those observed in
the more genetically distant bornaviruses found in parrots of
the Psittaciformes (Figure 1). Bornaviruses vary significantly
in the first intergenic region between the genes coding for
the N and P protein, which contains a short open reading
frame upstream of the X gene (uORF) that is lacking in
estrildid finch, parrot, and snake bornaviruses (2).

Endogenous Bornavirus-Like Elements
Bornavirus-related sequences have been detected in the
genomes of various mammals and other diverse animal
species (6–9) but are less frequent in birds in comparison to
mammals (10). These sequences were incorporated into
genomes most probably by long interspersed nucleotide
elements (LINE) through reverse transcription (6). Conse-
quently, fragments of genetic information of older borna-
viruses in the evolutionary lineage are still present in animal
genomes (6). Most of these endogenous bornavirus-like
elements are related to the Borna disease virus (BoDV) N
genes and are designated endogenous Borna-like N elements
(EBLNs) (6).

The human genome contains four EBLNs, which are
located on chromosomes 3, 9, 10, and 17, respectively (6).
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Two of these EBLNs contain an intact open reading frame
that induce proteins that could interact with human func-
tional proteins (6, 11, 12). Some EBLNs are capable of
inhibiting replication of other bornaviruses in vitro (11),
suggesting they may serve as intracellular sensors for and
antiviral factors against infection with extant bornaviruses
(8). Human EBLN-1 does not prevent the replication of the
evolutionarily recent BoDV-1 (11). Genomic incorporation
of exogenous bornavirus fragments can be detected by
polymerase chain reaction (PCR) without a reverse tran-
scription step directly after experimental and natural infec-
tion in cell lines and animals (6, 13, 14).

Composition
Bornaviruses are composed of enveloped spherical parti-
cles of 90 to 100 nanometers in diameter and contain an
electron-dense core of 50 to 60 nanometers. (15, 16). These
particles most probably spread from infected cells in the form
of infectious ribonucleoproteins (RNPs) (17).

The genome of bornaviruses is composed of a non-
segmented, linear, single-stranded, negative-sense RNA of
approximately 8.9 kilobases that is organized into three
transcription units (18, 19). The termini are composed of
short, complementary, noncoding sequences. Bornavirus
genomes are characterized by overlapping ORFs and tran-
scriptional signals (1). The genomes of bornaviruses encode
at least six viral proteins (Table 2): N (20–22), X (23, 24), P
(25), M (26), G (4), and the RNA-dependent RNA poly-
merase L (27).

Biology

Replication Strategy
Bornaviruses replicate and are transcribed in the nuclei of
infected cells (28). These viruses use alternative splicing of
polycistronic primary transcripts and different transcription
and termination signals to generate a wide array of mRNAs
(29–31). Replication of bornaviruses results in genomic and

TABLE 1 Overview of the mononegaviral monogeneric family Bornaviridae

Species
Viruses

(abbreviations) Hosts Disease Impact for humans

Mammalian 1
bornavirus

Borna disease
viruses 1 and 2
(BoDV-1/2)

Bicolored white-toothed
shrews and spillover
into horses, sheep,
New World camelids

Borna disease
in spillover
hosts

Disease never reported; natural
infection uncertain; can easily
infect human cell lines; disease
induced in experimentally infected
rhesus monkeys

Psittaciform 1
bornavirus

Parrot bornaviruses
1, 2, 3, 4, 7
(PaBV-1/2/3/4/7)

Parrots Proventricular
dilatation
disease

Disease never reported; natural
infection uncertain; infection of cell
lines established from humans difficult

Psittaciform 2
bornavirus*

Parrot
bornavirus 5
(PaBV-5)

Parrots Proventricular
dilatation
disease

Not known

Waterbird 1
bornavirus

Aquatic bird
bornaviruses 1
and 2 (ABBV-1/2)

Wild geese,
swans, ducks

Proventricular
dilatation
disease

Not known

Passerinform 1
bornavirus

Canary
bornaviruses 1, 2, 3
(CnBV-1/2/3)

Canary birds Proventricular
dilatation
disease

Not known

Passeriform 2
bornavirus

Estrildid finch
bornavirus 1
(EsBV-1)

Estrildid finches None Not known

Elapid 1
bornavirus*

Loveridge’s garter
snake virus 1
(LGSV-1)

Snakes Not known Not known

Unassigned Gaboon viper virus 1
(GaVV-1)

Snakes Not known Not known

Unassigned Munia bornavirus 1
(MuBV-1)

Estrildid finches Not known Not known

Unassigned Parrot bornavirus 6
(PaBV-6)

Parrots Proventricular
dilatation
disease

Not known

Unassigned Parrot bornavirus 8
(PaBV-8)

Parrots Proventricular
dilatation
disease

Not known

Unassigned Variegated squirrel
bornavirus 1
(VSBV-1)

Variegated squirrels
and spillover into
humans

Meningoencephalitis Fatal infection

* These species have recently been accepted by the International Committee on Taxonomy of Viruses (ICTV), but at the time of this writing they have not yet been
ratified.
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antigenomic viral RNAs with trimmed 5¢ ends that contain
monophosphorylated terminal nucleotides (32, 33).

Growth in Cell Culture
Bornaviruses do not cause cytopathic effects (34–37), pos-
sibly because the X protein inhibits apoptosis (38).

Inactivation by Physical and Chemical Agents
Like all mononegaviruses, bornavirions are sensitive to or-
ganic solvents, detergents, exposure to ultraviolet light, a
pH value below 4, and temperatures of 56°C or higher (37,
39–42).

EPIDEMIOLOGY
Host Range, Distribution, and Geography
Bornaviruses are most probably distributed worldwide (43).
EBLNs in primates indicate that bornaviruses have existed
in Africa for at least 40 million years (6). Bornaviruses are
still present in Africa as revealed by the recent detection of
a bornavirus in an African snake (44). EBLNs found in
thirteen-lined ground squirrels (Ictidomys tridecemlineatus)
are approximately 6 million years old and hint of an endemic
long-term coexistence of bornaviruses with hosts in the
Americas. They are genetically more closely related to the
N gene of parrot bornaviruses than to that of other known
bornaviruses (6, 45). The wide distribution of bornaviru-
ses in waterbirds from different continents (46) indicates
aquatic reservoirs for these viruses.

Viruses of the species Mammalian 1 bornavirus are dis-
tributed in central Europe in certain areas of Germany,
Switzerland, Liechtenstein (BoDV-1), and Austria (BoDV-
1/2) (47). These viruses are transmitted by bicolored white-
toothed shrews (Crocidura leucodon) (14, 48–51) to spillover
hosts such as horses, sheep, and captive New World came-
lids. In such hosts, these viruses can cause meningoen-
cephalitides-associated central nervous system disorders and
death (37, 52–54). Rarely, domestic rabbits, cattle, or dogs
may develop disease (54). Disease caused by BoDV-1 and
BoDV-2 in humans have not been reported to date. In 2015,
a novel, divergent mammalian bornavirus, variegated
squirrel bornavirus 1 (VSBV-1), was reported in healthy
variegated squirrels and three humans with fatal disease
(55). The close genetic relationship of this virus to BoDV-1/
2 hints at a European origin from an unknown source.

Birds of several species, such as parrots, canaries (Serinus
canaria f. domestica), estrildid finches, geese, swans, and
ducks can harbor bornaviruses (46, 56). Avian bornaviruses
are distributed worldwide (57). In parrots and some other
birds, such as canaries and geese, these viruses can cause
proventricular dilatation disease (PDD), a disease that was
first observed in imported psittaciform birds in the United
States and Germany in the late 1970s. Since then, the dis-
ease has become widely distributed in captive-bred parrots
and South American parakeets because of the widespread
trade in companion birds (58). Despite the close association
of pet birds and the persons keeping them, disease in pet bird
owners and breeders has not been documented.

FIGURE 1 Unrooted phylogenetic tree of selected complete bornavirus sequences available at GenBank. Phylogenetic analysis was
performed using the MEGA version 5.05 package program. Gene-specific substitution models were evaluated, and best-fit models were
selected (Tamura3-parameter model for the tree shown). Maximum-likelihood trees were generated, tree topologies were validated by
bootstrap analysis (1000 replicates), and the best phylogenetic tree was selected. The bar represents nucleotide substitutions per site. The
taxon information includes the GenBank accession number, the host species, the country of the host, the year of detection, and the virus
abbreviation. Furthermore, the virus species are shown according to the International Committee on Taxonomy of Viruses (ICTV) no-
menclature, including the newest taxonomic proposals. Variegated squirrel bornavirus has not yet been classified (tentatively Mammalian 2
bornavirus).
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Reptile bornaviruses are a recent addition to the family
Bornaviridae (6, 44). To date, their epizootiology and possible
epidemiology is unclear, and their diversity is probably vastly
underestimated.

Incidence and Prevalence of Bornavirus Infections

Subclinical Infection Rate
Varying titers of antibornavirus antibodies have been de-
tected in humans and other mammals worldwide without
any link to a specific disease (59). These antibody titers are
low in general and reflect different degrees of avidity (60,
61). Because bornaviruses are also widely distributed in
birds of diverse species and species of other animal classes
(reptiles), assessment of whether mammalian antibodies
represent subclinical infections or simple exposure to non-
mammalian bornaviral antigens is difficult. The higher
prevalence of antibornavirus antibody-positive horses liv-
ing along flight paths of migratory birds supports the latter
hypothesis (62). Animals that recover from bornavirus in-
fections usually have high long-term antibody titers (63, 64).
Therefore, low antibody titers in apparently healthy mam-
mals of numerous species are difficult to explain and cannot
be differentiated from nonspecific cross-reactivities (e.g., as a
result of epitope similarities of antibodies after infection with
still unknown viruses distantly related to bornaviruses or
imprints into the immunological memory once persistent
infection had been overcome in the evolutionary past in
species harboring EBLNs). Interestingly, the antibody titer
in a recently reported fatal human case was extremely high

and was clearly connected to the detection of high genome
copy numbers of the novel bornavirus from variegated
squirrels, VSBV-1 (55).

Thus, the usefulness of antibody detection in diagnostic
techniques is limited by two epidemiological factors: 1) the
wide distribution of mammalian, avian, and most probably
other bornaviruses that may broadly cross-react with most of
the existing serological assays (3), and 2) EBLNs in genomes
of mammals of several species that could result in the ex-
pression of proteins that interfere with enzyme-linked im-
munosorbent assays (ELISA) using monoclonal antibodies
against epitopes of the N protein (Dürrwald, unpublished
observation).

Zoonotic Epidemic Patterns
The frequency of Borna disease in horses varies annually
(47), which may reflect population fluctuations of the
transmitting virus reservoir, bicolored white-toothed shrews
(14). Infections of humans have not been reported within
this epidemiological chain. Zoonotic epidemic patterns have
not been described for PDD caused by avian bornaviruses.

Three patients infected by VSBV-1 from captive varie-
gated squirrels developed fatal encephalitis in 2011 and
2013 (55). The variegated squirrels harbored VSBV-1 in all
organs, similar to that reported for persistently infected,
immunotolerant animals. Very high genome copy num-
bers were detected especially in the central nervous system
(55). Virus was also detected in oropharyngeal swabs (55).
However, the number of cases of human VSBV-1 infection is
too low to establish a clear epidemiologic relationship.

TABLE 2 Overview of bornaviral genes and proteins

Protein Gene Characteristics Function References

Nucleoprotein N Non-structural protein,
two isoforms of 40 kD
and 38 kD

� Component of viral ribonucleoprotein (vRNP);
encapsidates viral RNA to form viral nucleocapsid

� Prone to be integrated into genome of infected cells
� Target for autoimmune responses

(20, 21, 22)

Accessory
protein

X Multifunctional
nonstructural
protein

� Regulates viral transcriptase activity and translation by
binding to P protein; essential for viral replication cycle

� Suppresses apoptosis

(23, 24, 38)

Phosphoprotein P Nonstructural
protein, phosphorylated
at serine residues

� Component of ribonucleoprotein
� Activates transcription
� Interacts with P, X, N, and L proteins

(25,121)

Matrix protein M 14.5-kD, nonglycosylated
matrix structural protein
that forms noncovalently
linked tetrameric subunits

� Associates with vRNP complex in host
cell nucleus; may be involved in viral replication
or transport of viral components

(26,122,123)

Glycoprotein G 94-kD, full-length glycosylated
structural protein (gp94)
obtained after posttransitional
modification of primary
57 kD translation product

Type I membrane protein

� Cleaved by cellular proteases into two nonglycosylated
fragments. Incorporated into infectious particles

� Involved in bornavirus entry
� Induces neutralizing antibodies

(4, 5, 124)

RNA-dependent
RNA
polymerase L

L 190-kD, protein formed after
splicing of a small upstream
ORF to large, 3¢ ORF

Phosphorylated by cellular
kinases and interacts
with P protein

� Transcription and replication
� Component of vRNP

(18, 27)
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The three fatal human cases of VSBV-1 infection pro-
vided evidence that bornavirus infection can lead to disease
characterized by clinical signs similar to animal Borna dis-
ease (55). The question arises as to why such fatal human
infections have not been observed in the past with other
mammalian bornaviruses. Two major explanations are pos-
sible: 1) the transmission risk for humans was higher in the
captive variegated-squirrel-to-human transmission route
than in the bicolored-shrew-to-horses infection chain (Fig-
ure 3), or 2) VSBV-1 and BoDV-1/2 differ in their virulence.
Direct contact of farmers with free-living shrews is very rare.
Bites and scratches could have occurred during the handling
of persistently infected laboratory animals. However, despite
the long history of BoDV-1 research, no confirmed cases of
Borna disease have been reported in laboratory staff.

Reinfections
The issue of reinfections has not been investigated. Infected
cells are resistant to superinfection (65), which may be
caused by EBLNs inhibition of infection by related exoge-
nous viruses (11).

Seasonality of Borna Disease
Borna disease in horses, sheep, and other spillover hosts
peaks in late spring and early summer and declines to a nadir
in the fall (47). Such seasonality probably results from ex-
posure to bicolored white-toothed shrews in combination
with the long incubation period in the spillover host (14).
Infections and PDD in parrots and other birds are not sea-
sonal (46, 56, 58). Seasonality was not observed for VSBV-
1-induced human encephalitis (disease onset in November
and June) (55).

Transmission of Bornaviruses

Routes
The transmission of bornaviruses of the speciesMammalian 1
bornavirus is unknown. Persistently infected bicolored white-
toothed shrews carry bornaviruses in the bladder and kera-
tinocytes in the skin, which may lead to environmental
contamination (dust) from urination and skin sloughing (14,
48, 50, 51). The bulbus olfactorius in infected horses and
other spillover hosts is a postulated site of entry, from where
bornaviruses travel to the central nervous system (66, 67).
Transmission of VSBV-1 to humans may have occurred by
scratches and bites (55). Fecal-oral and aerogenic feather
dust transmission routes have been hypothesized for avian
bornaviruses (46, 56).

As suggested by infection of keratinocytes in bicolored
white-toothed shrews (BoDV-1) (14) and feather follicles in
birds (avian bornaviruses) (68) and the irregular transmis-
sion of avian bornaviruses after experimental contact ex-
posure (68), parasites such as mites may be virus vectors. In
vitro experiments revealed that BoDV-1 can survive in ticks
for a month (69). The role of vectors in bornavirus trans-
mission has not yet been investigated.

Risk Factors for Transmission
The risk factor for transmission of bornaviruses is exposure to
reservoir hosts. At the time of writing, only three cases of
human bornavirus infection have been unambiguously
identified (55). Consequently, risk factors for transmission of
bornaviruses to humans are still undefined. The three
infected humans had close contact with variegated squirrels
infected with VSBV-1, but the infection route is not yet
known (55).

EBLNs more closely related to extant bornaviruses were
found in 13-lined ground squirrels, which, like variegated
squirrels, also live in America. American squirrels should
thus be regarded as a possible source of bornaviruses, some of
which may be pathogenic for humans. Close contact with
bicolored white-toothed shrews and variegated squirrels kept
in zoos and private collections should be avoided unless they
have been tested and are free of bornaviruses. Wild animals
of these species should not be handled without protective
wear. Risk of human-to-human transmission after specific
exposures (e.g., household, needle stick, transfusion, sexual
contact, perinatal) has not been investigated to date. The
risk of nosocomial infection (hospital, nursing home) is not
known. Likewise, the susceptibility of humans to bornavirus
infection has not been investigated.

For horses and other spillover hosts, contact with bicol-
ored white-toothed shrews and possibly other hosts yet to be
discovered is a risk factor for infection with viruses of the
species Mammalian 1 bornavirus. Indeed, defined endemic
regions of Borna disease correlate in some instances with
areas of known distribution of bicolored white-toothed
shrews (14). Transmission occurs more frequently when
these shrews enter stables in the fall, again emphasizing the
importance of proximity to these shrews in the epizootiology
of animal Borna disease.

A risk factor for parrots and other birds in developing
PDD is the exposure to other parrots/birds infected with
viruses of the species Psittaciform 1 bornavirus or other avian
bornaviruses not yet classified. Infected parrots shed virus
through feces and probably feather dust. The exact trans-
mission route for avian bornaviruses is still unknown.
Therefore, additional risk factors may be involved.

PATHOGENESIS OF BORNA DISEASE
IN ANIMALS
Two major factors are important in pathogenesis: 1) infec-
tion of the central nervous system by bornaviruses, and
2) immunopathology reflected by a strong CD8+ T-cell re-
sponse to the bornavirus N antigen of infected cells, which
do not undergo apoptosis after infection.

Incubation Period
The incubation period for Borna disease in horses is not
known exactly. From study of horses that were exported from
endemic areas to nonendemic areas where they developed
the disease, the incubation period is estimated to be 5 – 3
months (14). In parrots, the incubation period of PDD
ranges from half a month in unweaned chicks to more than 5
months in adult parrots with natural and experimental in-
fections (70, 71).

Patterns of Virus Replication
BoDV-1 in animals with Borna disease is found mainly in the
brain, the spinal cord, and neurons (37, 39, 72). In horses
and other mammals, including experimentally infected rhe-
sus monkeys, BoDV-1 replicates to high titers in the retina
(37, 73). BoDV-1 is detected in horses irregularly in con-
junctival fluid, nasal secretions, and saliva (39, 74).

After experimental intranasal infection in rats, the main
small animal model for Borna disease, BoDV-1-specific an-
tigen can be first identified in neuroreceptors of the olfactory
epithelium and later in the brain (75). The virus replicates
in neurons, ependymal cells, astrocytes, and oligodendro-
cytes but not in vascular endothelial cells (75). In adult
immunocompetent rats that survive BoDV-1 infection,
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BoDV-1-specific antigen is found in cells of the peripheral
nervous system (e.g., Schwann cells) and axons of peripheral
neurons (75).

The time course of infection in natural spillover hosts is
not known. In rats experimentally infected with BoDV-1,
signs of encephalitis peak around day 21 after inoculation
and begin to decrease in surviving rats 30 days after inocu-
lation. Inflammation is almost absent, and neuronal cell loss
peaks at 70 days after inoculation (75).

Avian bornavirus-infected adult birds can develop severe
lymphoplasmacytic inflammation in peripheral, central, and
autonomic nervous tissues associated with gastrointestinal
and neuronal signs. Also, destruction of Purkinje cells in the
cerebellum is observed (56). Avian bornaviruses are dis-
tributed in many tissues (71). Thus, birds reflect character-
istics of bornavirus infection in newborn mammals (wide
tissue distribution of virus and virus shedding) but also of
infection in adult mammals, such as inflammation. The ef-
fects of avian bornavirus infections have not yet been in-
vestigated in newly hatched birds.

Factors in Disease Production
Acute BoDV-1 infection is similar in horses, sheep, and
experimentally infected laboratory animals (e.g., rats). In-
clusion bodies are detected in the nuclei of infected cells
(75). Inflammation in rats is centered in the limbic system
but also spreads to other parts of the brain. In surviving rats,
inflammation decreases and disappears after 2 to 3 months
despite ongoing virus replication, but a dramatic loss of
neuronal tissue and severe hydrocephalus occurs.

Immune Responses
The immunological response to BoDV-1 infection is best
characterized in experimentally infected rats and mice.
BoDV-1 infection activates T and B lymphocytes. In in-
fected rats, disease is associated with a mononuclear in-
flammatory reaction in the central nervous system with
severe perivascular cuffing of T cells, macrophages, and also
B cells during later infection (75). CD4+ T helper cells and
CD8+ cytotoxic or suppressor cells are detected after inoc-
ulation of rats (76–79). CD8+ T cells play a major role in
immunopathogenesis in experimentally infected rats and
mice (80). Consequently, BoDV-1-induced disease is defined
as a CD4+ T-cell-dependent immunopathological process
mediated by CD8+ T cells (81). Elevated concentrations of
proinflammatory cytokines (IL-6, IL-2, IL-4, TNF-a, IL-1a,
IL-1b, TGF-b1, IFN-g) and chemokines (IP-10, RANTES=
CCL5) as well as chemokine regulators (COX-2, CGRP,
iNOS) have been measured in the brains of neonatal and/or
adult rats experimentally infected with BoDV-1 (75).

In mammals with Borna disease and parrots with PDD,
immune cells infiltrate into the central nervous system. In
mammals, CD8+ T cells attack infected cells and cause me-
ningoencephalitis or lymphoplasmacytic infiltration in other
parts of the central nervous system. Immunopathology in
birds has not yet been investigated in detail.

Antibodies, predominantly against N and P proteins,
occur approximately 7 days after experimental BoDV-1 in-
oculation in infected rats (75). Persistently infected immu-
notolerant rats and surviving rats or rabbits have high titers
of antibodies (37, 63, 82). Horses naturally infected with
BoDV-1 have low antibody titers, which can increase shortly
before death (83). This increase may reflect humoral re-
sponses that come too late in the disease course. Parrots
develop high titers of antibodies detected by immunofluo-

rescence within the first 12 weeks after experimental infec-
tion with avian bornaviruses. These titers remain stable at a
high plateau (71). Recurrent infections are not known.
Neutralizing antibodies that occur with decline or lack of
symptoms can serve as a correlate of disease resolution.

Of the three human patients infected with VSBV-1, one
was investigated for the presence of virus-specific IgG anti-
bodies by an indirect immunofluorescence antibody test.
Very high antibody titers were measured in cerebrospinal
fluid (1:2560) and serum (1:5120) (55).

CLINICAL MANIFESTATIONS IN HUMANS
For the first time in 2015, three fatal cases of bornavirus-
induced encephalitis in humans were reported in the state of
Saxony-Anhalt, Germany. The first clinical case was seen in
2011 and the second and the third in 2013 in different
hospitals (55). Affected persons were 62- to 72-year-old
males with age-typical health status. Each of them was
known to breed variegated squirrels, rodents common to
Central America that came into fashion as exotic outside
pets during the last 15 years. The three breeders knew each
other but did not live in close proximity to one another;
however, they exchanged animals (55).

Symptoms
During the prodromal phase, the patients presented with
fever and rigors, fatigue, weakness, and walking difficulties
(55). Because of increased confusion and psychomotor im-
pairment, the patients were admitted to neurology wards
where they continued to deteriorate. Myoclonus, opsoclonus
or ocular paresis, sopor, and coma were typical clinical
signs, and tetraparesis, divergent bulbi, and grimacing were
observed in one patient. Bilateral crural-vein thrombo-
sis leading to pulmonary embolism was also observed. En-
cephalographic findings reflected mainly delta activity but
also short alpha episodes and low-voltage theta or theta-like
activity in individual patients. Treatment with antibiotics
and glucocorticoids had no discernible effect. All three pa-
tients died, most probably as a result of progressive enceph-
alitis, despite intensive care and mechanical ventilation. The
time from onset of first symptoms to death ranged from 2 to
4 months.

Further molecular and immunohistological analysis of
brain tissue from the three deceased patients confirmed
presence of a novel bornavirus, VSBV-1, which is only 77%
identical to BoDV-1, indicating that VSBV-1 may require
classification as a novel bornavirus species (55). Importantly,
the clinical signs of the three fatal cases in humans resemble
those seen in horses with Borna disease described below.
Other clinical courses with this novel virus, the time course
of infection in humans, and disease presentation in immu-
nocompromised patients and at different ages are unknown.
The possibility of subclinical infections with BoDV-1 and
other bornaviruses cannot be addressed because of limita-
tions in current diagnostic techniques.

Clinical Diagnosis, Including Differential
Diagnosis
Confusion, psychomotor impairment, and weakness could
be suggestive of the clinical diagnosis. Depending on the
region, viral infections such as rabies should be considered
in differential diagnosis. Other nerve disorders such as epi-
lepsy may be taken into account in relation to the degree of
seizures observed. Parkinson’s disease, multiple sclerosis,
amyotrophic lateral sclerosis, Huntington’s disease, and

1400 - THE AGENTS—PART B: RNA VIRUSES



Alzheimer’s disease may be excluded because of their more
extensive chronic course.

Psychiatric Disease and Borna Disease
Virus Infection
Because of the neurological character of Borna disease in
horses, primary research activities have been directed to
patients with neurological disorders. Soon after the estab-
lishment of the first immunofluorescent antibody assays,
bornavirus-specific antibodies were detected in psychiatric
patients (84). Based on these findings, a hypothesis of the
involvement of BoDV-1 in mood disorders was formulated
and followed for more than a decade (85). The focus on
mood disorders was difficult to understand because anti-
bodies were also found in other patient groups and at higher
prevalence in comparison to psychiatric patients (86). Later,
genetic evidence of bornavirus infection was reported in
psychiatric patients worldwide (59). Meta-analyses revealed
that all sequences of bornaviruses in humans reported so
far were identical to commonly used laboratory strains
(87, 88). Later, researchers found that antibodies to BoDV-1
do not correlate with bornavirus infection in patients
with schizophrenia, bipolar disorder, or major depressive
disorder (89).

Comparative Analysis of Clinical Features
of Bornavirus Infection in Animals
So far, two major disease complexes caused by bornavirus
infections are known in immunocompetent adult animals,

Borna disease in mammals and PDD in parrots. Meningo-
encephalitis (mostly fatal) in horses is reflected clinically by
increasing apathy, purposeless circling, inability to achieve
correct leg positioning, and gulping or, in some cases, pa-
ralysis (90, 91).

In parrots, inflammation of peripheral nerves causes
dysfunction of the proventriculus as reflected by regurgita-
tion, passing undigested seeds, and weight loss (58). Neu-
rological symptoms, such as ataxia or seizures, occur in some
cases. In contrast to Borna disease in mammals, which lasts
some weeks before death occurs (54), PDD can last for
months and can also become chronic (58).

Newborn mammals that become infected with BoDV-1
mostly become immunotolerant because their CD8+ T cells
do not recognize bornavirus antigen (92). In these animals,
virus is distributed throughout all tissues despite the presence
of high titers of antibodies, and the virus is shed in large
amounts in (75). Despite immunotolerance, the high viral
burden can cause astrocytosis, microgliosis, and/or loss of
Purkinje cells associated with discrete brain damage. Non-
fatal clinical signs, such as learning deficiencies or stagnation
in weight gain are observed (75, 93, 94) (Figure 2).

Genetic factors may play a great role in induction of
bornavirus infection of both mammals and birds. Variation
in disease outcome is high between animals of different
species, but also between individuals of the same species
(Figure 2). In horses, subclinical infections with recovery
were reported in a few cases (52). Serological and virological
data support the occurrence of subclinical infections in

FIGURE 2 Outcome of bornavirus infections and pathogenesis in mammals. The prevalence of natural disease is low and varies among
hosts. Differences in anatomic or other barriers and transmission routes may exist that enable or prevent entry of bornaviruses into the CNS.
A wide variety of outcomes of experimental and natural infection is probably the result of host genetic factors. PTI, persistent tolerant
infection.
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horses (54). In birds, the number of subclinical infections is
high (68, 71).

The major difference in infection with BoDV-1/2 of
mammals at different ages is the immunotolerance observed
in experimentally infected newborn laboratory animals. For
all other ages, no differences in presentation of Borna disease
have been observed. In parrots, PDD is more severe in un-
weaned birds (70).

Splenectomized rhesus monkeys experimentally infected
with BoDV-1 developed fewer clinical signs and less histo-
pathology than control animals (73). Athymic or immu-
nocompromised rats that were experimentally infected
expressed no or fewer signs of disease and inflammation than
did immunocompetent rats (95–97).

LABORATORY DIAGNOSIS
Post-mortem diagnosis is still the most reliable diagnosis for
mammals naturally infected with BoDV-1 because of irreg-
ular shedding and detection of bornaviral markers in tissues
and cells (e.g., peripheral blood mononuclear cells) and of
the wide distribution of low-titer antibodies in the healthy
population (98). In persistently BoDV-1-infected-mammals
and birds infected with avian bornaviruses, a broad spectrum
of methods can be applied for intra-vitam and post-mortem
diagnoses (56, 98).

Virus Isolation
Brain samples are best suited for virus isolation (56, 98).
Other organ samples from experimentally persistently in-

fected animals and infected birds can be used for virus iso-
lation (37, 56).

Primary brain cells of newborn rabbits were used suc-
cessfully for isolation of mammalian bornaviruses. Perma-
nent cell lines, such as oligodendroglial (OL) cells, MDCK,
RK-13, and many other mammalian and bird cells, are suited
for isolating mammalian bornaviruses (56, 98). The viruses
do not cause a cytopathic effect. Infected cells can be
detected by immunostaining (36, 37). Avian bornaviruses
replicate mainly in avian cells (quail cells such as CEC-32,
QM7; chicken fibroblasts DF-1; primary duck embryo fi-
broblasts) and are difficult to isolate in mammalian cells
(56). VSBV-1 is not isolated at the time of this writing.

Antigen Detection
Bornavirus antigen detection is possible via polyclonal an-
tisera and monoclonal antibodies (98). Specific antibodies
can be used for staining of brain and other organs (immuno-
histochemistry), and of organ homogenates (ELISA and other
techniques, such as Western blot).

Nucleic Acid Detection
Bornaviral nucleic acid detection is possible by reverse
transcriptase polymerase chain reaction (RT-PCR). Many
RT-PCR protocols are available (69, 70, 98). For the de-
tection of VSBV-1 special real-time RT-PCR-protocols exist
(55). Nucleic acid detection is also possible by in situ hy-
bridization in organ and brain samples.

FIGURE 3 Hypothetical transmission scenarios. A, Bicolored white-toothed shrews and variegated squirrels are intermediate hosts to an
unknown reservoir. B, Different shrew species are reservoir hosts and variegated squirrels are intermediate hosts. C, Bicolored white-toothed
shrews and variegated squirrels are the primary reservoir host. The exact transmission route is unknown. The strong territorial genetic
clustering of BoDV-1 sequences and the high conservation within BoDV-1 group 4 (strain V group) over a vast territory hint at transmission
chains that are more complex than shown in this scheme (125). Natural barriers may block transmission from the primary reservoir to
humans. Close contact with intermediate hosts may enable infection of the nerve cells of humans under certain circumstances (scratches,
bites?). Note that scenarios 1 and 2 require constant surveillance of intermediate host populations when kept in captivity (zoological
gardens, private collections). It is still unknown whether bicolored white-toothed shrews and variegated squirrels were infected as newborns
or adults. The slanted line means that transmission does not occur.
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Serological Assays
Detection of bornavirus-specific antibodies is routinely per-
formed by serological assays, such as indirect fluorescent
antibody test, ELISA, orWestern blot (98). The broad cross-
reactivity between different bornaviruses should be taken
into consideration when diagnostic techniques are applied.
Because positive antibody reactions could be caused by dif-
ferent viruses, a virus species-specific diagnosis via the de-
scribed serological methods is not possible. In contrast,
antibodies directed against the glycoprotein (G) do not
cross-react between different bornaviruses (3). Neutraliza-
tion assays are also used (36, 82).

PREVENTION
Human Bornavirus Infections
Individuals may be at an increased risk of exposure to bor-
naviruses during handling of persistently infected, im-
munotolerant animals. Standard precautions, such as
donning proper personal protective equipment (PPE, such as
gloves, protective eyewear) have been sufficient when
handling mammalian or avian bornaviruses. However, rig-
orous infection control precautions should be taken when
handling VSBV-1. The risk of human infections transmitted
from avian bornaviruses is most likely lower compared to
mammalian bornavirus because of the poorer replication of
avian bornaviruses in mammalian cells. In general, proce-
dures that increase the risk of bites from infected laboratory
animals or injuries with sharps should be performed follow-
ing strict safety procedures.

Nothing is known about human-to-human transmission
of bornaviruses. From the three human cases, no evidence
for any human-to-human transmission could be seen, and
the risk might be negligible. Comparative analyses of borna
disease and rabies in animals have been done (99). Experts
advise staff to take the same precautions with bornavirus-
infected patients as with patients infected with rabies virus
until bornavirus infection and transmission in humans has
been investigated in more detail. Antiviral chemoprophy-
laxis has not yet been investigated.

Infections occur sporadically. It is likely that many bor-
naviruses have yet to be discovered and that some may be
pathogenic for humans. If a bornavirus infection is diagnosed
in patients, possible contacts with exotic animals should be
investigated, followed by proper risk analysis and contain-
ment responses.

Animal Borna Disease

Passive Immunoprophylaxis
Passive immunoprophylaxis has not yet been investigated.
Neutralizing antibodies can prevent encephalitis in experi-
mentally BoDV-1-infected animals (5, 82). Neutralizing
antibodies can be induced in rabbits at high titers after high-
dose inoculation with cell-cultured virus (63).

Active Immunization
Human bornavirus vaccines are not yet available, but studies
of experimental vaccines in animal models have been per-
formed. Active immunization with live vaccines established
by serial passage of BoDV-1 in rabbits was common in horses
and sheep in Borna disease-endemic areas of Germany from
the 1920s until the 1990s (100). Vaccination was termi-
nated because the risks of virus distribution could not be
assessed (100). The induction of transient low-titer borna-

virus neutralizing antibodies in inoculated horses after vac-
cination does not support the establishment of vaccine-
induced infection in vaccinated animals (100).

All other vaccine approaches are thus far experimental in
nature. High doses of active cell-cultured BoDV-1 induced
humoral and cellular immune responses that protected rats
and rabbits after intracerebral inoculation (63, 101, 102).
However, low doses were fatal, most probably as a result of
the dilution of cell components contained in the inoculum.
Recombinant vaccines expressing BoDV-1 N protein en-
sured survival of rats (103, 104). BoDV-1 N protein is a
major target for the CD8+ T-cell response (105). Therefore,
the disease can be aggravated if infected rats are vaccinated
with N protein (106).

TREATMENT
Antiinflammatory treatment is the major way to interrupt
immunopathology in animals. Treatment of experimentally
BoDV-1-infected rats with TGF-b2 only transient reduced
clinical signs but a significant decrease in inflammation in
the brain (107). Treatment with anti-CD8+ monoclonal
antibodies reduced or inhibited inflammation and prevented
neuronal degeneration (108). Treatment with cyclophos-
phamide or cyclosporine prevented or reduced inflammation
and disease (96, 97).

Amantadine did not affect BoDV-1 in vivo and in vitro
(109–111). Ribavirin inhibited transcription and replication
in cell lines (112, 113) but did not affect viral load in ex-
perimentally infected rats. However, treated rats had less
inflammation and developed milder clinical signs perhaps
related to ribavirin’s immunomodulatory effects (114). Also,
1-b-D-arabinofuranosylcytosine inhibited BoDV-1 replica-
tion in cultured cells and in experimentally infected rats and
reduced clinical signs (41, 115, 116); 2¢-fluoro-2¢-deox-
ycytidine inhibited BoDV-1 replication and spread (117).
BoDV-1 is sensitive to type I IFN (interferon) in cell culture
(118). IFN-a and IFN-b inhibited replication but promoted
transcription of BoDV-1 in persistently infected cells (119).
However, BoDV-1 is able to prevent type I IFN induction by
trimming the 5¢ ends of its genomic and antigenomic RNA,
thereby removing triphosphorylated residues. Retinoic-acid-
inducible gene (RIG)-1, which is essential for the induction
of IFN, cannot sense such nontriphosphorylated 5¢ termini
(120).

No treatments of proven value in naturally infected an-
imals are available. As a consequence of the pathogenesis
of bornavirus infections, two factors are important to con-
trol disease that should be the focus of further research:
1) prevention of central nervous system infection (prophy-
lactic and postexposure vaccination) and 2), prevention of
immunopathology once infection has occurred (specific
anti-inflammatory and antiviral treatments).
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Hepatitis D virus (HDV) is unique in animal virology and
pathology. It has a circular RNA genome of the smallest size
among human viruses, requires the hepatitis B surface anti-
gen (HBsAg) capsid provided by the hepatitis B virus (HBV)
to assemble into infectious virions, parasitizes the transcrip-
tional machinery of the host by hijacking cellular RNA
polymerases to replicate its RNA genome, and is replicated
by a rolling circle mechanism unknown in mammalian cells.

HDV is a defective RNA virus recognized in the late
1970s as a new cause of hepatitis. Its discovery followed the
description in Torino of a new antigen, named delta, in the
liver of patients with chronic HBV liver disease (1). Sub-
sequent studies at the National Institution of Health US
revealed that the delta antigen was the expression of a new
hepatitis virus, which was named HDV. The term delta virus
and delta hepatitis are still used as synonyms of HDV and
hepatitis D. Cloning and sequencing of the viral genome in
1986 established the peculiar features that make HDV
unique among animal viruses (2, 3). The host range of HDV
infections includes humans, chimpanzees, and woodchucks
carrying the woodchuck hepatitis virus (4).

Infection is present worldwide (5). Carriers of the HBsAg
superinfected by HDV are the major victims of the infection
and the reservoir of the virus. HDV infection almost in-
variably results in liver damage, often a severe and progres-
sive hepatitis conducive to cirrhosis (6), and is the most
severe form of chronic viral liver disorders. Vaccination
against the HBV has reduced the spread of HDV in indus-
trialized countries over the last 20 years. However, hepatitis
D is returning to Western Europe through immigration from
regions where HDV remains endemic and is being redis-
covered in the developing world, where it has a major
medical impact in many areas of Africa, Asia, and South
America. Therapy against HDV raises a formidable problem
because the virus has no replicative function of its own to be
targeted. Empirical pegylated-interferon (peg-IFN) treat-
ment remains the mainstay of treatment. New strategies
aimed at blocking the entry of the virus and its assembly into
virions are being explored.

VIROLOGY
The HDV is the only member of the family Deltaviridae,
genus Deltavirus (7). To establish natural infection, HDV
requires the HBsAg provided by the HBV (8). The virion is

a chimera composed of the HDV RNA genome and protein,
both enveloped by the HBsAg (Fig. 1). Eight genotypes with
different geographic distributions have been identified by
comparative phylogenetic analysis (9). Their lengths fall in a
narrow range, from 1672 to 1697 nucleotides, with 81–89%
homology in nucleotide sequences within the same genotype
and as much as 35% divergence between different genotypes.

Genome Structure
The genome consists of a circular, single minus-strand RNA
(2, 3). The HDV particle varies between 35 and 41 nm in
diameter, with no defined nuclocapsid structure (10, 11).
The genome is self-complementary and folds into an un-
branched rod structure with base pairing of about 70% of the
nucleotides. Three major RNA species are found in humans
(Fig. 2) (8, 12). The first is the 1.7-kb genomic RNA con-
tained in the virions; the second is the complementary an-
tigenomic RNA of positive polarity, present in the liver; and
the third is a shorter polyadenylated messenger RNA
(mRNA) of 0.8 kb found in the liver. The numbers of ge-
nome, antigenome, and mRNA are estimated at 300,000,
60,000, and 600 copies, respectively, per infected cell.

HDV replicates through a unique rolling circle mecha-
nism (8, 12). Crucial to replication is the presence of a
ribozyme less than 100 nucleotides in length, conferring
autocatalytic capacity (self-cleavage and self-ligation) for
both the genomic and antigenomic strands without the need
of other enzymatic functions (13–15). It is the fastest, nat-
urally occurring, self-cleaving RNA required for viability in
a human pathogen, but differs from the “hammerhead ri-
bozymes” described in plant viruses. The HDV ribozyme has
been crystallized (16).

Replication Cycle
The sodium taurocholate cotransporting polypeptide
(NTCP) is the entry receptor for HBV and HDV (17).
Glypican 5 is a host cell entry factor common to both (18).
The pre-S1 region of the large HBsAg is essential for entry
(19); monoclonal antibodies to the pre-S1 domain block
HDV infection in mice expressing the human NTCP. Entry
is inhibited by cyclosporin A (20), by primary bile acids
(21), and by vanitaracin A, a tricyclic polyketide (22).

After entry into hepatocytes, genomic HDV RNA is
transported to the nucleus where it replicates into the anti-
genome by a rolling circle mechanism. A nuclear localization
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signal mediates the initial step (23). The rolling circle
mechanism involves transcription over the circular genomic
RNA of multimeric linear transcripts of antigenomic sense
that undergo autocatalytic cleavage by the ribozyme and are
then ligated by the ribozyme and probably by a host ligase,
with the final production of circular antigenomic RNA
(12, 15). The antigenomic RNA serves as a template for
replication of the circular genomic RNA by similar tran-
scription and processing (Fig. 3). HDV has no known en-
zymatic capabilities; the viral genome is replicated primarily
by host DNA-dependent RNA polymerase II (24); host
RNA polymerase I and II are also involved to a lesser extent.
The features of the HDV are summarized in table 1.

HDV Proteins
The 0.8-kb mRNA is transcribed from the antigenome
(12, 15). This species has a 3¢-polyadenylated tail and a
unique 5¢ end with a specific site for the initiation of tran-
scription (15). The mRNA contains the only open reading
frame of the HDV, which is translated into the HD antigen
(HDAg) existing in two forms—the small 24-kDa HDAg (s-
HDAg) and the large 27-kDa HDAg (l-HD Ag) (25). The
HDAg is located predominantly in the host nuclei and may
also be localized in nucleoli (26). With increasing levels of l-
HDAg expression, the intracellular distribution includes
cytoplasmic localization.

The earliest translated product, s-HDAg, contains 195
amino acids, is essential for replication, and promotes the

accumulation of the viral RNA in cells. It might facilitate the
transcription of HDV RNA by RNA polymerase II. During
replication, the s-HDAg is elongated on the same reading
frame to the l-HDAg through an editing process mediated by
a host double-stranded RNA adenosine deaminase (25),
whereby the amber UAG stop codon terminating the s-
HDAg is converted to a UGG codon for tryptophan, which
leads to the translation of 19 additional amino acids with the
final 214-amino-acid length of the l-HDAg. The l-HDAg is a
dominant negative inhibitor of HDV RNA replication and is
essential for the assembly of the HD virion.

The two HDAg isoforms are essential to the biology of
HDV. Various posttranslational modifications of both iso-
forms (27), including phosphorylation, methylation (28),
acetylation, and sumoylation (29), can change the functions
of the HDAg, presumably providing molecular switches that
orchestrate the sequence of the various steps involved in the
replication cycle of HDV (27, 30). Critical to virion as-
sembly and export is the farnesylation (prenylation) of the
cysteine in the carboxyl terminus of the l-HDAg (31, 32),
the so-called cxxx box, which contains a cysteine (c) as the
fourth amino acid from the terminus; the three terminal
amino acids are removed in the farnesylation process. This
modification contributes to the ability of the l-HDAg to
inhibit replication and is critical to drive the l-HDAg to
combine with the HBsAg to assemble the virion (15).

HDV-HBV Interactions
The small HBsAg protein (s-HBsAg) is sufficient for as-
sembly of the HDV particle, but infectious particles are
produced only if the large HBsAg (l-HBsAg) is present
(33, 34). Both HDAgs connect to each other and to HDV

FIGURE 2 Circular HDV-RNA genome and antigenome (un-
branched rodlike structures). Rybozime (solid green box). Open
reading frames for the small and large HD antigens (solid brown box).
Short linear messenger RNA(mRNA) containing the AAUAAA
polyadenylation signal and the editing site. (Reprinted with per-
mission from reference [15].)

FIGURE 3 Rolling-model for the replication of the HDV-RNA
genome. Redirection of host polymerases produce multimeric
transcripts of HDV-RNA which undergo self cleavage and ligation
to unit-length circular RNAs through the catalysis of the HDV
ribozymes (filled rectangles). (Reprinted with permission from
reference [15].)

FIGURE 1 A: Schematic representation of HDV B: The HDV
particle in electron microscopy.
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RNA through RNA-binding domains to assemble the HDV
ribonucleoprotein (RNP) (35). The envelopment of HDV
occurs through interactions of HBsAg proteins with the
RNP (15, 35). The ability of the HDAgs to bind the nucleic
acid is largely controlled by their ability to multimerize (36).

Most of the sites binding the HDAg are located on the s
domain of the HBsAg, with some hot spots for the envel-
opment process; their integrity is critical to virion formation
(37). The s-HBsAg residues 24–28 and 56–80 are important
for HDV packaging and secretion. Also important are
tryptophan residues at positions 196–199 and 201 of the
carboxy-terminal peptide (38). The interactions of HDAg
with s-HBsAg, which are necessary for virion assembly, are
ablated by the substitutions Phe196Trp, Phe199Trp, or
Phe201Trp in the s-HBsAg.

Mutations or conformational changes in cysteine residues
of the antigenic loop of the HBsAg (39), which contains the
conserved “a” determinant involved in HBV infectivity,
block the entry of HDV into cells. HBV plays a role in HDV
infectivity; sequences of natural HBV variants can influence
the assembly and secretion of HDV (40). The specific in-
fectivity of HDV particles varies 160-fold with HBV enve-
lope proteins of various genotypes, with a decreasing trend in
infectivity from genotype D through genotypes B, E, and A
(41). In human hepatocellular-derived cell lines, small and
large HBsAg proteins produced by HBV-DNA sequences
that are naturally integrated during infection support the
formation of HD virions in the absence of HBV virions or
replication (42).

HBV
Mutants generated by point mutations, small insertions, or
deletions at the tip of the genomic rod structure may affect
HDV replication by reducing its efficiency 100- to 1000-fold
compared to the wild type (43). Substantial variations be-
tween the structure of the RNA editing sites of the different
genotypes may impact the efficiency or mechanisms of ed-
iting. HDAg binds to the clamp of RNA polymerase II and
affects its structure and conformation (44).

A feature of HDV infection is the inhibition of HBV-
DNA synthesis, whereas the HBsAg necessary for HDV as-
sembly is not diminished. HDV nucleoproteins competing
with HBV for the HBsAg induce a selective suppression of
HBV replication associated with an increase in pre s-s RNAs
and in the levels of HBsAg (45). The HDAgs inhibit HBV-
DNA synthesis through the suppression of HBV enhancers
and the transactivation of the alpha-inducible myxovirus
resistance A (MxA) gene (46).

HDV Monoinfection and Latency
HDV needs only the capsid of HBsAg to enter hepatocytes.
It is replicated inside nuclei by host RNA polymerases
without help fromHBV. Monoinfection and latency of HDV
in the absence of HBV have been demonstrated in vitro
and in vivo. HDV RNA synthesized in vitro induces helper-

independent genome replication in cultured cells (47). HDV
monoinfection was initiated by the injection of HDV com-
plementary DNA (cDNA) clones in the liver of transgenic
mice not susceptible to HBV infection (48), with the pro-
duction of replicative intermediates of HDV and expression
of HDAg in the liver in the absence of HBV markers.
Transgenic mice can support independent HDV RNA rep-
lication in multiple tissues, in particular in skeletal muscle
(49). The mouse model is now used for the study of HBVand
HDV interactions and for preclinical drug evaluation (50).

HDV replication in humans, apparently independent
from HBV, has been reported in liver transplants (51–53).
The HDAg remained detectable without HBV weeks to
several months in the liver of transplanted patients protected
with immunoglobulins against the HBsAg. The latent HDV
infection was not accompanied by disease. Liver damage
developed only when the underlying HDV was rescued to
full expression in the serum with the onset of recurrent HBV
infection. In the experimental murine model, expression of
HDAg was maintained for 6 weeks in human hepatocytes
inoculated with HDV particles lacking HBV before being
rescued to fully productive HDV infection by superinfection
with HBV (54). In NTCP-transduced Hep G2 cells and
dividing primary human hepatocytes, HDV replication was
maintained after serial in vitro passaging despite blocking the
extracellular spreading of HBsAg with Myrcludex (55),
suggesting that HDV can survive liver regeneration and be
amplified through human cell division both in vitro and
in vivo. In further support to the hypothesis that HDV rep-
lication is more independent than currently appreciated,
HBV integrants, which were naturally incorporated into the
host DNA during infection, can produce HBsAg proteins
competent for the assembly of HDV virions in the absence of
ongoing HBV replication (42).

Origin of HDV
HDV has the smallest genome among animal viruses. Its
genomic size of 1672–1697 nucleotides is slightly larger than
plant viroids, which also have circular genomes and replicate
by a rolling circle mechanism using the catalytic activity of
ribozymes (56). Whereas viruses parasitize the host transla-
tional machinery, viroids are unique in parasitizing the
transcription machinery of the host, as does HDV. HDV
displays the dual behavior of depending on a preexisting
host-encoded RNA polymerase as do viroids, but also on a
virus-encoded protein like viruses. The similarity of HDV
with a sequence in the human CPEB3 gene encoding the
cytoplasmic polyadenylation element binding protein 3 (57)
and the molecular analogy between regions of the human
7SL RNA and the HDV sequence (58) led to the hypothesis
that HDV could derive from a plant satellite RNA of smaller
original size that acquired through recombination a cellular
RNA encoding the HDAg and thereafter coevolved with
the HBV (59). According to this hypothesis, HDV and vi-
roids could be molecular fossils of a RNA world that pre-
sumably preceded our extant world based on DNA and
proteins (60). HDV RNAmay not be unique. Bioinformatic
analyses, supported by biochemical evidence, indicate that
hammerhead and HDV-like self-cleaving ribozymes are
present ubiquitously and expressed throughout the tree of
life (61, 62).

The positioning of HDV at the frontier of life relied on
the circular conformation of the HDV RNA that was
thought to be unknown to animal viruses and similar only to
viroids. However, the recent recognition that many cellular
RNAs are processed to form circular species resistant to host

TABLE 1 Features of Hepatitis D virus
Smallest infectious agent in humans, 1700 nucleotides
Circular, single-stranded, negative polarity
Infectious at 10–11 serum dilutions in hepatitis B surface antigen
Rolling circle mechanism of replication
Self-cleaving ribozyme
Transcription by host-RNA polymerases
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nucleases has led to a speculative reappraisal of the origin of
HDV. It has been proposed that some HBV RNAs may be
processed to circular forms in hepatocytes infected with
HBV, with the emergence and selection of circular species
that can be replicated by host enzymes and assembled using
HBV envelope proteins. The hypothesis is that the repli-
cating RNA circle could undergo many nucleotide changes,
rendering it unrecognizable relative to HBV sequences, and
evolve to a genetically different infectious agent like HDV
(63).

PATHOGENESIS
The histological pattern of hepatitis D is nonspecific, similar
to the other types of viral hepatitis (64). A picture of small-
droplet steatosis extensively involving liver cells that express
HDAg (morula cells) was reported as typical of severe hep-
atitis D in natives of the Amazon Basin. This pattern has
been rarely observed in developed countries.

Virus Factors
The pattern of disease varies in different epidemiological
settings (65). In areas of heavily endemic infection, like
northern South America, areas of Russia, Pakistan, and
Mongolia, the course of hepatitis D has often been severe. A
fulminant course was repeatedly observed in aboriginal
communities and in military personnel stationed in the
Amazon jungle (66). The high pathogenicity of HDV in
hyperendemic areas may be related to an increase in viru-
lence induced by the rapid circulation of the virus. Serial
passage of HDV in chimpanzees and woodchucks results in a
shortening of the incubation period and an increased se-
verity of hepatitis D (67). The outcome is severe in intra-
venous drug abusers. These patients often have a
concomitant HCV infection, which often accelerates the
progression of the liver disease (68).

The genetic diversity of HDV may have a role in the
different patterns of disease (Fig. 4) (69). Genotype III,
which is unique to South America, appears to correlate with
severe and fulminant hepatitis D among aborigines in the
Amazon (70, 71). Genotype II isolated in Japan seems to
cause only a mild HDV infection (72). Genotype I is prev-

alent in Europe and North America and segregates into two
subgroups (IA and IB) (73). The HBV genotype may also
modulate the infectivity of HDV (74) and high levels of
HBV replication are associated with more severe liver
damage (75).

The overload of viral genomes and genomic products in
hepatocytes may be responsible for a cytolitic effect of HDV
(76); however, expression of the s-HDAg or l-HDAg alone
in transgenic mice has no cythopatic effect (Errore: sorgente
del riferimento non trovata). Likewise no liver injury was
observed after crossing HDAg transgenic mice with HBsAg
transgenic mice. HDV RNA replication in HBV-free human
hepatocytes maintained in the liver of chimeric mice did not
induce cellular damage (77).

Host Factors and Immune Responses
The hypothesis that hepatitis D results from immune-
mediated liver damage (78, 79) is supported by the type of
inflammatory cells in the liver, variations in parameters of
cellular immunity during HDV infections, and the finding
of various autoantibodies in chronic hepatitis D. The latter
include autoantibodies reactive against the microsomal
membranes of the liver and kidney (LKM antibodies) (80),
termed LKM3 to distinguish the virus-induced autoantibody
from idiopathic LKM1 and from LKM2 elicited in hepatitis
induced by tienilic acid. LKM3 is directed against an antigen
of the UDP glucoronyl transferase 1 gene family (81).

Although a strong and persistent antibody response to
the HDV is mounted after superinfection, this is not able to
modulate the course of the infection. Cellular immunity may
therefore be critical to the course of HDV infection. CD4+/
CD8+ T-cell responses have been demonstrated in patients
who cleared the HDV (82). The immune response to the
virus involves the activation of HD antigen-specific helper T
cells with the secretion of a variety of cytokines stimulating
the further expansion of HDV-specific T cells. A higher
frequency of CD4+ cytotoxic T lymphocytes was found in
HDV than in HBV or HCV disease and their presence was
associated with elevated aspartate aminotransferase (AST)
and diminished platelets (83). IFN-gamma is produced by
activated HDV-specific Th1 and cytotoxic T cells, with the
induction of class I and II major histocompatibility complex

FIGURE 4 Global epidemiology of HDV infection according to viral genotype. (Reprinted with permission from reference [141].)
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(MHC) proteins on hepatocytes and the secretion of protein
10 (CXCL 10), which further recruits natural killer (NK)
cells (84). Cytotoxic CD8 lymphocytes specific for HLA-
A2-restricted epitopes of the HDAg could be detected in
mice vaccinated with HDV plasmid DNA.

In peripheral blood mononuclear cells stimulated with
HDV/HBV peptides (85), responses to HBV-specific anti-
gens were more frequent and robust than responses to HDAg
peptides, suggesting that strong HBV-specific cellular
immune responses occur in the majority of HBV/HDV co-
infected patients. The enhancement of innate defense
mechanisms is more prominent in HBV/HDV-infected than
in HBV-monoinfected humanized mice (86), with a stronger
induction of human IFN-stimulated genes and human spe-
cific cytokines, suggesting that the spontaneously elevated
IFN levels may contribute directly to the inflammation and
liver damage of HDV disease.

The liver damage of HDV may also result from interac-
tions of its genome or gene products with defensive strategies
of the host. The HDV counters endogenous IFN by directly
inhibiting the activation of the IFN signaling pathways
through the interference with Janus kinase/signal transduc-
ers and activators (JAK/STAT) (87). The large HDAg up-
regulates the MxA gene, which inhibits HBV replication,
increasing the signaling of the tumor necrosis factor-induced
nuclear factor-kappaB (NF-kappaB) (46), and sensitizes cells
to inflammatory stimuli (88). The viral genome and its
products appear to interact with the cell proteome (89, 90),
presumably interfering with various steps regulating cellular
metabolism, homeostasis, and growth.

EPIDEMIOLOGY
Distribution and Risk Groups
Infection with HDV is present worldwide. In the 1980s it
was estimated that there were globally 15,000,000 carriers of
HBsAg infected with HDV. Clinical studies have confirmed
that hepatitis D was a major cause of cirrhosis and fulminant
hepatitis worldwide (91). HDV is reemerging in the United
States, where it appears to be uncommon in the general
HBsAg population. Fifty percent of the chronically HBV-
infected intravenous drug addicts studied in Baltimore, MD,
in 2005–2006 had antibody to the HDAg (anti-HD) (92).
In 2013, an 8% prevalence of anti-HD was found in 499
HBsAg carriers surveyed in Northern California (93); 69%
were Caucasian non-Hispanic and 10% came from Asia or
the Pacific Islands. The prevalence of HDV has diminished

in Western Europe with the implementation of universal
HBV vaccination that is depriving the HDVof its biological
partner (94); however, despite steep declines in the general
population in the 1990s, hepatitis D remains an issue in
injection drug users, and is returning to Western Europe
through immigration from areas where HDV remains
endemic.

Incidence and Prevalence
The current prevalence of HDV infection remains under-
estimated for both lack of testing and inappropriate testing.
Because of the perception that the decline of hepatitis D
with the control of HBV meant that the disease was no
longer a medical problem, testing for HDV has often been
neglected in the last 20 years (95). In the United States, only
8.5% of 25,603 HBsAg-positive subjects observed from 1999
to 2013 were tested for anti-HD (96). In developing coun-
tries, increased resources are becoming available for HDV
testing; however, testing is often performed in HBsAg car-
riers with no liver disease at low risk of HDV (94). Surveys
for HDV must be disease-oriented, because carriers of HDV
are more likely to be sick than healthy. To be comparable,
prevalence rates should refer to a denominator of subjects
with HBsAg liver disease.

The prevalence of HDV infection reported in the last
decade in persons with chronic HBsAg hepatitis in different
countries of Europe is shown in Table 2. Hepatitis D is rare in
Australia (97, 98) and has significantly diminished in the
general population of Taiwan, where the virus remains only
in HBsAg carriers at risk (99). The prevalence of the in-
fection is consistent in human immunodeficiency virus
(HIV)/HBV subjects (100, 101). Endemicity is diminishing
slowly in Romania and Turkey (94, 102). HDV is endemic in
Pakistan (94, 103), in Iran (104), in Tajikistan (94), and is
highly endemic in Mongolia (105, 106). Recently a 67%
rate of anti-HD has been reported in the general HBsAg
population of the country, amounting to an extrapolated
figure of 135,936 HDV cases nationwide (Mongolia Viral
Hepatitis Prevention Control Elimination Program, Poster
178. The Global Viral Hepatitis Summit. 15th International
Symposium on Viral Hepatitis and Liver Disease, Berlin June
26–28, 2015, and Dr. Narambaatar Dashdory, Liver Center,
Onom Foundation, personal communication).

Infection with HDV appears to be low in India (107,
108), Malaysia, Thailand, the Philippines, and Korea (94).
It is endemic in North Vietnam; HDV RNA was found in
15.4% of HBsAg carriers in 43.3% of patients with acute

TABLE 2 Prevalence of anti-HD in chronic HBsAg hepatitis in Western Europe in the last decade

Study area Positive/total (%) Prevalence in immigrants Reference

Hannover, 2009 252/2363 (9%) 80% from Turkey, Eastern Europe 68
Italy, 2014 87/1011 (8.4%) 40% from Eastern Europe 211
London, 2008 82/962 (8.5%) 85% from Eastern Europe, Asia, Africa 95
London, 2013 22/1048 (2.1%) 212
London, 2015: 60% from Africa, Turkey, Italy 213
Clinic-led testing 4/67 (6%)
Reflex testing 158/3543 (4.5%)

Switzerland, 2011 101/1699 (5.9%) 214
Belgium registry, 2013 44/800 (5.5%) 34% from Africa; 9% from Asia; 6.8% non-Caucasian 215
Athens, 2013 101/2137 (4.7%) 5% from the Balkans, Central Asia, Africa 216

Anti-HD = antibody to the HDAg; HBsAg = hepatitis B surface antigen.
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HBsAg hepatitis (109) and seroprevalence rates of anti-HD
were 30.2–29.4% in drug addicts in 2010–2011 (110). A
6.5% prevalence of immunoglobulin M (IgM) anti-HD was
reported in a clinically mixed hospital HBsAg population
collected in Guangdong, China, from 2005 to 2011 (111).
HDV RNA was found in 37% of 54 patients with chronic
hepatitis B in Kiribati, Western Pacific, but in no patients
from Tonga, Fiji, and Vanuatu (112). Consistent rates of
anti-HD were found in Gabon, Cameroon, and Nigeria (94).
In 2014, antibody rates of 50% were reported in cirrhotic
patients from the Central African Republic (113), of 11.3%
in HBsAg liver disorders in Accra, Ghana (114), of 11.4% in
pregnant HBsAg women in Northern Benin (115). The
prevalence of HDV remains high in the western Brazilian
Amazon (116).

Transmission
The parenteral route is the primary and most efficient for
HDV transmission (64, 65). Carriers of the HBsAg are the
major targets. Sufficient HDV was contained in 10–11 dilu-
tions of a serum containing HBV/HDV to transmit HDV to
a chimpanzee carrying HBsAg, yet the same inoculum
transmitted HDV to HBV-naïve animals only up to 10–6
dilutions (117). In the former, HDV was rescued by the
preexisting HBsAg of the recipient regardless of the original
infectious titer of HBV in the inoculum; in the latter,
transmission was limited by the source of HBsAg (i.e., by the
infectious HBV titer of the inoculum), which was exhausted
at 10–6 dilutions. Sexual transmission has been documented
in prostitutes and sexual partners of HDV-infected carriers
(118, 119). Cohabitation with an HDV carrier is a major
risk for HDV transmission (94).

CLINICAL FEATURES
The clinical outcome of HDV infection is determined by the
course of the concomitant HBV infection. In simultaneous
co-infection (Fig. 5) in individuals previously not exposed to
HBV, HDV can fully propagate only after HB viremia be-
comes established. In the great majority of cases, coinfec-
tions run an acute course with the clearance of HBV, and
HDV cannot continue to replicate with the elimination
of HBV; hepatitis D will then run a self-limited course
(64, 120). Chronic HDV infection develops in less than 5%
of the patients simultaneously coinfected by HBVand HDV.

In HBsAg carriers superinfected with HDV (Fig. 6), the
preexisting HBsAg state promptly “rescues” HDVand favors
the rapid establishment of infection. As the HBsAg carrier
state is maintained over time, HDV superinfections most
often become chronic, inducing new HDV disease in

healthy carriers of HBsAg or additional disease in carriers
with previous HBV disease. HDV synthesis usually inhibits
the replication of HBV. Patients with chronic hepatitis D
have elevated alanine aminotransferase (ALT), lack hepa-
titis B e-antigen (HBeAg) and IgM anti-HBc, and have no
or low titers of HBV DNA in serum. This atypical pattern of
HBV in a patient with HBsAg-positive liver disease may
indicate underlying HDV disease (121) and represents the
“at-risk” HBV pattern indicating HDV testing (96). About
15% of patients with florid chronic hepatitis D raise LKM3
autoantibodies, which do not appear to have clinical sig-
nificance or modify the response to IFN therapy.

Rarely, acute hepatitis D acquired by superinfection may
run a self-limited course leading to the clearance of the
preexisting HBsAg (122). In one study, the rate of HBsAg
clearance over the years was increased in chronic hepatitis D
compared to chronic HBV monoinfections (123). Super-
infection with hepatitis D can resemble acute hepatitis B
virus infection if the underlying HBsAg state of the patient
was unrecognized, or may simulate reactivation of the un-
derlying chronic hepatitis B virus infection (64, 121).

Active HDV infection without HBsAg rarely has been
reported in immunocompetent patients; HDV RNA geno-
type I without the HBsAg was found in three Amerindians
in Argentina who were negative for anti-HD but positive for
anti-HBc (124), and HDV RNA without the HBsAg was
found with anti-HD in a patient in Mongolia (125).

The clinical and histological features of chronic hepatitis
D are not distinctive and are similar to HBV monoinfection.
An occasional patient will have an enormous splenomegaly,
unrelated to the degree of portal hypertension (Fig. 7). In-
creased accumulation of iron has been observed in the liver
(126).

Clinical studies from all continents have shown that
HDV infection aggravates the natural history of the under-
lying HBV infection (64, 121, 127). Hepatitis D is consid-
ered the most severe form of viral hepatitis in humans,
accelerating the time of decompensation of liver function
Table 3. The peak age of patients with cirrhosis associated
with HDV is 10 years younger than those with cirrhosis due
to HBV alone. The percentage and speed of progression to
cirrhosis have varied in different series according to the
characteristics of the HDV population studied (122,128–
130). In a minor proportion of patients, the disease is less
aggressive. In about 15% of patients followed in Italy, the
course of the HDV liver disease progressed slowly (131).

The relative risk of developing cirrhosis in patients with
HBV/HDV coinfection in Europe was estimated to be twice
that of HBV alone (132). In about half of the patients with
chronic hepatitis D, the disease is heralded by an overt acuteFIGURE 5 Serologic profile of HBV/HDV coinfection.

FIGURE 6 Serologic course of HDV superinfection evolving to
chronicity.
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hepatitis, which represents the time of HDV superinfection
(133). In many patients, the disease is discovered inciden-
tally, often at the stage of cirrhosis. Hepatitis D in children is
acquired mainly by household contact and only rarely by
vertical transmission. The course may be as severe as in adults
(134). Due to the diminished circulation of HDV over the
last two decades, the occurrence of newly recognized chronic
hepatitis D has consistently diminished in Europe (132, 135),
and the medical presentation has shifted from florid chronic
hepatitis to residual advanced fibrotic disorders.

Triple HBV/HDV/HCV infection is frequently observed
in injection drug users (136), with as much as 30% of such
patients reported in central Europe (68). HDV was the
dominant virus in European studies, inhibiting the expression
of serum HCV RNA as well as of HBV DNA (137–139).
HDV was also associated with the suppression of HBV and
HCV in patients transplanted for triple infection (140). In a
case report, chronic HCV was cleared upon superinfection
with HDV (141). The HCV was the dominant virus in
Taiwan (142). In a longitudinal study from Italy, viral
dominance has changed over time with fluctuating HCV/
HBV/HDV virologic profiles (143). Chronic hepatitis D
appears to run an accelerated course in patients with HIV
(144). In studies from Spain and Taiwan, HIV-infected
patients coinfected with HDV were more likely to develop
cirrhosis and had an increased risk of mortality compared
with HDV patients without HIV (145, 146).

The contribution of HDV to the development of hepa-
tocellular carcinoma (HCC) is controversial. Several on-

cogenic mechanisms have been proposed (147). In human
Hep3B hepatocarcinoma-derived cell lines, full HDV repli-
cation was supported in the absence of HB virions (42).
Also, HDV can infect the cells of hepadnavirus-induced
HCC in woodchucks (148).

In a retrospective multinational European study, HDV
infection increased the risk of HCC 3-fold compared to
HBV monoinfection (133). After adjusting clinical and se-
rological features, the estimated 5-year risk for HCC was
13% for anti-HDV positive patients versus 2–4% for patients
with HBV infection alone. Forty percent of HDV-infected
subjects in Greece with cirrhosis developed HCC within 12
years of follow-up (149). In a more recent study, the inci-
dence of HCC in Italy was 2.8% per year (130). A com-
parison of HBV/HDV with chronic HBV in Swedish
patients indicated that HDV was a strong risk for HCC
(150); however, in an English study, the risk was not in-
creased compared to HBV monoinfection (95).

The current risk for HCC with HDV/HBV compared to
HBV monoinfection should be reconsidered according to
the changing natural history of HBV; the latter can now be
treated efficiently, and, therefore, deaths for HCC are in-
creasing in HBV, whereas liver failure remains the major cause
of death and reason for transplantation in HDV patients.

DIAGNOSIS
Antibody to HDV
Detection of anti-HD is the first step in the diagnosis of
HDV infection (64, 151). Commercial radio- and enzyme-
linked immunoassays are available for its detection. Anti-
body to the HDAg should be determined in all HBsAg
carriers with liver disease, in particular in those at high risk
for HDV infection, such as injection drug users. Active
HDV infection is diagnosed by the finding of HDV RNA in
blood or HDAg in the liver by immunohistochemistry. The
sensitivity of immunohistology is limited because the anti-
gen is not detectable in the liver biopsy samples of all pa-
tients with active HDV infections and has not been detected
in 50% of the patients with advanced fibrosis (64).

Viral Antigen and RNA
Serum HDAg may be detectable only in the early phase of
primary infection, before the development of the homolo-
gous antibody. As anti-HD is generated, HDAg becomes
undetectable by immunologic assays, because it becomes
masked in immune complexes (151).

Several in-house and commercial real-time PCR assays
have been developed to quantify HDV viremia. The reverse
transcription PCR (RT-PCR) technique has increased sen-
sitivity allowing for qualitative and semiquantitative mea-
surement of the viral genome (152). The assay is based on
two steps—a first PCR with sensitivity of 1000 genomes/ml
and a nested PCR with a detection limit of 10 genomes/ml
(153). Assays use conserved primers from the carboxy-
terminal segment of the HDAg-coding region, ensuring the
highest degree of efficiency.

Detection of HDV RNA may help in the early diagnosis
of acute infection during the seronegative period, in chronic
infection of immunosuppressed individuals, in assessing the
dynamics of HDV replication over time in coinfections with
other hepatitis viruses, and in monitoring treatment re-
sponse during antiviral therapy. With the current sensitive
assays, serum HDV RNA is positive in 100% of HBsAg
carriers with chronic HDV superinfection, correlating with

FIGURE 7 Massive splenomegaly in a patient with HDV cir-
rhosis (magnetic resonance of the abdomen).

TABLE 3 Chronic hepatitis D features
Rapid progression to cirrhosis
Anti-HBe+; IgM anti-HBc–
HBV DNA low or absent
No specific histologic features
Occasionally splenomegaly +++
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the intrahepatic expression of the HDAg. The level of HD
viremia does not correlate with the stage of the liver disease
(154, 155).

Results from different laboratories often are not compa-
rable, and assays have not been standardized (156). In 2013,
the first WHO International Standard for hepatitis D virus
RNA for nucleic acid amplification techniques (NAT)-
based assays was developed (157). Real-time HDV RNA
quantification can be performed also in cryopreserved liver
tissues specimens (45) and in formalin-fixed, paraffin-em-
bedded tissues (158). Genotyping of HDV can be performed
by restriction fragment length polymorphism analysis or by
direct sequencing (73).

Coinfection Versus Superinfection
The serological patterns of coinfection and superinfection
are distinct (Fig. 5 and Fig. 6). The HDV RNA, IgG anti-
HD, and IgM anti-HD develop in primary HDV infection,
either acquired simultaneously or upon a preexisting HBV
infection. In self-limited HBV/HDV coinfections, markers of
HBV replication (HBV DNA, hepatitis B e-antigen, IgM
anti-core) are also present, whereas in superinfection of in-
active HBsAg carriers or of those with HBeAg-negative
chronic hepatitis B, these HBVmeasures are usually negative
and anti-HBe is present at the onset of disease. A concom-
itant active HBV infection expressing the HBeAg is often
seen in injection drug users. In acute coinfections, antibody
markers are expressed only transiently, and HDV RNA may
no longer be detectable at onset of disease (159). These
measurements decrease rapidly and disappear after the
clearance of the HBsAg (82, 160). In some patients, par-
ticularly in injection drug users, anti-HD can persist for years.
All HDV markers persist in superinfection, with an increase
to high titers of both IgG anti-HD and IgM anti-HD (161).
The inflammation in the liver disease correlates with the titer
of IgM anti-HD (162, 163). In patients with chronic infec-
tions, the IgM antibody is composed mainly of monomeric
7S IgM molecules (164), in contrast to the predominance of
19S pentameric molecules in acute infections. HDV RNA
remains detectable with titers fluctuating over time.

PREVENTION
Vaccination against the HBV protects from HDV infection;
its implementation has much diminished the incidence of
HDV infections by reducing the reservoir of HBsAg carriers
susceptible to HDV. There is no immune prophylaxis to
protect the HBsAg carrier from HDV superinfection. An-
tibodies to the HDAg do not neutralize the HBsAg-coated
virion and are not protective. Therefore, virus-specific T-cell
immunity appears to be required for protection (165). DNA
vaccines expressing the small and large HDAgs have elicited
cellular immune responses in mice (166), but vaccination
with protein or DNA vaccine in woodchucks failed to pro-
tect the animals (167). Protection against coinfection with
HDV and woodchuck hepatitis virus was achieved using
DNA priming and adenoviral boost regimen (168), but the
T-cell response in the preclinical woodchuck model by
current immunization procedures seems insufficient to pre-
vent the spread of HDV in chronic HBV carriers.

THERAPY
Therapeutic strategies aimed at inhibiting functions of HDV
for hepatitis D are constrained because the virus expresses no

enzymatic target and relies on the replicative machinery of
the hepatocyte. The current therapy of the disease remains
empirical; it is based on IFN-alpha, introduced in clinical
practice 30 years ago (169–171). In vitro, IFN has no effect
on HDV RNA (172); the virus may directly inhibit IFN-
alpha signaling (87). IFN appears to delay the entry of HDV
into hepatocytes (173).

Standard IFN for 1 year at dosages of 3–6 million units
(MU) three times weekly induced disease remission (normal
ALT) in 320–25% of patients with chronic hepatitis D
(169–171). Rates of HDV RNA clearance were lower. In
most studies, results were worse in cirrhotics. The degree of
response was proportional to the dose of IFN. Patients given
5 MU daily or 9 MU three times per week responded better
than patients given lower dosages (174). IgM anti-HD de-
clines and then disappears in responders (164, 175).

Long-acting peg-IFN-alpha has marginally increased ef-
ficacy (176–180). In four studies, a virologic response was
observed in 18–43% of the patients (Fig. 8). In a study by the
Hep-Net International Delta Hepatitis Intervention Trial
(HIDIT) (181), 90 patients were randomly assigned to re-
ceive either 180 mg of peg-IFN alpha-2a weekly plus 10 mg of
adefovir (31 patients), 180 mg/kg peg-IFN plus placebo (29
patients), or adefovir alone (30 patients). By week 48 of
therapy, the reduction of HDV RNAwas higher and similar
in the two peg-IFN groups compared with adefovir alone. At
6 months posttherapy, HDV RNA was negative in 28% of
patients given peg-IFN compared with only 8% of the pa-
tients given adefovir alone.

In the HDIT 2 (182) study of peg-IFN monotherapy
versus peg-IFN plus tenofovir for 96 weeks, the combination
treatment had similar efficacy and safety profiles compared to
peg-IFN therapy alone. Long-term IFN-treatment of HDV
patients caused a selective loss of terminally differentiated
NK cells with an enrichment in the immature NK cell subset
and treatment was associated with marked functional im-
pairment of NK cells and reduced signaling via STAT4
(183). No difference in response to peg-IFN was observed
between treatment-naïve and treatment-experienced pa-
tients; the individual interleukin 28B polymorphism was not
predictive of response (184, 185). Increasing the dosage of
IFN, prolonging therapy to 24 months, or adding an antiviral
against HBVor ribavirin to peg-IFN conferred no advantage
(186).

During IFN therapy, the decline of HDV RNA is bi-
phasic, with a first rapid phase of about 1 month duration

FIGURE 8 Chronic hepatitis D treated with Peg-IFN mono-
therapy or in combination with antivirals.
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followed by a second slower phase (187). The decline of
HDV RNA during early treatment time points does not
seem predictive of a sustained viral response (SVR) (188). A
negative HDV RNA test at 6 months of therapy is a better
predictor of a SVR. Treatment is indicated in patients with
active compensated HDV disease. In patients with advanced
cirrhotic disease, the expected benefits of therapy should be
balanced against the adverse effects of peg-IFN and the
lower rate of response.

Of note, current assays for the measurement of HDV
RNA have a detection limit of no lower than 10 viral ge-
nomes/ml, which is much more than the natural infectivity
threshold of HDV for the HBsAg carrier (117); thus, clear-
ance of HDV RNA determined with these assays does not
ensure elimination of infectious virus. Therefore, in patients
who achieve an SVR but remain HBsAg-positive, residual
undetectable HDV may still be present at low titers and able
to reactivate hepatitis D after apparently successful therapy
(189, 190). In a 4.5-year median follow-up in the HIDIT
trials, 56% of 16 patients with undetectable HDV RNA 6
months posttherapy returned positive for HDV RNA at least
once during the posttherapy follow up and 7 retested positive
at the last visit (191). Virologic relapses were associated with
ALT increases in at least 4 subjects.

The elimination of the HBsAg is the most reliable end-
point of therapy (192–194), but this goal is seldom attained.
In the long-term virologic responders of the HIDIT study,
serum HBsAg had decreased at week 48 of therapy by a mean
1.6 log IU/ml, whereas HBsAg levels showed an increase of
1.0 log 10/ml in individuals with late relapses.

To push for eradication of HDV, long-term therapy with
IFN over several years could be proposed in patients who
exhibit a significant decline of HBsAg during initial therapy
(189). The current recommended schedule for the treatment
of chronic HDV disease is peg-IFN-alpha given weekly for
48 weeks; however, the optimal duration of treatment has
not been established. Longer durations of treatment may be
appropriate on an individual basis in patients in clinical
remission who remain viremic to maintain control of disease
despite the persistence of HDV (195).

Antivirals against the HBV that inhibit HBV DNA
synthesis but leave the HBsAg unaffected have no role in
hepatitis D (181, 189). Attempts to cure the disease by de-
priving the HDV of the partner HBV using lamivudine,
adefovir, entecavir (196), or tenofovir had no effect. In only
one study of HDV-HIV did coinfected patients given teno-
fovir for a median of 6 years (197) therapy achieve a distinct
reduction of HDV RNA in 13 of 16 patients. An antiviral
against the HBV is advisable in patients with significant
HBV DNA serum levels, although control of HBV does not
modify the natural course of the HDV liver disease.

New therapeutic strategies are being explored that aim at
interfering with steps of the HDV cycle different from rep-
lication of the virus. Two approaches in clinical development
are the interference with the assembly of the HD virion and
the inhibition of HDVentry into or exit from hepatocytes by
the blocking of the receptors for the HBsAg or the synthesis
of subviral HBsAg particles. A model of the first strategy is
the disruption of prenylation of the l-HDAg. In hepatocyte
cell culture, prenylation (farnesylation) of the l-HDAg was
inhibited by the prenylation inhibitor BZA5B (198), and the
prenylation inhibitors FTI-277 and FTI-2153 were effective
at clearing HD viremia in a mouse model of HDV infection
(199). In a small blinded, randomized, placebo-controlled
study (200) of patients with chronic hepatitis D given the
farnesyl transferase inhibitor lonafarnib at 200 mg (100 mg

twice daily) or 400 mg (200 mg twice daily), the mean log
HDVRNA declined 0.73 log IU/ml from baseline in patients
given 200 mg and 1.54 log IU/ml in patients given 400 mg by
day 28. The level of serum HBsAg remained unchanged. No
HDV mutations associated with lonafarnib nonresponse
were detected by population-based sequencing for the l-
HDAg. Adverse events were frequent, with 50% and 33% of
the patients given the 200-mg dose experiencing diarrhea
and nausea, respectively, and all patients given the 400-mg
dose experiencing nausea, diarrhea, abdominal bloating, and
weight loss greater than 2 kg. Ritonavir boosting can further
increase the antiviral effect of lonafarnib (201).

A variety of drugs can inhibit the NTCP receptor for
HBsAg (202). Mircludex (203), a myristoylated 47-amino-
acid fragment of the pre-S1 region of the large HBV enve-
lope protein (pre s-1 peptide), which binds to NTCP and
acts as a competitive inhibitor of HBsAg entry, induced a
> 1 log decline of HDV RNA in serum and the temporary
control of the development of HDV infection in superin-
fected HBV mice (204).

In a preliminary study, the nucleic acid polymer REP-2139
(205), given once weekly by a 2-hour intravenous infusion at
a 500-mg dose, first as monotherapy and then with the ad-
dition of peg-IFN at week 16, induced a 4–5 log reduction of
serumHBsAg and a 5–8 log reduction of HDV RNA in 4 of 7
treated patients. Anti-HBs became detectable in 6 patients.

LIVER TRANSPLANTATION
Prevention of the recurrence of HBV by using passive im-
munoprophylaxis with standard HB immunoglobulin
against the HBV is satisfactory for the prevention of HDV
reinfection (206). The reinfection rate of HDV dropped to
9–12% (207), with a survival rate of 98% throughout a 7- to
10-year follow up. Prophylaxis with lamivudine pretrans-
plantation and with lamivudine plus HB immunoglobulin
posttransplantation has further diminished the residual rate
of reinfection. Of note, HBsAg-positive grafts must not be
given to recipients with HDV coinfection. In two such cases,
hepatitis D rapidly recurred in the transplanted patient (208,
209). Likewise the choice of maintaining prophylaxis with
antivirals without further HBIg may be debatable in HDV
transplants; the reemergence of HBsAg, which may be in-
nocent in the ordinary HBV transplant protected by anti-
virals (210), might by itself rescue HDV to pathogenic
expression if this virus has remained latent in the trans-
planted liver.
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Prion diseases are infectious and fatal neurodegenerative
disorders of humans and animals caused by the accumulation
of a misfolded and aggregated form of the cellular prion
protein (1, 2). The term “prion” was coined by Stanley
Prusiner and is derived from the words “proteinaceous in-
fectious particle” (2). Prions are misfolded forms of a normal
protein called the “prion protein” and by definition are in-
fectious. In most prion diseases, prions are abundant in the
brain and spinal cord and can spread between patients iat-
rogenically, for example, through neurosurgical procedures
or grafts of prion-contaminated dura mater (3). The classic
neuropathologic lesion neuropatholog in the brain of a
prion-infected patient is spongiform degeneration with
neuronal loss, activated astrocytes and microglia, and a no-
table lack of peripheral inflammatory cells (4).

HISTORICAL BACKGROUND
The prototypic prion disease, scrapie, was described in 1750
as a fatal disease of sheep and goats and was demonstrated to
be infectious in the 1930s (5). Human spongiform enceph-
alopathy cases were initially reported in the early 1920s (6,
7), but were not shown to be transmissible until several
decades later (8, 9). In 1957, Carleton Gadjusek reported
that an unusual epidemic of a neurologic disease known as
“kuru,” meaning to shiver, had struck the Fore people of
Papua New Guinea (10). In a letter to Lancet, veterinary
pathologist William Hadlow noted that the brain lesions in
kuru patients resembled those of scrapie-affected sheep and
suggested these diseases may share a similar infectious eti-
ology (11). Experimental injection of the kuru-affected
brain into macaques was subsequently shown to cause a
spongiform encephalopathy and led to the realization that
kuru was spreading among the Fore as an infectious disease
from endocannibalistic practices (9). For these findings,
Gadjusek was awarded the Nobel Prize in Medicine or
Physiology in 1976 for “discoveries concerning new mechanisms
for the origin and dissemination of infectious diseases.” The pi-
oneering discovery of kuru as an infectious disease set the
stage for the recognition of other rapidly progressive neu-
rodegenerative diseases as part of a family of prion diseases,
including Creutzfeldt-Jakob disease (CJD) in humans, bo-
vine spongiform encephalopathy (BSE) or “mad cow” dis-

ease in cattle, scrapie in sheep and goats, and chronic
wasting disease (CWD) of deer and elk.

The history of the nomenclature for CJD is complicated.
Alfons Jakob published four papers in 1921 and 1923 de-
scribing five uncommon cases of rapidly progressive de-
mentia, stating that his cases were quite similar to a
previously published case reported by his professor, Hans
Creutzfeldt, in 1920. This disease was referred to as Jakob’s or
Jakob–Creutzfeldt disease for many decades until a promi-
nent researcher in the field, Clarence J. Gibbs, began using
the term Creutzfeldt–Jakob disease, as its acronym, CJD, was
closer to his own initials (12). Interestingly, the cases Jakob
described were in fact very different than Creutzfeldt’s case,
in that only two of Jakob’s five cases had pathological evi-
dence of the disease that we now consider to be prion dis-
ease, whereas Creutzfeldt’s case did not have prion disease
(13). Thus, the name for human clinical prion disease
should be Jakob’s disease or possibly Jakob–Creutzfeldt dis-
ease. However to avoid confusion, in this chapter we use the
more commonly used term Creutzfeldt–Jakob disease (CJD).

More recently, prion diseases were recognized for their
potential to cause large-scale epidemics and spread as zoonotic
infections. BSE was first described in 1986 (14), and by June
1996, more than 180,000 confirmed cases of BSE in cattle
had been reported within Great Britain (15). By 1995, a new
human variant of Creutzfeldt-Jakob disease (vCJD) appeared
in the UK, likely from human exposure to BSE-con-
taminated beef (16, 17), and has since led to more than 200
deaths from vCJD. During the time of the BSE epidemic,
there were many key research breakthroughs in the prion
field, including the identification of the causative agent as an
infectious aggregated protein (2), which earned Stanley
Prusiner the Nobel Prize for Medicine or Physiology in 1997.

In 2004, the first major breakthrough in defining prions
as infectious proteins occurred when Giuseppe Legname and
colleagues demonstrated that recombinant mouse PrP fibrils
(from amino acids 89-230) were infectious in transgenic
mice expressing mouse PrP fragment 89-231 (18). In 2008,
Surachai Supattapone and colleagues showed that the
minimum components for generating an infectious prion
were PrPC, co-purified lipids, and a polyanion (19). By 2010,
another major breakthrough from Jiyan Ma and colleagues
showed that recombinant PrP in the presence of lipids and
RNA forms prions were highly infectious to wild-type mice
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(20). This landmark experiment demonstrated for the first
time that recombinant prion protein containing co-factors
was sufficient to form an infectious prion as postulated by
Dr. Prusiner and was key to excluding viral particles or other
infectious agents as necessary for prion infectivity.

PRIONS
Classification
The classification of prions differs from that of viruses because
prions are infectious proteins. Thus, there are no prion fam-
ilies or genera. Instead, prions are classified by their host
species, clinical disease, pathologic lesions in the brain,
and the molecular and biochemical properties of the aggre-
gated prion protein. The primary amino acid sequence of
the prion aggregate is determined by the host cellular prion
protein, PrPC, encoded by the prion gene on chromosome 20
in humans (21). No specific nucleic acids are required, and
neither ionizing or UV radiation (22–24), treatment with
nucleases (2), nor formalin inactivates prion infectivity (25).

The human prion diseases include sporadic, genetic, and
acquired forms of disease, the most common form being
sporadicCJD (sCJD). The cause of sCJD is not knownbut has
been hypothesized to be due to a somatic mutation arising in
the gene encoding the prion protein gene, PRNP (26) or from
the spontaneous conformational conversion of PrPC (in
which “C” stand for the normal or cellular form of the pro-
tein) into the aggregated, pathogenic form, PrPSc (in which
“Sc” stands for scrapie, the prion disease of sheep and goats).
Genetic prion diseases have been historically classified pri-
marily by clinical symptoms and neuropathological features
as familial CJD (fCJD), Gerstmann-Sträussler-Scheinker
(GSS) disease, or fatal familial insomnia (FFI). However, this
classification was prior to the discovery of PRNP. The mu-
tations in PRNP consist of missense, insertion, and deletion
mutations and are autosomal dominant and typically highly
penetrant, with disease onset in the fifth or sixth decade
(27). Acquired prion diseases have been transmitted between
individuals (kuru and iatrogenic CJD or iCJD) or in some
cases, from cattle to humans (vCJD) (16, 28).

Prion diseases of animals are thought to be largely ac-
quired by exposure to infectious prions, however, some may
arise sporadically, such as atypical scrapie in sheep and
atypical BSE in cattle (29–31). Classical scrapie affects sheep
and goats nearly worldwide, and the name “scrapie” refers to
the clinical disease, because prion-infected sheep develop
pruritus and typically scrape against fences (32). Classical
BSE first appeared in cattle, possibly a result of transmission
of a case of sheep scrapie to cattle or from a sporadic TSE in
aged cattle. BSE spread to zoo bovids, primates, including
humans, and felids, likely through BSE-contaminated food
products (33–39). Chronic wasting disease (CWD) was first
discovered in Colorado deer in 1967 (40) and currently af-
fects deer, elk, and moose (family Cervidae) in more than 23
U.S. states and two Canadian provinces, as well as ranch-
raised elk in South Korea (41). Transmissible mink en-
cephalopathy (TME) has been identified in farmed mink in
the United States, Canada, Russia, Finland, and East Ger-
many and was thought to be due to dietary exposure to a
prion-infected animal, although the origin of the epidemic
remains unclear (42).

Phenotypic Variation
A remarkable observation in prion biology that has intrigued
scientists for decades is the prion strain phenomenon. The

variation in clinical symptoms and histopathology among
patients expressing the same PRNP sequence challenged
Prusiner’s protein-only hypothesis; how could this pheno-
typic variability be explained in the absence of a genome
from an infectious agent? Extensive experimental data now
support that the variation arises due to multiple conforma-
tions of PrPSc (43–47). In rodent models, distinct prion
strains can be propagated in animals expressing the same PrP
amino acid sequence yet differing in the clinical and path-
ological phenotype. Classical methods to identify distinct
prion strains utilize inbred mice to demonstrate differences
in the disease incubation period and the regions targeted in
the brain as measured by the degree of spongiform change,
gliosis, and PrPSc aggregates in select brain regions (48–50).
Serial passage of a single prion strain in mice typically
“breeds true,” meaning that strains show a remarkable con-
servation in the incubation periods and lesion distribution.
Biochemical differences, such as the stability in chaotropes
or heat, can aid in distinguishing strains and are indicative of
conformational differences in PrPSc (43–47). Extensive
biochemical studies of PrPSc have collectively shown that
multiple different arrangements are likely to explain the
observed differences in disease properties (51, 52), although
the precise PrPSc conformation(s) and how they differ are
not yet clear.

Composition
PrPC contains 253 amino acids, of which peptides 1–22 and
232–253 are cleaved during processing. The mature, pro-
cessed PrPC is composed of 210 amino acids arranged with a
disordered amino terminal domain and a well-ordered, C-
terminal globular domain containing three a-helices and a
short anti-parallel b-sheet (53, 54) (approximately 42% a-
helical and 3% b-sheet structure (55)) (Fig. 1A). Post-
translational modifications include two variably occupied
N-linked glycan sites in the C-terminal globular domain and
a glycophosphatidylinositol anchor (GPI) that attaches
PrPC to the cell membrane (Mr 33,000–35,000) (56–58),
which is also present in PrPSc (57).

Conversion of PrPC to PrPSc involves a massive structural
rearrangement of the primarily a-helical protein into a b-
sheet-rich structure (approximately 47% b-sheet) (59) (Fig.
1B). PrPSc templates the misfolding of the host PrPC; thus,
the prions that accumulate in the host will have the PrP
amino acid sequence of the host (Fig. 1C). The detailed
mechanism by which PrPC is converted into PrPSc remains
unknown. One hypothesis is that short segments of PrPSc
interact with PrPC in a “steric zipper,” in which comple-
mentary amino acid side chains from two b-sheets tightly
interdigitate and stabilize growing fibrils (60, 61).

Highly conserved among mammals, PrPC is expressed
nearly ubiquitously by most cells, and at notably high levels
in neurons. Multiple functions have been assigned to PrPC,
including signaling important for myelin maintenance in the
central and peripheral nervous system (62), as well as metal
binding, particularly copper (63, 64), cell signaling, poten-
tially through fyn activation (65, 66), and neuroprotective
signaling (67–69). Aged PrP knockout mice show demye-
lination in peripheral nerves (62, 70) and alterations in
circadian activity and sleep regulation (71, 72).

Although both crystallography (73) and nuclear mag-
netic resonance (NMR) spectroscopy (53) have yielded
detailed insights into the structure of PrPC at the atomic
level, the insoluble PrPSc aggregates have presented a chal-
lenge for structural determination. Studies using x-ray crys-
tallography of prion fibrils purified from brain indicate PrP is
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arranged in a cross-b-sheet structure similar to other amy-
loids (74). Recent studies suggest a model in which PrPSc is
arranged in a super-pleated parallel sheet (Fig. 1B) with the
glycans tucked within a glycan cleft (75). A second model of
PrPSc also shows a loss of all a-helical structure and instead
shows a b-sheet enriched, highly ordered arrangement of
multimers (76).

Notable characteristics of prions include (1) development
of very high titers of infectivity in the brains of their hosts—
laboratory strains passaged in hamsters can reach titers of
> 108 ID50 per ml of brain homogenate (ID50 is the dose that
will infect 50% of the experimental group) (77); (2) a par-
ticle size as small as 30 nm (78); (3) highly infectious prion
particles composed of only 14–28 PrP molecules (79); (4)
high resistance to ultraviolet and ionizing radiation, having a
very small radiation target size (23, 24); (5) polymerization
after proteinase-K digestion to form helically wound amyloid
fibrils 4 to10 nm in diameter visible by electron microscopy

(80); and (6) no detectable immune responses evoked in
their host (81, 82).

Biology

Replication strategy
During an exposure to infectious prions, the incoming infec-
tious PrPSc templates and catalyzes the conformational con-
version of host PrPC. Thus, PrP knockout mice completely
resist prion infection, and reintroduction of the PRNP gene
by transgenesis restores prion disease susceptibility in mice
(69,83–85). Conversion of PrPC to PrPSc is promoted by
cofactors, including phosphoethanolamine, RNA, or gly-
cosaminoglycans, and the prion particles frequently contain
lipids and glycosaminoglycans, which may be necessary for
conversion to the infectious form (19, 20, 86).

In yeast, fragmentation of Sup35 prion aggregates by
chaperones enhances and accelerates conversion, likely by

FIGURE 1 (A) The structure of mouse PrPC solved by NMR spectroscopy (53) shows an unstructured amino terminal domain (blue) and
a well-ordered C-terminal domain with three a-helices (green) and an anti-parallel b-sheet (red). A disulfide bond links a2 to a3 (yellow).
(B) A long straight fibril from PrPSc derived from a prion-infected brain shows a single twist (arrowhead) (292). A model of the fibril
composed of multimeric PrPSc is shown that accounts for available biophysical measurements (75). Note that all a-helices have been
converted to b-sheets, and PrP molecules are stacked. Each PrP molecule is represented by a different color and molecules are aligned parallel
and in-register. The locations of the glycans are shown in orange. (C) Model for the conformational conversion of PrPC into PrPSc. The
“seeding” or nucleated polymerization model proposes that PrPC forms a highly ordered nucleus, which requires overcoming a high-energy
barrier. Further monomeric PrPC is recruited into the growing PrPSc aggregate. Fragmentation of PrPSc aggregates increases the number of
nuclei, which each recruit PrPC monomers, resulting in amplification of the prion aggregates. (Modified from references [293] and [75]).
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generating additional aggregate ends, each of which tem-
plates the conversion of additional monomers (87). Similarly,
in mammalian prions, sonication markedly enhances prion
conversion and amplification in vitro by a technique known
as protein misfolding cyclic amplification (PMCA) (88).

Host range and tropism
Although prions typically spread most efficiently to indi-
viduals within a species, prions can also spread between
species. In general, prions transmit most efficiently between
individuals having similar PrP sequences (89, 90); for ex-
ample, sheep scrapie prions can transmit the infection to elk
(91). That said, certain host species are surprisingly suscep-
tible to prions from evolutionarily distant species. As a po-
tential rodent wildlife reservoir of prions, bank voles quite
unexpectedly have been found to be highly susceptible to
prions from many species (92, 93). Thus bank voles have
been referred to as a “universal acceptor” for prions. Trans-
genic mice expressing bank vole PrP are also susceptible to
prions from many species, indicating that the bank vole PrP
sequence, and not any vole specific co-factors, underlies
their high susceptibility (94). Several vole species in North
America (prairie, meadow, and red-backed vole) are also
highly susceptible to CWD prions (95, 96).

The use of transgenic mice expressing chimeric PrPC
molecules has led to two major principles that govern prion
transmission into a new species: (1) the incoming (exoge-
nous) PrPSc interacts preferentially with a host PrPC having
a similar primary amino acid sequence, particularly at certain
residue positions (89, 90) and (2) the PrPSc conformation
impacts species barriers. Species susceptibility to prions can
be manipulated by exchanging a few amino acid substitu-
tions in the host PrPC sequence. For example, transgenic
mice expressing human PrPC resist infection with elk CWD,
but transgenic mice expressing human PrP with 4 elk amino
acid substitutions at a key segment for conversion are highly
susceptible to CWD prion infection (97).

Intriguingly, even a single amino acid difference in a key
position can alter prion susceptibility. Humans have a
common coding polymorphism at PRNP codon 129, en-
coding either methionine or valine, which in the general
Caucasian population consists of approximately 37% Met/
Met, 51% Met/Val, and 12% Val/Val CJD (98). All but one
of the clinical vCJD cases to date have been in individuals
expressing PrP-129MM, indicating that BSE prions more
efficiently convert human PrP-129MM (99, 100). A few
cases of asymptomatic individuals heterozygous for PrP-129
(MV) have been found to have prions in their lymphoid
tissue (101, 102). Whether there will be a second wave of
vCJD cases in individuals expressing human PrP-129VV or
-129-MV is unknown.

Growth in cell culture
Prions can be propagated in a variety of PrPC expressing
cultured cells, commonly in N2a neuroblastoma cells, and
interestingly, replication can lead to high titers of infectious
prions without causing cell death (103, 104). Prion-infected
N2a cells have been used to screen drug libraries for anti-
prion therapeutics, (103). Prions can also be propagated in
neurospheres (104) and primary neuronal cultures (105).

EPIDEMIOLOGY
Human prion disease has a reported incidence worldwide of
approximately 1 to 1.5 cases per million individuals per year
based on mortality data (106), although the prevalence is
higher in some countries, particularly those engaged in more

active surveillance (107). Nevertheless the number of cases
per year is fairly constant within and between countries and
ranges from 0.41 cases per million in 1994 in Spain to 2.63
cases per million in 2002 in Switzerland (108), with an equal
incidence in men and women (109). This incidence of prion
disease is consistent even in countries free of classical sheep
scrapie, supporting the evidence that scrapie is not trans-
mitted directly to humans. sCJD is the most common human
prion disease and comprises approximately 85% of human
prion disease cases. Homozygosity at codon 129 (MM or
VV) is a risk factor for the development of sCJD or acquired
CJD (98, 110). Although the incidence of prion disease is 1
to 1.5 cases per million, a person’s lifetime risk of dying from
CJD is much higher for several reasons. Incidence is across
the entire age spectrum, from infants to the very elderly,
whereas the median age of onset for CJD is a unimodal peak
around age 67 (111), an age that most people in the de-
veloping world would reach. Taking all deaths from CJD
over all deaths and considering that most persons will live
past their mid-60s, the lifetime risk of dying from CJD is
estimated to be about 1 in 30,000.

sCJD is a heterogeneous disease entity and includes a
wide variety of clinical and histopathological phenotypes.
The codon 129 polymorphism is partly responsible for this
phenotypic diversity and is a major genetic modifier; thus
human sCJD prions can be classified based on the codon
129 genotype as well as the conformational properties of
PrPSc. For example, the electrophoretic mobility of PrPSc
depends on the size of the proteinase K (PK)-resistant PrPSc
core size. Type 1 shows a PK-digested, unglycosylated frag-
ment size of 21 kilodalton (kDa), whereas type 2 shows a
fragment of 19 kDa (112). The codon 129 polymorphism
shows some influence on the PrPSc type that develops, as
395% of 129MM sCJD patients have the type 1 pattern,
whereas 386% of 129MV or 129VV have the type 2 pat-
tern (111, 113, 114). Individual patients may also have both
type 1 and type 2 patterns in the same or different brain
regions (111,115–117).

Numerous case-control studies have been conducted to
identify risk factors for sCJD and have typically enrolled
small numbers of cases and controls with different methods
and contradictory results. Collectively, studies have not thus
far provided any conclusive evidence of a higher risk for
sCJD in relation to occupation, animal contact, diet, or
history of blood transfusion (118–121). One European
Union collaborative study on CJD that examined medical
and associated risk factors from 326 patients with sporadic
CJD compared with 326 community controls found in-
creased risk from surgery as well as from ear piercing and
psychiatrist visits (121). An impressive study from Denmark
and Sweden, two Scandinavian countries with national
health systems in which actual records of surgeries were used
(thus avoiding recall bias) found an increased risk for sCJD
from various surgical procedures (121, 122).

Genetic prion diseases encompass approximately 15% of
prion diseases and are caused by more than 30 missense point
mutations and octapeptide repeat insertions (1, 2, and 4–9
additional repeats) in the PRNP open reading frame, in-
herited in an autosomal dominant pattern (123, 124) (Fig.
2). The most common human PRNP mutation worldwide is
CJD-E200K-129M, which has a penetrance of 60% to 90%
and shows an average onset age of 58 years (125, 126).
Human familial prions were shown to be transmissible (127,
128), and transgenic mouse studies later replicated proper-
ties of familial prions in generating familial prion diseases
transmissible to mice (129–131).
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Iatrogenic prion transmission was first recognized in 1974
with prion transmission from a corneal graft. Additional
iatrogenic cases followed in individuals exposed to prion-
contaminated dura mater grafts, growth hormone derived
from human pituitaries, neurosurgical instruments, and EEG
electrodes. The sources of the infectious prions in these cases
were either directly from the brain parenchyma or from
tissues adjacent to the brain, such as meninges, that also
contain high levels of prion infectivity. The highest number
of iatrogenic transmissions have occurred from growth hor-
mone derived from human pituitaries (162 cases) followed
by dura mater grafts (136 cases) (132). Latency period from
prion exposure to the development of clinical disease in
iatrogenic prion transmission cases have ranged from 1.5 to
16 years postexposure (132, 133).

The risk of sCJD transmission through blood transfusion
was evaluated in a recent study of 29 sCJD blood donors and
211 transfusion recipients. None of the deceased or living
recipients have developed sCJD, consistent with the nega-
tive data in other studies (134), suggesting that transfusion
transmission of sCJD is unlikely (135). In contrast to the
sCJD group, there have been three cases of transfusion-
transmitted vCJD linked to vCJD-infected blood donors out
of a total cohort of 67 (4.5%), 34 of which were successfully
traced recipients (50.7%) (136–138). A single additional
case showed PrPSc in the spleen postmortem (101). In a
sheep model, all clinically relevant blood components
transmitted prion infection to recipients in a single trans-
fusion event (139).

Variant CJD is hypothesized to be caused by dietary ex-
posure to BSE; there were 229 cases by 2015, 177 of which
were from the United Kingdom. The vCJD epidemic showed
an increase in cases from 1995, peaked in the year 2000, and
has since dropped steadily, with no cases reported in 2015.
All pathologically confirmed vCJD cases to date have oc-
curred in patients who were homozygous for methionine at
codon 129 of PRNP, compared to 37% of the general Cau-
casian population (98). A recent retrospective study of ar-
chived appendices in the United Kingdom, however,
revealed 16 out of 32,441 appendices harbored PrPSc, 8 of
which were 129MVor VV, suggesting that 1:2000 people in
the UK could have a long latency period and may be sub-
clinical carriers of infectious prions (102). Furthermore, one

probable vCJD patient (100) was 129MV as were two pre-
clinical (asymptomatic) vCJD patients who received blood
products from patients who later developed vCJD. Neither
of these two adult preclinical vCJD patients became symp-
tomatic, and prions were found in the spleen and not in
the nervous system. One was an adult with hemophilia
who receive Factor VIII and non-leucodepleted blood
transfusions (101), and the other had received one unit of
nonleukodepleted blood (138) from a patient who later died
from vCJD. In addition to these cases, three patients (all
129MM) developed symptomatic vCJD after receiving
blood transfusions from patients who later developed vCJD.
Secondary transmission through blood products or con-
taminated surgical instruments clearly is of concern, partic-
ularly in the U.K. (101,136–138 140). There have been
nine children born to women with vCJD who were symp-
tomatic or within a year of developing symptoms, and thus
far there has been no evidence of vertical transmission of
vCJD (141).

Among the Fore ethnic group in Papua New Guinea,
those who were exposed to kuru and survived the epidemic
were predominantly heterozygous at codon 129, suggesting it
is a protective allele. More recently, a polymorphism at a
nearby codon, codon 127 (glycine/valine), was identified
only in the people of Papua New Guinea. A valine at codon
127 of PRNP appears to provide strong resistance to kuru
(142) and possibly other prion diseases (143).

Age-specific risk
sCJD arises as a rapidly progressive dementia with a peak age
of onset of 65-69 years (111, 114, 128). Most cases occur in
60- to 79-year-old individuals (111, 114, 128). Why the
disease does not continue to increase with age, similar to
sporadic Alzheimer’s disease, is unknown.

Variant CJD, in contrast, occurs in individuals with a
mean age of onset of 26 years and shows distinct clinical and
neuropathologic features of disease (144). Age may play a
role in the susceptibility to lymphotropic prions such as
vCJD, as experimental studies have revealed that younger
mice are more susceptible than older mice to prions given by
a peripheral route (145). The clinical relevance of this
finding lies in the susceptibility of young people to vCJD,
because the mean age was only 26 years old. As vCJD prions

FIGURE 2 Schematic representation of human PrP showing the known mutations and polymorphisms. The cleaved signal sequences are
shown in dark gray and the octapeptide repeat region in purple. Shown are the pathogenic mutations (red) and the nonpathogenic variants
(green). OPRD: octapeptide repeat deletion; OPRI: octapeptide repeat insertion. (Modified from reference [294]).
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are highly lymphotropic, robust lymphoid follicles containing
follicular dendritic cells (FDCs) may have been necessary for
the establishment of the vCJD prion infection and could
explain the high prion susceptibility of the young (145), who
commonly have enteric and respiratory infections.

PATHOGENESIS IN HUMANS

Incubation period
The incubation period following a known exposure to in-
fectious prions varies enormously and can exceed 50 years in
the case of kuru (146). Estimates for the incubation period
from secondary transmission of vCJD prions by blood
transfusion range from 6 to 8.5 years (140). For both kuru
and vCJD, codon 129 proved to be a strong modifier of both
susceptibility and the incubation period, because kuru-
infected patients who were homozygous for methionine at
codon 129 of PRNP were more highly represented among
affected individuals than valine-valine homozygotes or me-
thionine-valine heterozygotes, who also tended to have
longer incubation times (147).

Prion transmission
Animal prions can also be readily transmitted by the oral
route from exposure to prions in the environment or to sa-
liva, feces, or placenta from an infected animal. CWD prions
can be transmitted via fomites; for example, feed buckets and
bedding used by CWD-infected deer can transmit the in-
fection to uninfected deer (148). Additionally, CWD prions
can be transmitted by oral exposure to saliva from a prion-
infected animal (149), and feces have been shown to con-
tain infectious CWD prions (150). Natural transmission of
kuru and BSE to humans has likely occurred through the
diet. In scrapie of sheep and goats, placenta harbors PrPSc,
and goat placenta orally administered to naïve sheep and
goats transmitted prions (151–153). Deer have been shown
to transmit prions from mother to offspring (154).

An estimated 1 in 2000 people in the UK are subclinical
carriers of prions in the appendix; thus there is a risk of
person-to-person prion transmission through blood transfu-
sions, tissue donations, and surgical procedures (102). vCJD
prions have been transmitted through blood product trans-
fusion leading to four cases of subclinical and clinical vCJD,
6–9 years after the transfusion (101,136–138).

Time course of the infection
Infectious prions have been experimentally transmitted by
many peripheral (extra-CNS) routes of exposure, including
oral (155–157), peritoneal (158), ocular (159), nasal (160,
161), lingual (162), neuronal (163), and intravenous (164).
From these initial prion depots, prions typically spread to the
brain and spinal cord through neuroanatomically connected
routes, consistent with the peripheral nerve transport of
prions (155, 164). For example, following the feeding of
prions to hamsters, prions accumulate at early stages in the
enteric and autonomic ganglia, and vagus and splanchnic
nerves, followed by the dorsal motor nucleus of the vagus in
the brainstem and the thoracic spinal cord, consistent with
retrograde spread of prions along autonomic PNS pathways
into the CNS (165). This likely occurs with some natural,
highly neurotropic prions as well, as BSE prions are first
detected in the vagal nucleus in the brainstem, followed by
spread throughout the CNS (155). Similarly, following an
ocular prion injection in mice, prions initially spread along
the optic nerve and tract, followed by the contralateral su-
perior colliculus to which it projects (159).

Oral or peritoneal exposure to lymphotropic prions, such
as classical sheep scrapie, deer CWD, or mouse-adapted
scrapie, leads to an early accumulation in lymphoid tissues
(156, 166, 167) that seems to be a prerequisite for certain
prions to spread to the brain.

Early prion spread
Extensive studies on prion uptake and spread of lympho-
tropic prions in mice and sheep have revealed the impor-
tance of lymphoid tissues in amplifying scrapie prions in the
very early stages of infection. Indeed, splenectomy in mice
delays prion neuroinvasion after intraperitoneal or intrave-
nous exposure to prions (168), illustrating the key role
played by the lymphoid tissue in the early stages of prion
replication.

Studies using M cells in vitro showed transepithelial
transport of prions from the apical to the basolateral com-
partment (169), suggesting M cells can initially transfer
prions from the intestinal lumen through the epithelium.
Depleting M cells can completely block prion infection
in vivo after an oral exposure (170), underscoring M cells as a
key player in prion invasion across the mucosa. In sheep, gut
loops inoculated with scrapie led to a rapid appearance of
prions in villous lacteals and submucosal lymphatics of the
intestinal villi and then spread to the draining lymph nodes
within 24 hours (171).

Within 3 months of gastrically challenging sheep with
scrapie or feeding deer CWD prions, PrPSc accumulates in
Peyer’s patches, tonsils, local lymph nodes, and spleen (166,
172). Within the lymphoid tissue, PrPSc levels build in the
germinal centers of lymphoid follicles, both on the plasma
membrane of follicular dendritic cells (FDCs) and in the
cytoplasm of tingible body macrophages (173), and persist
throughout the infection (156). FDCs were recently
shown to be highly capable of prion replication (174).
CD21/35 receptor, present on FDCs and B cells, plays a key
role in the lymphoid replication phase of prions, perhaps
through binding complement 3 and 4 complexed to PrPSc
and docking prions onto FDCs. CD21/35 receptor knock-
out mice show lower attack rates and delayed disease after
a peripheral prion infection (175). Additionally, FDCs
require TNF and lymphotoxin signaling from B cells to de-
velop and maintain a mature state (176), thus dedifferenti-
ation of FDCs by blocking lymphotoxin signaling from
B cells can prevent prion spread to the brain. This strat-
egy has worked very effectively in mice treated with lym-
photoxin b-receptor and antibodies against the receptor
(177). Inhibiting the FDC maturation pathway by blocking
lymphotoxin-b signaling depletes FDCs, abolishes splenic
prion replication, and prolongs prion disease following an
intraperitoneal challenge (177). In addition to FDCs, ad-
ditional cells, such as marginal zone macrophages, may also
support prion uptake and replication in lymphoid tissues
(178).

As FDCs have been extensively shown to be important for
prion replication, further studies have revealed that follicular
lymphoid inflammation with FDCs arising in nonlymphoid
organs expands prion tropism, for example, lymphofollicular
nephritis leads to prion replication within the kidney (179),
and even prion excretion in the urine (180). Sheep naturally
infected with both maedi-visna virus (MVV) and prions
develop a lymphofollicular mastitis and prion replication in
the mammary gland (181). In experimental studies, milk
collected from sheep that were infected with MVV and
scrapie transmitted prion infection to separately housed
naive lambs (182). Together these findings suggest that
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highly lymphotropic prions can replicate in lymphofollicular
inflammatory foci within any nonlymphoid organ.

Prion spread to the CNS
Studies in mice suggest prions spread to the CNS via pe-
ripheral nerves. Nerve entry may occur very early after ex-
posure to prions, within 14 days after oral challenge (183).
Although prions have not been demonstrated to be trans-
ported within nerves, increasing the sympathetic innerva-
tion in the spleen through transgenic expression of nerve
growth factor accelerated the development of scrapie in mice
after an intraperitoneal inoculation (184). Similarly, de-
creasing the distance between the nerve endings and the
FDCs also accelerates neuroinvasion (185). Conversely,
chemical or immunological sympathectomy delayed prion
entry into the CNS (184). Nevertheless, how prions travel
to the CNS (e.g., via axonal transport or a non-axonal
“domino” mechanism of PrP conversion along the ax-
olemmal surface) is unclear. It is clear that PrPC expression is
essential to support the spread of prions along a chain of
neurons (186, 187). Prions were found to circulate in blood
within minutes after oral inoculation of deer (188), so there
may be additional pathways of prion entry into the CNS.

For certain prion infections, such as vCJD in humans and
CWD in deer, PrPSc is not only in the brain, peripheral
nerves, and lymphoid tissue, but also widely distributed in
the other tissues, for example in the pancreatic islets, adrenal
gland, heart, adipose tissue, and skeletal muscle (189, 190).
Lesions associated with PrPSc, however, have been largely
restricted to neural tissues. Although the germinal centers
within lymphoid tissues contain abundant PrPSc, there
seems to be no detectable functional consequence. Prion-
infected FDCs show only hypertrophy of dendritic processes
ultrastructurally (191).

Prion neurotoxicity
Prions cause toxicity in the central nervous system but the
mechanisms are incompletely defined. Early studies showed
that grafting neural tissue overexpressing PrPC into the brain
of a PrP- deficient mouse led to prion infection and severe
histopathologic changes only in the PrP-expressing graft, but
there were no pathologic changes in the surrounding tissue,
underscoring the essential role of PrPC-expressing cells in
toxicity (192).

Neuronal PrPC specifically is part of a key pathway to
neurodegeneration and the development of clinical disease.
Depletion of neuronal PrPC in transgenic mice 8 weeks after
inoculation leads to continued PrPSc production, likely from
astrocytes, but remarkably, reverses early spongiform de-
generation and prevents neuronal loss and the progression to
clinical scrapie (193). Such findings indicate that PrPC ex-
pression and prion conversion in neurons is required for
neuronal toxicity, spongiform degeneration, and clinical
disease. Of note, antibody binding to the C-terminal glob-
ular domain of PrPC leads to toxic signal generation through
the N-terminus of PrPC, resulting in calpain activation and
ROS production (194). PrPSc has been found to cause a
similar toxic signaling cascade, again with calpain activa-
tion, and ROS generation (195). In cultured primary neu-
rons expressing a mutant PrP lacking residues in a central
region (105–125), abnormal ion channel currents occur that
sensitize neurons to glutamate-induced excitotoxicity. These
abnormal currents may represent very early toxic signaling
events in affected cells and underlie early neurodegeneration
(196).

Transduction of toxic signals from amyloid-beta oligo-
mers bind membrane PrPC complexed to metabotropic
glutamate receptor (mGluR5), together activating intracel-
lular Fyn kinase and ultimately disrupting synapses (66,
197). Whether prion aggregates lead to a similar Fyn acti-
vation and synaptic loss is unclear. Prions also activate the
unfolded protein response, leading to a decrease in protein
translation associated with synaptic failure and neuronal loss
in prion-diseased mice (198). Restoring protein translation
was neuroprotective (198). Thus, pharmacologic restoration
of protein translation may aid neuronal survival (199).
Taking these studies together, the essential role of PrPC in
mediating neuronal toxicity is becoming clear, and much has
been learned in recent years about the mechanisms of tox-
icity, yet the complete story of how the spongiform degen-
eration develops within neurons remains to be elucidated.

CLINICAL MANIFESTATIONS
The major clinical syndromes and disease progression of
sCJD occurs in the age range of teens to 90s, with a median
age of onset in the mid-60s (111) (Table 1). sCJD is char-
acterized by very rapid progression of clinical symptoms to
death, usually within 1 year; the mean survival time is ap-
proximately 6 months (128, 200). The typical clinical pre-
sentation includes cognitive deficits (confusion, memory
loss, and difficulty organizing or planning), ataxia, person-
ality changes, constitutional symptoms (dizziness, headache,
fatigue, and sleep disturbances), behavioral symptoms (de-
pression, irritability), and motor (extrapyramidal and pyra-
midal) and visual symptoms (blurred or double vision,
cortical blindness, and other vision abnormalities). My-
oclonus often develops later in the disease course, and aki-
netic mutism, in which patients are unable to move
voluntarily or speak, develops in the end stage of disease
(201, 202).

Clinical symptoms and course vary depending on the
codon 129 polymorphism and PrPSc type; the MM1 and
MV1 have a similar clinical phenotype and are the most
frequent type (60% to 70%) when combined as a single
subtype. The MM1/MV1 subtype is characterized by early
dementia, myoclonus, and a rapid clinical course, with a
mean disease duration of about 4 months. Periodic sharp
wave complexes (PSWCs) are often observed on EEG. The
VV2 subtype accounts for approximately 15% of sCJD cases
and presents with early ataxia, a later age of onset, and a
short disease duration, with a mean of 6.5 months. The MV2
subtype accounts for approximately 10% of sCJD cases and is
similar to the VV2 clinically but with a longer disease du-
ration, with a mean duration of 17 months. The VV1 sub-
type is rare and is characterized by the earliest age of onset
(mean, 43 years) with a mean disease duration of about 15
months. The MM2 subtype is divided into two types, MM2
cortical (MM2-C) andMM2 thalamic (MM2-T). The MM2
cortical type presents with progressive dementia and has
large confluent vacuoles in all cortical layers (thus called
MM2 “cortical” type). The MM2 thalamic type often
manifests with insomnia followed by ataxia and dementia
and thus is also called “sporadic fatal insomnia,” and the
thalamus and inferior olives are prominently affected (203).
The clinical presentation of patients that have mixed types
(MM1-2, MV1-2, and VV1-2) may depend on the propor-
tion of type 1 and 2 PrPSc aggregates or brain regions affected
(27, 204).

A novel sporadic prion disease was identified in 2008 and
is known as variably protease-sensitive prionopathy (VPSPr)
as the PrPSc is sensitive to proteinase K digestion (205).
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TABLE 1 Major characteristics of major types of human prion diseases

Characteristic sCJD vCJD fCJD iCJD FFI GSS Kuru

Average age at onset (y) 67 28 Variable among
kindreds, 23–55

All ages 50 40 All ages

Average duration
of disease (mo)

7 14 Variable among
kindreds, 8–96

12 18 60 Variable among
kindreds, 60–240

11

Average incubation
periods (range)

N/A 17 y (12–23 y);
blood transfusion,
7 y (6.5–8y)

N/A Neurosurgical,
18 mo (12–28);
dura graft, 6 y
(1.5–23 y);
hGH, 5 y (4–36 y)

N/A N/A 12 y (5–50 y)

Most prominent
early signs

Cognitive and/or
behavioral
dysfunction

Psychiatric abnormalities,
sensory symptoms (later
dementia, ataxia, and other
motor symptoms)

Cognitive and/or
behavioral
dysfunction

Cognitive dysfunction,
ataxia

Insomnia,
autonomic
instability

Ataxia, tremor,
extrapyramidal symptoms

Ataxia, tremor

Cerebellar
dysfunction (%)

> 40 97 > 40 > 40 No 100 in P102L mutation, less
common in most
other mutations

100

DWI/FLAIR MRI
positive

Yes, > 92% Yes, pulvinar sign Yes for most
mutations

Variable; some
positive in
deep nuclei
or cerebellum

Unclear Variable; most negative N/A

PSW on EEG Yes, 65% No (rarely at end stage) Yes Yes No No N/A
Amyloidosis Sparse plaques

in 5%-10%
Severe in all cases Sporadically seen Sporadically seen No Very severe 75% of cases

Presence of PrPSc in
the lymphoreticular
system

No Yes No Yes No No Unlikely

Table modified from [297] and from these other references: [298]; [111, 114, 132, 146, 231, 234, 236, 299–303]. EEG, electroencephalogram; fCJD, familial Creutzfeldt-Jakob disease; FFI, familial fatal insomnia; hGH, human growth hormone;
iCJD, iatrogenic Creutzfeldt-Jakob disease; GSS, Gerstmann-Sträussler-Scheinker syndrome; mo, months;N/A, not available or not applicable; PrPSc, scrapie prion protein; PSW, paroxysmal sharp waves; sCJD, sporadic Creutzfeldt-Jakob disease;
vCJD, variant Creutzfeldt-Jakob disease; y, years. Table borrowed with permission from [295].

1
4
3
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Western blots show a ladder of five PrPSc fragments from 6 to
29 kDa (206). Cases present usually in the late 60s showing
psychiatric symptoms, followed by rapid cognitive decline,
often with aphasia and motor symptoms, and show a longer
disease course of approximately 2.5 years (207–209). As with
sCJD, the clinical presentations may vary with the codon
129 polymorphism genotype (209, 210).

Genetic prion diseases also show great variability in the
clinical presentation and disease course, even within families
carrying the same mutation. The genetic prion diseases are
divided into three categories historically based on clinical
presentation and pathologic features: familial CJD (fCJD),
Gerstmann-Sträussler-Scheinker disease (GSS), and fatal
familial insomnia (FFI). This classification was developed
before the discovery of the prion protein gene, PRNP, in
1989 (211, 212), and thus some mutations can present with
different clinicopathological phenotypes, sometimes even
within the same family (213, 214). More than 30 PRNP
mutations have been identified (215), although a few are
likely not truly pathogenic and might be risk factors at best
(216). Most PRNPmutations are point mutations (including
stop codon mutations), but some are octapeptide repeat
insertions and deletions (215).

Despite the limitations with classifying genetic prion
diseases by their historical clinicopathological phenotype
into fCJD, GSS, and FFI, it can help simplify discussing
these diseases. The onset of fCJD is usually at a relatively
younger age (40 to 60 years) than sCJD but, depending on
the specific mutation, might have a fast course typical of
most sCJD cases with a rapidly progressive dementia and
ataxia, or a slower, longer course of 1 to 10 years or greater,
starting with mild personality or cognitive changes and slow
progression to dementia and motor impairment (214).

GSS usually presents in the fourth to sixth decade as a
slowly progressive ataxia or parkinsonian disorder, with de-

mentia developing in later stages of disease (217). About 10
to 12 PRNP mutations, mostly point mutations (including
some stop codons), but also some octapeptide insertions, are
responsible for GSS (214). Survival is quite variable, but is
usually 3 to 8 years. In contrast, FFI cases, which are caused
by a single point mutation in the PRNP, D178N with codon
129M in cis, most commonly present with severe insomnia,
disruption of circadian rhythm, and dysautonomia (tachy-
cardia, hyperhidrosis, and hyperpyrexia), and eventually
hallucinations. Later in the disease course, FFI patients de-
velop motor and cognitive problems. The disease duration in
FFI is approximately 1.5 years (124), which is longer than
most sCJD cases.

Acquired prion diseases are rare and on the decline. The
acquired prion diseases are clinically diverse, reflecting their
differences in disease origin. Kuru has been nearly eradicated
with the cessation of endocannibalism in the late 1950s, yet
occasional cases continued to occur, as the incubation period
can exceed 50 years (146). Patients with kuru initially de-
velop severe ataxia and eventually behavioral abnormalities
(218). A recent study of the Fore population revealed the
appearance of a new PrP genetic variant, G127V, which was
highly protective against prion disease and therefore under
positive evolutionary selection (142). Transgenic mice ex-
pressing PrP with the 127V completely resist kuru and CJD;
the presence of the 127V variant even inhibited prion
conversion of wild type PrP, providing insights into new
potential therapies (143).

Variant CJD (vCJD) cases show a much younger age of
onset than sCJD (mean 29 years) and initially present as a
psychiatric illness, often followed months later by dementia,
ataxia, involuntary movements, and persistent painful par-
esthesias, which can aid in distinguishing vCJD from other
prion diseases (219, 220). PrPSc typically accumulates in
lymphoid tissues, including tonsils and appendices, in

TABLE 2 Commonly used diagnostic criteria for sporadic Creutzfeldt-Jakob disease

WHO criteriaa (1998) UCSF criteria (2007)b
European MRI-CJD

Consortium criteria (2009)c

1. Progressive dementia 1. Rapid cognitive decline 1. Progressive dementia
2. Two of the following four signs/symptoms: 2. Two of the following five signs/symptoms: 2. One of the following signs/symptoms:
a) Myoclonus a) Myoclonus a) Myoclonus
b) Pyramidal/EP symptoms b) Pyramidal/EP dysfunction b) Pyramidal symptoms
c) Visual/cerebellar dysfunction c) Visual dysfunction Cerebellar dysfunction c) EP symptoms
d) Akinetic mutism d) Akinetic mutism d) Cerebellar symptoms

e) Focal cortical signs (e.g. neglect,
aphasia, acalculia, apraxia).

3. Typical EEG or elevated CSF protein
14-3-3 with total disease duration
< 2 years.

3. Typical EEG and/or MRIb 3. AND either
a) Typical EEG,
b) Elevated CSF protein 14-3-3 (with
total disease duration < 2 years)

c) Or typical MRId

4. Routine investigations should not
suggest an alternative diagnosis

4. Other investigations should not suggest
an alternative diagnosis

4. Routine investigations should
not suggest an alternative diagnosis.

aWHO revised criteria allow either a positive EEG or a positive CSF 14-3-3 protein provided the disease duration to death is < 2 years.
bSee Table 1 in (233). Briefly UCSF MRI criteria require DWI greater than FLAIR hyperintensity in the cingulate, striatum, and/or > 1 neocortical gyrus, ideally with

sparing of the precentral gyrus and ADC map supporting restricted diffusion.
cN.B. There were typographical errors in the symptom criteria in Zerr 2009 paper Figure 1 (296); progressive dementia was not required and dementia was substituted

for myoclonus as one of four possible clinical symptoms in the criteria. European consortium clinical symptom criteria are unchanged from WHO 1998 criteria (202).
dHigh signal intensity on either FLAIR or DWI in at least two cerebral cortical regions (from either the temporal, occipital, parietal cortices, not including frontal or

limbic regions) showing increased signal or in both the putamen and the caudate nucleus.
UCSF, University of California at San Francisco; WHO, World Health Organization; EEG, electroencephalography; EP = extrapyramidal symptoms; EEG =

electroencephalogram; MRI, magnetic resonance imaging.
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addition to the CNS (221). All clinical vCJD cases thus far
have occurred in patients that were methionine homozygous
at codon 129 of PRNP (102).

Complications
Almost all patients with prion disease develop motor
symptoms during their disease course and are eventually
bedbound, resulting in the typical sequela, such as bed sores
and limb rigidity. Patients with psychiatric symptoms
sometimes respond to psychiatric medications, such as an-
tidepressants, anxiolytics, and antipsychotics. All patients
eventually develop aspiration pneumonia in terminal stages
of disease, which is often the cause of death.

Clinical evaluation and diagnosis
The most commonly used clinical criteria for the diagnosis of
sCJD are the World Health Organization (WHO) 1998
Revised Criteria, which include both clinical features as well
as positive ancillary tests, EEG, or CSF 14-3-3 protein
(Table 2). The UCSF 2007 Criteria have visual and cere-
bellar disturbances as separate symptoms and also have one
more new clinical symptoms (other higher focal cortical
signs); these criteria notably include MRI findings and re-
move 14-3-3 CSF analysis from the recommended ancillary

tests. The most recent diagnostic criteria, European Criteria
2009, have the same clinical symptoms as the WHO 1998
Revised Criteria but include EEG, CSF 14-3-3, and MRI
findings as ancillary tests (Table 2). All of these WHO-based
criteria, however, usually are not sensitive enough to diag-
nose CJD in the early course of the disease because they were
designed for CJD surveillance to ensure a high probability of
correct diagnosis among nonpathologically proven cases.
Definitive diagnosis of prion disease currently requires a
brain biopsy, which is a highly invasive procedure, or an
autopsy.

EEG
EEG is used to assess for the appearance of periodic sharp
wave complexes (PSWCs; sharp or triphasic waves occurring
at about 1–2 Hz) (Fig. 3), which occur in about two-thirds of
sCJD patients in late disease stages (222), yet can also be
seen in other diseases such as Alzheimer’s disease, toxic-
metabolic (hepatic or renal) or anoxic encephalopathy, or
Hashimoto encephalopathy (223, 224).

CSF analysis
The CSF analysis may be normal or may show mildly ele-
vated protein (> 100 mg/dL), while glucose levels and cell

FIGURE 3 A typical electroencephalogram in a sporadic Creutzfeldt–Jakob disease patient, with diffuse slowing and 1-Hz periodic sharp
wave complexes (PSWCs). (Modified from Geschwind. Editors: Daroff, Jankovic, Mazziotta and Pomeroy (295)).
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counts typically are normal. Elevated levels of the CSF
proteins 14-3-3, total tau (t-tau), neuron specific enolase
(NSE), and S100b (the first three available through com-
mercial clinical laboratories in the United States) can
sometimes help support a diagnosis of CJD (225–227). There
is extensive debate about their clinical utility, however.
Many experts in the prion field consider them as general
indicators of neuronal injury but not as biomarkers specific to
CJD or other prion diseases. The t-tau and NSE seem to have
higher diagnostic utility than 14-3-3, which is not as sensi-
tive nor as specific (228, 229). A recently developed test
called real-time quaking-induced conversion assay (RT-
QuIC), which detects prions in a sample by amplifying them
into amyloid fibrils and detecting them by thioflavin T
fluorescence, suggests high specificity of around 98%, but
somewhat low sensitivity for detection of prions in the CSF
(3high 70%ile or greater). This assay is discussed in detail in
the section below entitled ”Detection of prion aggregates in
body fluids or tissues.”

Brain MRI
Typical magnetic resonance imaging (MRI) findings of
sCJD are symmetric or asymmetric cortical hyperintensities
(cortical ribboning) and/or symmetric or asymmetric hy-
perintensities of deep nuclei (striatum > thalamus > globus
pallidi) on diffusion-weighted imaging (DWI)/fluid-
attenuated inversion recovery (FLAIR) sequences. Striatal

hyperintensities often have an anterior to posterior de-
creasing gradient (anterior more hyperintense) (Fig. 4).
Apparent diffusion coefficient (ADC) map sequences, if of
sufficient quality, show hyperintensity in the DWI hyperin-
tense brain regions as well, demonstrating that reduced dif-
fusion of water molecules underlies the DWI hyperintensities
(230–232). Brain MRI is considered by most to be among the
most accurate ancillary tests for the diagnosis of CJD; DWI
MRI has a higher diagnostic accuracy than all or any of
the three common CSF nonspecific biomarker proteins, 14-
3-3-, t-tau and NSE (229), although RT-QuIC, which de-
tected PrPSc, might have higher specificity. DWI and ADC
sequences should always be included in examining CJD
subjects because DWI is more sensitive in detecting signal
changes than FLAIR/T2 sequences, and ADC map se-
quences can verify the reduced diffusion (230, 233).

For genetic prion diseases, ancillary tests may not be as
sensitive or specific as in sCJD. In GSS, the MRI may be
normal or may show limbic DWI hyperintensities. In FFI, the
brain MRI is usually normal but F-18 fluorodeoxyglucose
positron emission tomography (PET) imaging can show
thalamic and cingulate hypometabolism. In vCJD cases,
brain DWI MRI often shows a hyperintense posterior thala-
mus (pulvinar), which is brighter than the anterior putamen
and referred to as the “pulvinar sign” and is less common in
other human prion diseases (234). The hyperintense poste-
rior thalamus can also be seen in metabolic disorders that

FIGURE 4 Diffusion-weighted (dw) and fluid-attenuated inversion recovery (flair) magnetic resonance imaging (MRI) in sporadic
Creutzfeldt–Jakob disease (sCJD) and variant (v)CJD. Three common MRI patterns in sCJD are predominantly subcortical (A, B), both
cortical and subcortical (C, D), and predominantly cortical (E, F). A patient with probable vCJD is shown in G and H. Note that in sCJD,
the abnormalities are more evident on DWI (A, C, E) than on FLAIR (B, D, F) images. The three sCJD cases (A-F) are verified by pathology.
A, B: A 52-year-old woman with MRI showing strong hyperintensity in bilateral caudate (solid arrow) and putamen (dashed arrow) and slight
hyperintensity in bilateral mesial and posterior thalamus (dotted arrow). C, D: A 68-year-old man with MRI showing hyperintensity in
bilateral caudate and putamen (note anteroposterior gradient in the putamen, which is commonly seen in CJD), thalamus, right insula (dotted
arrow), anterior and posterior cingulate gyrus (solid arrow, L > R), and left temporal-parietal-occipital junction (dashed arrow). E, F: A 76-
year-old woman with MRI showing diffuse hyperintense signal, mainly in bilateral temporoparietal (solid arrows) and occipital cortex (dotted
arrow), right posterior insula (dashed arrow), and left inferior frontal cortex (arrowhead) but no significant subcortical abnormalities. G, H: A
21-year-old woman with probable vCJD, withMRI showing bilateral thalamic hyperintensity in the mesial pars (mainly dorsomedian nucleus)
and posterior pars (pulvinar) of the thalamus, called the double hockey stick sign. Also note the pulvinar sign, with the posterior thalamus
(pulvinar; arrow) being more hyperintense than the anterior putamen. (Modified from references [231] and [295]).
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affect the deep nuclei, such as Wernicke’s encephalopathy.
MRI findings in iatrogenic CJD vary greatly. Some forms
show classic abnormalities seen in CJD (235), whereas
others show isolated cerebellar hyperintensities (236).

Laboratory Diagnosis

Genetic testing
Genetic testing for mutations in PRNP is recommended for
all suspected cases of prion disease, because many of the
genetic prion cases do not have a clear family history of prion
disease (213). Genetic counseling is essential prior to testing
for mutations in the PRNP gene, usually using a similar
protocol to that used for Huntington’s disease, another au-
tosomal dominant neurological disorder (237). Diagnosis is
typically through PCR-amplification and sequencing of
PRNP from a whole blood sample. PRNP sequencing is also
useful for identifying the 129 codon polymorphism as Met/
Met, Met/Val, or Val/Val, which can provide information on
the clinical course or other features of the disease.

Antigen detection assays
Several commercially available ELISA-based assays have
been developed for the detection of PrPSc in brain samples
and show excellent sensitivity and specificity (238, 239).
These assays are commonly used to screen animal brain
samples for prion disease, for example, deer for CWD or
cattle for BSE (239). These assays are not commonly used for
human prions as the assay lacks the highly informative data
on glycoform patterns and proteinase-K resistant PrPSc core
size that is visible on a Western blot.

Immunostaining for PrPSc

Histology and immunohistochemistry for PrPSc is routinely
performed on brain samples to diagnose prion disease and

exclude other neurodegenerative diseases, such as Alz-
heimer’s disease. Although brain biopsies are not commonly
performed, in part due to the utility of MRI and certain CSF
tests, histology and Western blot analysis can be used on
biopsies to confirm a suspect diagnosis of prion disease. Brain
biopsies are not 100% sensitive, however, because the sam-
ple might not contain prion-affected tissue. Histopathologic
lesions on hematoxylin and eosin stained sections include
spongiform changes, neuronal loss, and astrogliosis (240)
(Fig. 5). The lesion location varies depending on the prion
disease subtype but includes the cerebral cortex, brain stem,
and cerebellum. Immunohistochemistry for PrPSc is a useful
aid in diagnosing prion disease and in defining the plaque
size, morphology, and location, which can vary substantially
among prion diseases. For vCJD suspect cases, PrPSc im-
munohistochemistry on tonsil biopsies can be useful in re-
vealing PrPSc in the lymphoid follicles antemortem (241).

Western blot
Western blotting is routinely performed on all U.S. cases of
suspected human prion disease submitted to the U.S. Na-
tional Prion Disease Pathology Surveillance Center
(NPDSPC) at Case Western Reserve University, enabling
identification of the prevalent subtypes in the country as
well as surveying for new aberrant prions circulating in the
population. Most other countries with national prion pa-
thology surveillance centers also perform Western blots and
other sample testing for evidence of prions. Western blots are
typically performed on fresh frozen brain samples. To dis-
tinguish PrPSc from PrPC, the brain homogenate is digested
with proteinase K (PK), which degrades the PrPC and cleaves
the amino terminus of PrPSc, leading to a mobility shift in
the three PrP bands, the un-, mono-, and di-glycosylated PrP
(113). Different prion disease subtypes show differences in
the PK cleavage site, evident by slight shifts in the PK-

FIGURE 5 Histological features of prion diseases. CNS parenchyma of sCJD (A and B) and vCJD (C and D) showing astrogliosis and
widespread spongiform changes. PrP depositions are synaptic (A and B) and in the form of florid plaques (asterisk, C and D). A and C are
hematoxylin and eosin stains, B and D are immunohistochemically labeled for PrP (scale bar = 50 micrometers). (Note: from previous version
of this chapter.)
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resistant core size of unglycosylated PrPSc to 19 kDa (type 2)
or 21 kDa (type 1) as well as differences in the glycoform
ratios (114, 242) (Fig. 6). Some human prion diseases, such
as vPSPr and GSS, have more than three bands, typically a
ladder of smaller bands (204, 209). The ratio of PrP glyco-
forms varies with CJD type; for example, vCJD and FFI have
predominantly diglycosylated PrPScand lower levels of un-
glycosylated PrPSc (99, 243).

Detection of prion aggregates in body fluids
or tissues
Exciting recent advances in the diagnosis of prion disease
include the development of an assay to directly detect PrPSc
in body fluids or tissues. The protein misfolding cyclic am-
plification assay (PMCA) is a technique in which PrPSc
converts PrPC over repeated cycles of sonication and incu-
bation (88, 244). During PMCA, growing PrPSc aggregates
are fragmented into smaller “seeds” that each convert PrPC
to PrPSc, resulting in amplification of the PrPSc aggregates
over time. PrPSc can be then detected by Western blot or
ELISA.

PMCA has been used to detect prions in urine and blood
samples in research laboratories (245, 246). A similar
technique known as RT-QuIC has been used to amplify
PrPSc in research and more recently in clinical laboratories
(247, 248). In this assay, quaking instead of sonication is
used in the reaction mixture of recombinant PrP (rPrP)
monomer and the test sample containing PrPSc. The initial
PrPC monomer that is seeded with PrPSc is converted into
PrPSc amyloid fibrils, which are detected by a rise in fluo-
rescent thioflavin T that binds amyloid aggregates in real
time (249). Thus far, PrPSc has been detected in patient CSF
samples with moderate sensitivity ( > 80%) yet high speci-

ficity (98%) and is variably positive in the genetic prion
diseases (78% to 100%) (250–252).

Recently, PrPSc from the olfactory epithelium obtained
by nasal brushings was detected by RT-QuIC in 15 of 15
definite sCJD patients, 2 of 2 genetic CJD cases, and none of
the 43 controls (sensitivity of 97% and specificity of 100%),
whereas CSF from the same patients showed a sensitivity of
77% (specificity was 100%) (247). Because nasal brushing is
a minimally invasive technique to collect olfactory epithe-
lium, RT-QuIC on olfactory epithelium may be a highly
sensitive and specific antemortem diagnostic test for CJD
(Fig. 7). Further studies are ongoing with RT-QuIC to de-
termine how early PrPSc can be detected in human prion
diseases and to test patients with nonprion rapidly pro-
gressing neurodegenerative diseases to better assess speci-
ficity.

Differential diagnosis of CJD
Many studies have examined the differential of CJD and
other rapidly progressive dementias (RPD) (253–257). The
most common diagnostic categories for nonprion neurode-
generative diseases are autoimmune-mediated encephalop-
athies, infections, vascular etiologies, and neoplasms. The
most common nonprion neurodegenerative dementias that
present as RPDs include Alzheimer’s disease (258), dementia
with Lewy bodies (259), frontotemporal dementia (often with
motor neuron disease), corticobasal syndrome, and less com-
monly, progressive supranuclear palsy (260). Autoimmune
conditions include paraneoplastic and nonparaneoplastic
antibody mediated syndromes, particularly limbic encepha-
lopathies. Infectious mimics of prion disease would include
more slowly progressive infections, such as fungal, viral (sub-
acute sclerosing panencephalitis), and spirochetes (261). Im-
portantly, most autoimmune and infectious diseases, as well
as many neoplastic RPDs are treatable, if not curable (254,
255, 257). Several articles have been written about the
differential diagnosis of CJD and the evaluation of patients
with RPD (262, 263).

Prevention

General
Prion aggregates are highly stable and resist many techniques
used to decontaminate other infectious agents. Nevertheless,
keeping in mind that prions are composed of protein ag-
gregates, techniques used to denature proteins can be used
for decontamination and include sodium hydroxide and
sodium hypochlorite (264). Personnel working with samples
potentially contaminated with prions should wear personal
protective clothing such as a disposable laboratory suits,
gloves, and a face shield. Minimizing the potential for
penetrating injuries is essential in the laboratory.

Iatrogenic prion diseases can be prevented by eliminat-
ing exposure to prions through proper disposal of prion-
contaminated neurosurgery instruments whenever feasible.
Because of the risk of iatrogenic exposure, many hospi-
tals dispose or incinerate prion-contaminated neurosurgical
equipment.

Because of the risk of iatrogenic vCJD being passed
through blood and because at least 50% of prions in blood
are in the white blood cell component, universal leukor-
eduction has been found to decrease prions in blood (265)
and is performed in many European countries. Due to the
high level of vCJD prions in the United Kingdom popula-
tion based on tonsil and appendix studies, the United
Kingdom imports most of its blood products from the United

FIGURE 6 Western blot analysis of PrPSc. The classification
schemes for CJD discriminate PrPSc types based on the mobility of
the unglycosylated band of PrPSc and the signal intensity of di-,
mono-, and unglycosylated PrPSc forms. Types 1 and 2 PrPSc have
distinct electrophoretic mobilities due to different sizes of their re-
spective protease-resistant fragments (type 2 is smaller than type 1).
The PrPSc types are distinguished by their different migration on
electrophoresis, particularly after cleavage of the sugars by the en-
zyme peptide N glycosidase F (PNGase). (Modified from Puotri GP
et al. (204)).
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States, which has not had a BSE or vCJD epidemic (al-
though isolated cases have occurred in the United States).

To prevent BSE transmission, a ban on feeding ruminant-
derived protein to ruminants was introduced in 1988 in
Great Britain (15), followed by a specified bovine offal ban
preventing certain offals from entering any animal feed in
1990. Feeding mammalian-derived meat and bone meal in
animal feed was prohibited in mainland Europe in 2001
(266). Surveillance for BSE continues in the United King-
dom, throughout the European Union, and in the United
States. In the United States, there has been a targeted sur-

veillance approach, with approximately 40,000 cattle from
targeted high-risk populations screened annually for BSE.

At this time, there have been no reported cases of human
prion disease linked to deer or elk exposure (267) and no
experimental evidence that CWD will cross the species
barrier and infect humans (97, 268); nevertheless, U.S. state
wildlife agencies and the Centers for Disease Control urge
caution to those that handle deer tissue and advise that
hunters avoid consuming meat from sick deer or elk, mini-
mize the handling of brain and spinal cord, and wear gloves
when field dressing deer or elk. Brain or spinal cord samples

FIGURE 7 Olfactory mucosa brushing and RT-QuIC assay for PrPSc. (A) To collect olfactory neurons, the operator inserts a rigid
fiberoptic rhinoscope and a sterile brush into the nasal cavity and gently rolls the brush on the mucosal surface. (B) Nasal brush cells were
immunostained with antiolfactory marker protein (OMP) antibody to show clusters of OMP positive olfactory neurons (40X). (C) A
cytocentrifuged sample of the OM pellet was stained immunocytochemically for an olfactory marker protein to detect olfactory neurons. (D)
The average percent thioflavin T (ThT) fluorescence readings from four replicate reactions in samples of OM and CSF from patients with
possible, probable, or definite Creutzfeldt–Jakob disease and from controls without Creutzfeldt–Jakob disease. The means (thick lines) with
standard deviations (thin lines) of those averages are shown as a function of RT-QuIC reaction time. (E) The final average relative ThT
fluorescence readings for each person with Creutzfeldt–Jakob disease (CJD) and for each control with either a neurologic disease other than
Creutzfeldt–Jakob disease (other neurologic disease (OND) or no neurologic disease (NND)) are shown. Inherited CJD refers to patients with
the E200K PRNP genetic mutation causing CJD. (Modified from reference [247]).
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can be tested for CWD by submitting samples to state vet-
erinary diagnostic laboratories.

Handling Potentially Prion-Contaminated
Specimens
Prion infectivity is typically highest in the brain and spinal
cord, although non-neural tissues such as lymph nodes, tonsil,
or muscle may also contain infectious prions. Prions are not
inactivated by formalin (269) yet are denatured by concen-
trated formic acid, which markedly reduces the infectivity
(25, 270). For safe handling of tissues, the College of
American Pathologists (http//:www.cap.org) recommends
formalin fixation for at least 10 days, followed by formic acid
treatment (50 to 100 ml of 95% to 100% volume/volume) for
1 hour and formalin fixation for 2 days prior to embedding.

For suspected prion-infected samples, disposable labora-
tory equipment should be used whenever possible. Prion in-
fectivity is substantially reduced or removed by methods that
denature proteins, including autoclaving at high temperature
and pressure. WHO guidelines recommend autoclaving any
potentially contaminated medical waste for at least 30 min-
utes at 134°C. Immersion of laboratory instruments in 1N
sodium hydroxide for 1 hour followed by autoclaving for 30
minutes at 121°C is highly effective in denaturing prions.
Sodium hypochlorite (2%) or 1N sodium hydroxide can be
used to decontaminate spills.

Passive immunoprophylaxis
Anti-PrP antibodies have been shown to be effective in
model systems (271) and may represent a possible strategy
for the prevention of prion spread to the brain in the case of
known exposures. There are no human mono- or polyclonal
products available.

Vaccines
A recent study reported a mucosal immunization trial of
white-tailed deer with an attenuated Salmonella expressing
PrP followed by polymerized recombinant PrP. Deer were
subsequently challenged with CWD prions orally, and vac-
cinated deer showed a prolongation of the incubation period
as compared to control deer; four of five vaccinated deer
eventually developed CWD (272).

Treatment
Currently there is no disease-modifying treatment for prion
disease. A number of compounds have led to clinical trials in
prion disease patients, including oral flupirtine (273),
quinacrine (274), doxycycline (275), and intraventricular
pentosan polysulfate (276, 277). Although the compounds
were efficacious in cell-culture models, some of the com-
pounds failed to prolong survival time or improve function
in rodent models or in humans. Problems such as the rise of
drug-resistant conformational variants of PrPSc have oc-
curred, as seen with quinacrine (278). Patients currently are
managed symptomatically with selective serotonin reuptake
inhibitors (SSRIs) for depression and agitation, atypical
antipsychotics for agitation and psychosis, and clonazepam,
valproic acid, or leviteracetam for myoclonus.

Various strategies have been used to find a treatment for
prion diseases, including anti-PrP antibodies, shielding PrPSc
from further conversion with pentosan polysulfate (276,
277), and screening libraries of compounds for clearance of
prion infection in persistently infected neuroblastoma cells
(103). Although there are compounds that clear prion in-
fection in persistently infected neuroblastoma cells, these

compounds have not been effective in vivo (279–282).
Passive immunotherapy using PrP antibodies has shown
some efficacy in animal models when mice were challenged
with prions intraperitoneally, however, this was not effective
when mice were challenged intracerebrally, potentially due
to poor antibody influx into the CNS (283). Certain anti-
PrP antibodies were shown to have toxic effects on neurons
(194, 284).

Recently, a new class of compounds, polythiophenes,
have shown promise in animal models (285). The poly-
thiophenes bind and stabilize PrPSc aggregates, preventing
further fibrillization (286). When administered by intra-
ventricular pump, the compounds diffuse throughout the
brain and delayed prion disease in a mouse model of prion
disease (285). These compounds require further testing.

Tricyclic phenothiazine compounds have shown some
antiprion activity, yet the mechanism has been unclear (287,
288). Recent molecular crystal structures of PrPC with the
phenothiazine compounds, chlorpromazine and promazine
revealed that the compounds bind directly to a binding
pocket in PrPC, stabilizing and potentially preventing PrP
oligomerization (289). It is important to note that com-
pounds that are effective against mouse prions in vivo may
not be effective against human prions. For example, 2-
aminothiazole analogues have successfully delayed terminal
prion disease in mice infected with mouse scrapie RML
and ME7 prions, as well as CWD prions, but have not
been effective in delaying disease caused by human CJD
prions (290).

Despite these disappointing treatment failures, the re-
search community has learned from these trials (291). Pre-
venting the decrease in protein translation, enhancing PrPSc
degradation, decreasing PrPC production, and blocking prion
conversion are ongoing research strategies under develop-
ment to treat prion disease. Rational therapeutic combina-
tions that target multiple pathways are also being considered.
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for pneumonia, 23–24
for poxvirus infections, 407–408
for respiratory virus infections, 284–285
for vaccinia virus, 162

Brivudine
adverse effects, 219, 222
clinical applications, 217, 223
dosing regimen, 217
drug interactions, 219, 223
for EBV, 222–223
for herpesvirus infections, 216–219,

222–223
for HSV infections, 217, 222–223
mechanism of action, 222
pharmacokinetics, 219, 222
resistance, 223
spectrum of activity, 222
structure, 216
for VZV infections, 222–223

Broadly neutralizing monoclonal antibodies
(bnAbs), for HIV, 175

Brompheniramine, for common cold, 11
Bronchiolitis
clinical manifestations and syndrome

definition, 15–16
coronavirus, 1254
etiology and differential diagnosis, 10, 16
human bocavirus, 16, 688
measles virus, 916
metapneumovirus, 883
parainfluenza virus, 883
pathogenesis, 16–17
rhinovirus, 1155
RSV, 10, 15–18, 873, 876–879,

881–882, 884
treatment and prevention, 16–18

Bronchiolitis obliterans, CMV, 78
Bronchitis

chronic, exacerbation by rhinovirus
infection, 1154–1155

influenza virus, 1027–1029
Bronchodilators, for bronchiolitis, 17
Bronchodilator therapy, for RSV, 888

BTA-585, 284
Budesonide
for croup, 15
for parainfluenza virus infections, 889

Bufavirus (BuV), 679–683, 686, 688–689
Buffalopox virus, 388
clinical diagnosis, 405
epidemiology, 396–397
host range, 394

Buggy Creek virus, 1348
Bukalasa bat virus, 1269
Bunyamwera virus, 3, 1060, 1063
Bunyavirus
California encephalitis group,

1059–1060, 1063–1064
cell culture, 1061–1063
classification and taxonomy, 3,

1059–1060
distribution and geography, 1060
encephalitis, 1064
epidemiology, 1062–1063
genome, 1059–1060
hantavirus. See Hantavirus
host range, 1061–1063
nairoviruses. See Nairovirus
phlebovirus. See Phlebovirus
proteins, 1059–1060
replication, 1060–1061
serodiagnosis, 307
subgroups, 1060
transmission, 1063
virion structure, 1059–1060
virology, 1059–1062

Burkitt’s lymphoma, 82, 124, 523, 537
Buschke-Loewenstein tumor, 115, 118, 648
Bussuquara virus, 1268, 1281
BuV. See Bufavirus
B virus. See Cercopithecine herpesvirus 1
B virus vaccine, 454

C
C134, 434–435
Cabassou virus, 1348, 1355
Cabotegravir, 173, 192
Cacipacore virus, 1268
CAEBV. See Chronic active EBV
Calabazo virus, 1065
Calicivirus
animal models, 1196
antigen detection, 1202
antigenicity, 1190, 1193
biology, 1196
cell culture, 1196
classification and taxonomy, 4,

1189–1193
clinical manifestations, 1199–1201
distribution and geography, 1197
electron microscopy, 50
epidemiology, 1196–1198
gastroenteritis, 47–55, 1189, 1197–1203
genogroups and genotypes, 1189–1193
genome, 1194–1196
historical aspects, 1189
host range, 1196
immune response, 1199
inactivation by physical and chemical

agents, 1196
incidence and prevalence of infection,

1197
laboratory diagnosis, 1201–1202
nosocomial infections, 1197–1198
nucleic acid detection, 1201–1202
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Calicivirus (continued)
pathogenesis, 1198–1199
PCR methods, 1201–1202
prevention, 1202
immunoprophylaxis, 1203
management of outbreaks, 1203

proteins, 1194–1196
replication, 1196
serodiagnosis, 1202
serotypes, 1190, 1193
transmission, 1198
treatment, 1203
virion composition, 1193–1196
virion structure, 1190, 1193–1194
virology, 1189–1196
virus shedding and extra-intestinal

spread, 1199
Calicivirus vaccine, 1203
California encephalitis virus, 1059–1060.

See also La Crosse virus
clinical manifestations, 1064
diagnosis, 1064
epidemiology, 1063–1064
pathogenesis, 1064
prevention and treatment, 1064

CALT. See Conjunctiva-associated
lymphatic tissue

Camptothecin, for PML, 615
Canary bornaviruses, 1396
Canarypox virus, 387
Candid #1, 1102–1103
Candidiasis, HIV, 811, 813
Canine croup, 874
Cantagalo virus, 388
Cantharidin
for HPV infections, 119, 657, 659–660
for molluscum contagiosum, 407

Capsaicin, for herpes zoster, 124
Capsid, CMV, 481, 486–487
Capsid-inhibiting compounds, for

enterovirus, 1132–1133
Captopril, for myocarditis-related heart

failure, 107
Carbon dioxide laser surgery, for HPV

infections, 658–659, 661
Cardiomyopathy. See Dilated

cardiomyopathy
Cardiovascular disease. See Heart disease
Carey Island virus, 1269
CAR receptor, 576–578, 583
Carvedilol, for myocarditis-related heart

failure, 107
Castleman’s disease. See Multicentric

Castleman’s disease
Cauterizing agents, for HPV infections, 658
CCHF virus. See Crimean-Congo

hemorrhagic fever virus
CCR5, 800–803, 807
CCR5 antagonists, 170–175
CD4+ T cells
antigen recognition, 336–337
cytolytic, 340
differentiation, 337–340
helper, 338
HIV-infected, 802–803, 805–810
immunologic basis of vaccination,

357–358
triggering of, 333–334

CD8+ lymphotropism, HTLV, 781
CD8+ T cells
antigen recognition, 336–337
cytotoxic, 338
HIV-specific, 809–810

immunologic basis of vaccination, 357
triggering of, 333–334

CD46, 905–906
CD81, 1318–1319, 1334
CD155, 1116, 1120–1121
CDRs. See Complementarity-determining

regions
CEE virus. See Central European

encephalitis virus
Celiac disease, rotavirus and, 864
Cell culture
cytopathic effect, 293–294
diploid cell lines, 292
genetically engineered cell lines, 294
heteroploid cell lines, 292
mixed, 294
primary cells, 292
shell vial, 294
standard, 292–293

Cellular immunotherapy
for CMV, 82
for EBV, 85

Cellular inhibitory of apoptosis protein
(cIAPs), 724

Cenicriviroc, 172
Censavudine, 172
Central European encephalitis (CEE) virus
arthropod vectors, 1272
biology, 1284
cell culture, 1272
clinical manifestations, 1285–1287
diagnosis, 1287
distribution and geography, 1284–1285
epidemiology, 1284–1285
host range, 1272
incidence of infection, 1284
pathogenesis, 1285
prevention and treatment, 1287
transmission, 1284–1286

Central nervous system (CNS) infections
approach to patients, 42–43
arenavirus, 1098–1099
coronavirus, 1254
differential diagnosis, 37, 41–42
encephalitis. See Encephalitis
HIV, 810–812
meningitis. See Meningitis
postinfectious, 31–32, 38–39
primary, 31–32
prion proteins, 1431
rabies, 967, 969–972
viral access to CNS, 32, 34–36,

39–40
Cepheid GeneXpert, 303
Cercopithecine herpesvirus 1, 2

cell culture, 447–448, 453
clinical manifestations, 452
CNS infections, 32
diagnosis
humans, 453
nonhuman primates, 452–453

epidemiology
distribution in nature, 449
human infections, 450
natural hosts, 449–450

eye infections, 450–451
historical aspects, 447
pathology and pathogenesis
experimental infections, 451
human infection, 451–452
immune response, 452
latency, 452
natural hosts, 450–451

prevention
chemoprophylaxis, 454
exposure reduction and management,
453–454

vaccine, 454
serodiagnosis, 452–453
skin lesions, 126–127
treatment, 454
virology
genome, 448–449
isolation and growth properties, 447–448
proteins, 449

Cerebellar ataxia, varicella-related, 468
Cerebrospinal fluid
prion disease, 1434–1435
testing for viral antibodies, 308–309

Cervarix, 119, 353, 361, 653–655
Cervical cancer
HIV, 813
HPV, 625, 627, 635, 813
epidemiology, 637–638
histology, 643–645
pathogenesis, 642–643
risk factors, 639–640

HTLV, 784
screening, 650, 655–656

Cervical intraepithelial neoplasia (CIN),
625, 641–642, 644–645, 648,
650–651

Cervicography, 649–650
Chagres virus, 1060
Changuinola virus, 842, 848–849
Chapare virus, 142, 1089–1090, 1096
Chemiluminescent immunoassay (CLIA),

299
Chemiluminescent micro-enzyme

immunoassay (CMIA), 299
Chemokines, 325
in induced innate immune response,

331–332
Chenuda virus, 849
Chest radiography, myocarditis, 103
Chickenpox. See Varicella
Chikungunya virus (CHIKV), 1347
arthralgia, 1368
arthritis, 1368–1369
chronic fatigue syndrome, 372
classification, 1367
clinical manifestations, 1348, 1368–1370
complications, 1369
differential diagnosis, 1369–1370
distribution and geography, 1348,

1367–1368
epidemic patterns, 1368
epidemiology, 1367–1368
host range, 1353, 1367
incidence and prevalence of infection,

1368
laboratory abnormalities, 1369
laboratory diagnosis, 1355, 1370
myocarditis, 100
ocular manifestations, 163
outcomes, 1369
pathogenesis, 1354–1355
prevention, 1356, 1370
skin lesions, 1369
transmission, 1348, 1368
treatment, 1370
virology, 1367

Children
CMV infection, 489, 493–494
croup, 13
EBV, 532–533
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gastroenteritis, 49–52, 54
HAV, 1177–1178
HCV, 1327
HIV, 814, 817
influenza virus, 1028
measles virus, 908–909
metapneumovirus, 875–877, 883
myocarditis, 102–103, 106
parainfluenza virus, 875–877, 883
pneumonia, 19–20
respiratory disease, 9–10
RSV, 875–877, 881–882

ChimeriVax-JE, 1280
Chlorpheniramine, for common cold, 11
Choclo virus, 1065
Chronic active EBV (CAEBV), 534
Chronic fatigue syndrome
clinical assessment, 376–378
diagnostic criteria, 373
epidemiology, 373
etiology, 373
genetic predisposition, 376–378
immunologic disturbance, 374–377
infectious, 372, 374, 377
metabolic or neuroendocrine disturbance,
375–377

psychological disturbance, 372, 375, 377
HHV-6, 372, 374, 378, 515
historical perspective, 371–372
laboratory assessment, 376–378
natural history, 373
treatment, 378–379

Chronic keratoconjunctivitis (CKC), 160
Chronic wasting disease, deer and elk, 1425,

1428, 1430–1431
Chuzan virus, 842
cIAPs. See Cellular inhibitory of apoptosis

protein
Cidofovir
for adenovirus infections, 590
adverse effects, 219, 228
for BK virus infections, 88, 616
clinical applications, 228–229
for CMV infections, 81–82, 125, 158,

218, 228
dosing regimen, 218
drug interactions, 219, 228
for herpesvirus infections, 216–219,

228–229
for HHV-6 infections, 86, 517
for HHV-7 infections, 517
for HHV-8 infections, 87, 126
for HPV infections, 660
for HSV infections, 228–229, 437
for KSHV, 564
mechanism of action, 228
pharmacokinetics, 219, 228
for PML, 615
for pneumonia, 23–24
resistance, 228
for smallpox vaccine complications,

407–408
spectrum of activity, 228
structure, 216
susceptibility testing, 296
for vaccinia virus, 162

Ciluprevir, 1333
Cimetidine, for HPV infections, 660
CIN. See Cervical intraepithelial neoplasia
Circumcision, HIV prevention, 819
Cirrhosis
HBV, 728–730, 736
HCV, 1327–1328

HDV, 1414–1415
HEV, 1216

CJD. See Creutzfeldt-Jakob disease
CKC. See Chronic keratoconjunctivitis
Class switch recombination (CSR),

342–343
Clemastine, for common cold, 11
Clevudine, for HBV, 741–742
CLIA. See Chemiluminescent immunoassay
Clinical virology, 1
Clotting factor disorders, 1177
CLRs. See C-type lectin receptors
CMIA. See Chemiluminescent micro-

enzyme immunoassay
CMV. See Cytomegalovirus
CMV PepVax, 82
CMX-001. See Brincidofovir
CNS infections. See Central nervous system

infections
Cobicistat

adverse effects, 201
clinical applications, 170, 201
dosing regimen, 170
drug interactions, 201
fixed-dose combination, 197
for HIV, 170, 200–201
pharmacology, 200–201
resistance, 201
structure, 200

Cold. See Common cold
Cold-blade surgery, for HPV infections, 658,

660
Cold sore susceptibility gene (CSSG-1), 419
Cold vaccine, 1156–1157
Colitis, adenovirus, 583
Colorado tick fever virus (CTFV)
biology, 843–844
classification and taxonomy, 3, 841–842
clinical manifestations, 846–847
CNS infections, 33–34
differential diagnosis, 846–847
disseminated intravascular coagulation,

845–846
distribution and geography, 843–844
ecology, 843–845
epidemiology, 843–845
genome, 841, 843–844
hemorrhagic diatheses, 845–846
historical aspects, 841
immune response, 845–846
immunoassay, 298
laboratory diagnosis, 846–847
neurologic disorders, 846
organ and cellular pathology, 845
pathogenesis, 845–846
PCR methods, 847
in pregnancy, 846
prevention, 847
proteins, 843–844
serodiagnosis, 307
skin lesions, 846
treatment, 847–848
virion composition, 843–844
virology, 841–843

Colorado tick fever virus (CTFV)
vaccine, 847

Colposcopy, 647–648, 649–650
Coltivirus
biology, 843–844
classification and taxonomy, 841–842
clinical manifestations, 846–847
differential diagnosis, 846–847
distribution and geography, 843–844

ecology, 843–845
epidemiology, 843–845
genome, 841, 843–844
historical aspects, 841
immune response, 845–846
laboratory diagnosis, 846–847
organ and cellular pathology, 845
pathogenesis, 845–846
prevention, 847
proteins, 843–844
treatment, 847–849
virion composition, 843–844

Coma, therapeutic, for rabies, 974–976
Commensal organisms, barrier immunity,

324
Common cold
clinical manifestations, 9–10
coronavirus, 1243, 1253–1254
differential diagnosis, 10–11
etiology, 10–11
influenza virus, 1026, 1028
pathogenesis, 11
prevention, 11–12
rhinovirus. See Rhinovirus
syndrome definition, 9–10
treatment, 11–12

Common-cold vaccine, 1156–1157
Common warts, 646
Complementarity-determining regions

(CDRs), 336–337
Complement fixation, 309
Complement system, 328
Complera, 197
Condyloma acuminata. See Anogenital

warts
Congenital infection
CMV, 125, 163, 488–489, 493–494,

503–504
diagnosis, 312–313
EBV, 532
HSV, 428

Congenital ocular disease, 163
Congenital rubella syndrome (CRS), 163,

1381, 1383
clinical manifestations, 1387–1388
diagnosis, 1388
epidemiology, 1384
histopathology, 1385
immune response, 1385–1386
prevention, 1388–1389
treatment, 1389–1390

Congenital varicella syndrome, 470, 472
Congestive heart failure, 101–102
Conjunctiva-associated lymphatic tissue

(CALT), 151
Conjunctivitis
adenovirus, 160
common viral pathogens, 152–153
enterovirus, 1128
influenza virus, 1016, 1021
measles virus, 161, 913–914, 917

Convalescent plasma, for arenavirus,
1104–1105

Coronavirus (CoV)
animal hosts, 1243, 1247
asthma and, 1254
biology, 1245–1248
bronchiolitis, 10, 16, 1254
cell culture, 1247–1248
classification and taxonomy, 4,

1243–1244
clinical manifestations, 1253–1255
CNS infections, 1254

SUBJECT INDEX - 1455



Coronavirus (CoV) (continued)
common cold, 10, 1243, 1253–1254
croup, 10, 13, 1254
cytopathic effect, 1247–1248
distribution and geography, 1248
endemic, 1243, 1247–1250, 1252–1254
enteric, 1244–1245, 1247–1249,

1251–1252, 1255
epidemiology, 1248–1252
experimental animal models, 1247
gastroenteritis, 52–53, 1244–1245,

1247–1249, 1255
genome, 1245–1246
histopathology, 1252
historical aspects, 1243
host range, 1247
immune response, 1253
immunocompromised individual, 1254
inactivation by physical and chemical

agents, 1248
incidence and prevalence of infection,

1248–1250
laboratory diagnosis, 1255–1256
nosocomial infections, 1251
otitis media, 1254
pathogenesis, 1252–1253
PCR methods, 1255
pharyngitis, 10
pneumonia, 10, 19–21, 1243, 1254
prevention
active immunization, 1256–1257
chemoprophylaxis, 1257
infection control, 1256

proteins, 1245–1246
replication, 1245–1247, 1252
respiratory disease, 1243, 1248–1250,

1252–1257. See also Severe acute
respiratory syndrome coronavirus

risk factors, 1251–1252
seasonality, 1249
serodiagnosis, 1256
transmission, 1249–1251
transplant recipient, 1254
treatment, 1257
virion composition, 1244–1245
virion structure, 1244–1245
virology, 1243–1248

Coronavirus-like particles (CVLPs), 1244,
1255

Coronavirus (CoV) vaccine, 1256–1257
Corticosteroid therapy
for adult T-cell lymphoma, 786
for bronchiolitis, 17
for chronic fatigue syndrome, 378
for coronavirus, 1257
for croup, 14–15
for EBV-associated disease, 534, 539
for hemorrhagic fever, 147
for HSV, 156–157
for HTLV-associated myelopathy, 787
for infectious mononucleosis, 534
for metapneumovirus infections, 890
for myocarditis, 107
for parainfluenza virus infections, 889
for pneumonia, 22
for RSV, 888

Cottontail rabbit papillomavirus, 625,
635, 642

CoV. See Coronavirus
Cowborne Ridge virus, 1269
Cowpox virus (CPXV)
classification and taxonomy, 387–388
clinical diagnosis, 405

clinical manifestations, 388, 402–403
epidemiology, 388, 395–397
host range, 388, 394
immune response, 401
laboratory diagnosis, 405
pathogenesis, 399
structure, 389
transmission, 397–398

Coxsackievirus
acute flaccid paralysis, 1125
cell culture, 292, 1130
chronic fatigue syndrome, 372
classification and taxonomy, 1113–1114
CNS infections, 33–34, 39
conjunctivitis, 1128
epidemiology, 1118–1120
gastroenteritis, 1129
gastrointestinal disease, 47–48
genome, 1115–1116
hand-foot-and-mouth disease,

1127–1128
herpangina, 12, 128–129, 1127
histopathology, 1122
historical aspects, 1113
immune response, 1122
isolation, 1130
laboratory diagnosis, 1130–1131
meningitis, 1123–1124
myocarditis, 99–103, 105–106, 1129
neonatal infections, 1125–1127
neurologic disease, 1123–1124
nonspecific febrile illnesses of infancy,

1126
ocular manifestations, 160–161
pathogenesis, 1120–1122
pharyngitis, 12
pleurodynia, 1128
pneumonia, 1126–1127
prevention, 1131–1132
replication, 1116–1118
serodiagnosis, 307
skin lesions, 115–116, 128–129
treatment, 1132–1133
tropism, 1120–1121
virion structure, 1114–1115
virology, 1113–1118

Coxsackievirus vaccine, 1132
CPE. See Cytopathic effect
CPX. See Cowpox virus
CR62621, 285
Creutzfeldt-Jakob disease (CJD), 39–42,

1425
animal models, 1426
antigen detection, 1436
brain MRI, 1435–1436
cerebrospinal fluid analysis, 1434–1435
clinical manifestations, 1426,

1431–1434
complications, 1434
diagnosis, 1434–1436
differential diagnosis, 1437
EEG, 1434
epidemiology, 1428–1430
familial, 1426, 1432–1433
genetic testing, 1436
iatrogenic, 1426, 1429, 1432
passive immunoprophylaxis, 1439
pathogenesis, 1430–1431
prevention, 1437–1439
prion biology, 1427–1431
specimen collection and handling,

1439
sporadic, 1426, 1428–1429, 1431–1437

treatment, 1439
variant, 1425–1426, 1428–1438

Crimean-Congo hemorrhagic fever (CCHF)
virus, 3, 1059–1060, 1063

clinical manifestations, 145, 1078–1079
distribution and geography, 1077–1078
epidemiology, 142–144, 1077–1078
laboratory diagnosis, 1079
myocarditis, 100
pathogenesis, 144–145, 1077
prevention, 148, 1079–1080
treatment, 147, 1080

Crimean-Congo hemorrhagic fever (CCHF)
virus vaccine, 1079

Croup
clinical manifestations and syndrome

definition, 13
coronavirus, 1254
etiology and differential diagnosis, 10,

13–14
influenza virus, 1027–1029
measles virus, 916
metapneumovirus, 883
parainfluenza virus, 873, 878, 883, 888–889
pathogenesis, 14
treatment and prevention, 14–15

CRS. See Congenital rubella syndrome
Cryotherapy, for HPV infections, 657–658,

661
CSR. See Class switch recombination
CSSG-1. See Cold sore susceptibility gene
CTFV. See Colorado tick fever virus
CTFV-Ca virus, 841
C-type lectin receptors (CLRs), 327, 330
Culture. See Cell culture
Curettage, for warts, 660
Cutaneous horn, 646
CVLPs. See Coronavirus-like particles
CXCR4, HIV, 800–803, 807
Cyclopropavir, for CMV prophylaxis, 81
Cyclosporin, for EBV-associated disease, 534
Cyclosporine, for myocarditis, 107
Cystitis, hemorrhagic

adenovirus, 586, 590
BK virus, 607, 611, 614

Cytokines, 325–328
in adaptive immune response, 337–339
class switch recombination, 343
in induced innate immune response,

331–332
pyrogenic, 332

Cytolytic CD4+ T cells, 340
Cytomegalic inclusion disease, 493
Cytomegalovirus (CMV)

acyclovir for, 78, 220, 499–502
antigenemia, 496
antiviral agents for. See Antiherpesvirus

agents
antiviral resistance, 497, 504
antiviral susceptibility testing, 295–296
biology, 487–488
brincidofovir for, 81, 230, 502–503
bronchiolitis obliterans, 78
cell culture, 292–294, 496–497
chronic fatigue syndrome, 372
cidofovir for, 81–82, 125, 158, 218, 228
classification and taxonomy, 481
clinical manifestations, 300, 493–495
CNS infections, 32, 36, 38, 42
composition
capsid, 481
envelope, 482–483
protein pp65, 481–482
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protein pp71, 482
protein pp150, 482
tegument, 481

congenital and neonatal infection, 125,
163, 488–489, 493–494, 503–504

cytopathology, 299–300
detection in body fluids, 495–497
diagnosis, 306
encephalitis, 492, 494–495
epidemiology, 488–489
factors in disease production
primary infection, 490
replication, 490–491
viremia, 490

foscarnet for, 80–82, 125, 158, 218,
226–228, 503–504

ganciclovir for, 78–81, 125, 158,
217–218, 223–225

gastroenteritis, 492, 494
genome, 482–485
hearing loss, 493–494, 503–504
hepatitis, 70
herd immunity, 498–499
histopathology, 492, 494, 496
HIV coinfection, 132, 154, 157–158, 489,

491–495, 503
immune response, 326, 327, 336,

339, 493
immunoassay, 297–298
immunocompromised individual, 489,

491–495
indirect effects, 489, 492
isolation, 496–497
laboratory diagnosis, 495–497
latency and reactivation, 487–488
letermovir for, 81, 230, 502–503
leukopenia, 494
maribavir for, 81, 230, 501–503
myocarditis, 100, 106
pathogenesis, 489–493
PCR methods, 495–496
pharyngitis, 10, 12
pneumonia, 10, 20–23, 78
pneumonitis, 491–492, 494
polyradiculopathy, 492, 495
in pregnancy, 125, 488–489, 493–494
prevalence and incidence of infection,

488
prevention, 497–500
primary infection
pathogenesis, 490
routes of, 488–489

replication cycle
capsid assembly, 486–487
DNA replication and packaging, 486
egress from host cells, 487
entry into host cells, 485
transcription and gene expression,
485–486

transport to nucleus, 485
retinitis, 153–155, 157–158, 163,

223–227, 492, 494, 503
serodiagnosis, 306–308, 312, 497
skin lesions, 115–116, 125
specimen collection, 495
therapeutic drug monitoring, 504
transmission, 488–489
transplant recipient, 491–493
cellular immunotherapy, 82
clinical manifestations, 78
drug resistance, 81–82
epidemiology, 75–76
immune monitoring, 77–78

pathogenesis, 76–77
prevention and treatment, 78–82,
498–503

risk factors, 76
seronegative recipient, 78
vaccination, 82

treatment, 499–504
valacyclovir for, 78, 221, 499–503
valganciclovir for, 78–80, 125, 158, 218,

221, 225–226, 499, 503–504
virology, 481–487

Cytomegalovirus (CMV) immune globulin,
80, 364, 499

Cytomegalovirus (CMV) vaccine, 82,
498–500

Cytopathic effect (CPE), 293–294
Cytopathology, diagnostic, 299–300
Cytoplasmic sensors, 330–331
Cytosine arabinoside

for PML, 615
for poxvirus infections, 407

Cytotoxic CD8+ T cells, 338
HIV-specific, 809–810

Cytotoxic lymphocyte T-cell receptor, 357

D
DAA. See Direct-acting antiviral agents
Daclatasvir, 246, 1332–1334
adverse effects, 257
clinical applications, 257–258
pharmacology, 257
resistance, 257
spectrum of activity, 257
structure, 252

Dakar bat virus, 1269, 1273
Dallas criteria, 104
Damage-associated molecular patterns

(DAMPs), 329
DAMPs. See Damage-associated molecular

patterns
Danazol, for HTLV-associated myelopathy,

787
Dandenong virus, 1089–1090, 1096,

1098–1099
Danoprevir, 247
Dapivirine, 172
Darunavir

adverse effects, 195, 199
clinical applications, 170, 199–200
cutaneous adverse effects, 134
dosing regimen, 170
drug interactions, 195, 199
for HIV, 170, 195–196, 199–200
pharmacokinetics, 195
pharmacology, 199
resistance, 199
structure, 196

DAS-181, 283, 285, 890
for influenza virus infections, 1042
for pneumonia, 23

Dasabuvir, 245, 1332–1334
adverse effects, 252
clinical applications, 253
drug interactions, 252–253
mechanism of action, 251
pharmacokinetics, 251–252
resistance, 253
spectrum of activity, 251
structure, 250

Davirapine, for HIV, 819
DCM. See Dilated cardiomyopathy
DCs. See Dendritic cells

3-Deazaguanine, for Colorado tick fever
virus infections, 848

3-Deazauridine, for Colorado tick fever virus
infections, 848

Decoy cells, 610–611
Delta antigen, 63
Delta virus. See Hepatitis D virus
Dementia, HIV, 811–812
Dendritic cells (DCs), 327–328

HIV-infected, 803, 808
immunologic basis of vaccination, 355

Dendritic ulcers, HSV, 156
Dengue hemorrhagic fever/dengue shock

syndrome (DHF/DSS), 1267, 1270,
1291–1294

Dengue virus, 141, 1267, 1268
arthropod vectors, 1272
barrier immunity, 323
biology, 1291
cell culture, 1272
chronic fatigue syndrome, 372
clinical manifestations, 145, 1295–1296
diagnosis, 304, 1296
distribution and geography, 1291–1292
epidemiology, 142–144, 1291–1293
host range, 1272–1273
immune response, 328, 1274
incidence of infection, 1291–1292
myocarditis, 100
ocular manifestations, 162
pathogenesis, 144–145, 1293–1294
PCR methods, 1296
prevention, 1297
risk factors, 1293
serodiagnosis, 307, 312, 1296
skin lesions, 116
transmission, 1292–1293
treatment, 1297–1298
vaccine, 148

Dengue virus vaccine, 365, 1297
Depression, chronic fatigue syndrome, 375
Dermatitis, HTLV, 783, 785–786
Dermis, barrier immunity, 323
Desert Storm virus, 48
Dexamethasone
for croup, 14–15
for parainfluenza virus infections, 889

DFA. See Direct immunofluorescence
DHF/DSS. See Dengue hemorrhagic fever/

dengue shock syndrome
Dhori virus, 1009, 1030
Diabetes
enterovirus and, 1129–1130
HCV and, 1327
rotavirus and, 864
rubella virus and, 1388

Diagnostic virology
antiviral susceptibility testing, 294–297
cell culture. See Cell culture
chronic infections, 306
cytopathology, 299–300
direct detection of virus or viral antigen,

297–299
DNA sequencing, 306
electron microscopy, 299–300
histopathology, 299–300
immunoassay, 297–299, 310–311
immunocompromised patients, 306
novel and emerging infections, 305–306
nucleic acid detection. See Nucleic acid

tests
quality assurance and quality control,

313–314
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Diagnostic virology (continued)
routine infections, 305
serodiagnosis. See Serodiagnosis
specimens, 291–292

Diarrhea. See Gastroenteritis
Digital PCR, 305
Digoxin, for myocarditis-related heart

failure, 107
Dilated cardiomyopathy (DCM), 101–102,

106. See also Heart disease
enterovirus, 1129

Dimethyl fumarate, PML, 604, 607
2,3-Diphenylcyclopropenone, for warts, 660
Direct-acting antiviral agents (DAA)
adverse effects of, 1335
for HCV, 63, 71, 245, 249–262,

1331–1334
NS3/4A inhibitors, 253–257
NS5A inhibitors, 257–261
NS5B inhibitors, 249–253
other mechanisms, 1335–1336

Direct immunofluorescence (DFA),
297–298

Direct visualization immunoassay,
297–298

DNA reverse transcribing viruses,
taxonomy, 2–3

DNA sequencing, 306
DNA viruses, taxonomy, 2
Dobrava virus, 1066, 1071
Dobutamine, for myocarditis-related heart

failure, 107
Docosanol
adverse effects, 219
clinical applications, 218
dosing regimen, 218
drug interactions, 219
for herpesvirus infections, 229
pharmacokinetics, 219

Dogs
Nipah virus, 950, 954
rabies virus, 967, 970–971
Venezuelan equine encephalitis virus,

1363
Dolutegravir
adverse effects, 190, 192
clinical applications, 170, 192
dosing regimen, 170
drug interactions, 190, 192
fixed-dose combination, 197
for HIV infections, 170, 189–192
pharmacokinetics, 190
pharmacology, 192
resistance, 192
structure, 189

Dopamine, for myocarditis-related heart
failure, 107

Doravirine, 172, 189
Doxorubicin, for adult T-cell lymphoma,

787
Drug-induced hypersensitivity syndrome,

HHV-6, 515–516
Dryvax, 363, 406–407
dsDNA viruses, taxonomy, 2
dsRNA viruses, taxonomy, 3
Duck HBV, 722
Duct tape, for warts, 661
Dugbe virus, 1060
Duncan’s syndrome. See X-linked

lymphoproliferative syndrome
Duvenhage virus, 968, 976
Dye uptake assay, antiviral susceptibility

testing, 295

E
Eastern equine encephalitis virus (EEEV),

1347
biology, 1356–1357
cell culture, 1353–1354
classification, 1347, 1356–1357
clinical manifestations, 1348, 1359–1360
CNS infections, 33–34, 38, 40
complications, 1359
cytopathic effect, 1353–1354
differential diagnosis, 1359–1360
distribution and geography, 1348, 1357
epidemic patterns, 1357–1358
epidemiology, 1357–1359
genotypes, 1347–1349
host range, 1353
incidence and prevalence of infection,

1357
incubation period, 1359
laboratory abnormalities, 1359
laboratory diagnosis, 1355, 1360
outcomes, 1359
pathogenesis, 1354
pathology, 1359
prevention, 1356, 1360
risk factors, 1359
subtypes, 1348
taxonomy, 1350
transmission, 1348, 1358
treatment, 1360
virion composition, 1356–1357
virology, 1356–1357

Eastern equine encephalitis virus (EEEV)
vaccine, 1360

EBER-1, 526–528
EBER-2, 526–528
EBLNs. See Endogenous bornavirus-like

elements
EBNA-1, 526–527
EBNA-2, 526–527
EBNA-3, 526–527
EBNA-LP, 526–527
Ebola virus, 141, 143
age-specific attack rates, 989
antigen detection, 996
biology, 985–987
Bundibugyo, 981–984, 989
cell culture, 986
classification and taxonomy, 3, 983–984
clinical manifestations, 145–146,

992–996
coinfections, 995
correlates of disease resolution, 993
Côte d’Ivoire, 981–984, 989
diagnosis, 146
distribution and geography, 982–983, 987
duration of infectiousness, 990
endocrine dysfunction, 995
epidemiology, 142–144, 982–983,

987–990
eye symptoms, 994
gastroenteritis, 993–994
genome, 984–985
heart disease, 994
hematologic symptoms, 995
hemorrhagic fever, 981, 993
hepatitis, 995
histopathology, 992
host range and natural reservoir, 986
immune response, 328, 331, 343,

992–993
inactivation by physical and chemical

agents, 986–987

incidence and prevalence of infection,
982, 987

incubation period, 993
isolation, 996
laboratory diagnosis, 996
long-term sequelae, 995–996
neurologic disease, 993–994
nosocomial infections, 990
nucleic acid detection, 996
ocular manifestations, 162
outbreaks, 981–983, 987–990, 998
pathogenesis, 144–145, 990–993
PCR methods, 996
pharyngitis, 12
in pregnancy, 995
prevention, 148
active immunization, 996–997
management of outbreaks, 998
postexposure prophylaxis, 997–998

proteins, 984–985
renal disease, 995
replication, 985–986, 990–991
respiratory disease, 994–995
Reston, 981, 984, 989
risk factors, 989
serodiagnosis, 996
skin lesions, 992, 995
Sudan, 981–984, 986–988, 990–993,

996–998
transmission, 989–990
treatment, 147–148
antiviral agents, 1000–1001
host-directed therapies, 1001
supportive care, 998–1000

virion composition, 982, 984–985
virology, 983–987
Zaire, 981–984, 986–988, 996–998,

1000–1001
Ebola virus vaccine, 148, 996–998
EBV. See Epstein-Barr virus
Echinacea, for common cold, 12, 1157
Echocardiography, myocarditis, 103
Echovirus
cell culture, 292, 1130
classification and taxonomy,

1113–1114
CNS infections, 33–34
epidemiology, 1118–1120
gastroenteritis, 47–48
genome, 1115–1116
herpangina, 1127
historical aspects, 1113
isolation, 1130
laboratory diagnosis, 1130–1131
myocarditis, 100
neonatal infections, 1125–1127
neurologic disease, 1123–1124
nonspecific febrile illnesses of infancy,

1126
ocular manifestations, 160–161
pathogenesis, 1120–1122
pneumonia, 1126–1127
prevention, 1131–1132
replication, 1116–1118
skin lesions, 116, 128–129
treatment, 1132–1133
tropism, 1120–1121
virion structure, 1114–1115
virology, 1113–1118

ECMO. See Extracorporeal membrane
oxygenation

Eczema coxsackium, 1128
Eczema herpeticum, 121, 430, 436
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Eczema vaccinatum, 403–404, 406
Edge Hill virus, 1269, 1281
EEEV. See Eastern equine encephalitis

virus
EEG. See Electroencephalogram
Efavirenz

adverse effects, 177, 186
clinical applications, 170, 187
dosing regimen, 170
drug interactions, 177, 186–187
fixed-dose combination, 197
for HIV, 170, 177, 185–187, 819
pharmacokinetics, 177
pharmacology, 186
resistance, 187
structure, 185

EFE. See Endocardial fibroelastosis
Effector cells
adaptive immune system, T cell subsets,

338–340
innate immune system, 324–328

Egg allergy, 363
EIA. See Enzyme immunoassay
Eilat virus (EILV), 1347, 1349, 1354
EKC. See Epidemic keratoconjunctivitis
Elapid 1 bornavirus, 1396
Elbasvir, 246, 252, 1333
adverse effects, 260
clinical applications, 260
pharmacology, 260
resistance, 260
spectrum of activity, 260

Elderly
CMV, 495
gastroenteritis, 52, 54
influenza virus, 1029
RSV, 882–883

Electrocardiography, myocarditis, 103–104
Electroencephalogram (EEG), prion disease,

1434
Electron microscopy, diagnostic, 299–300
Electrosurgery, for HPV infections,

657–658, 660–661
ELISA. See Enzyme-linked immunosorbent

assays
El Moro Canyon virus, 1065
ELVIS HSV ID, 294
Elvitegravir
adverse effects, 190–191
clinical applications, 170, 191
cutaneous adverse effects, 134
dosing regimen, 170
drug interactions, 190–191
fixed-dose combination, 197
for HIV infections, 170, 189–191
pharmacokinetics, 190
pharmacology, 191
resistance, 191
structure, 189

Emerging disease
diagnosis, 305–306
vaccines against, 365
zoonotic paramyxoviruses, 949–953

Emerging viral pathogens, 1
Emtricitabine
adverse effects, 176, 182, 240
clinical applications, 170, 182–183,

240
cutaneous adverse effects, 134
dosing regimen, 170, 240
drug interactions, 176, 182
fixed-dose combination, 197
for HBV, 239–240, 741

for HIV, 170, 176, 178, 182–183
postexposure prophylaxis, 819
preexposure prophylaxis, 818

mechanism of action, 182
pharmacokinetics, 176
pharmacology, 182
resistance, 182
structure, 178, 241

Emus
eastern equine encephalitis virus, 1357
western equine encephalitis virus, 1360

Enalapril, for myocarditis-related heart
failure, 107

Encephalitis
adenovirus, 583, 587
alphavirus, 1347–1351
approach to patient, 42–43
astrovirus, 1231, 1236–1238
BK virus, 614
bornavirus, 1396, 1400
bunyavirus, 1064
clinical manifestations, 40
CMV, 492, 494–495
definition, 31
diagnosis, 40–42
enterovirus, 1119–1120, 1122, 1124–1125
epidemiology, 32–34, 38–39
etiology, 32–34
flavivirus, 1267, 1273–1291
Hendra virus, 950, 956
HHV-6, 515
HHV-6in, 86
HHV-7, 515
HSV, 121, 415, 420, 424, 429, 430–431, 436
human bocavirus, 688
influenza virus, 1030
Japanese encephalitis virus, 1277–1278
laboratory findings, 32–34, 40–41
measles virus, 129
mumps virus, 934–936, 939
Murray Valley encephalitis virus, 1279
Nipah virus, 950, 954, 957–958
parvovirus B19, 688
pathogenesis, 32–34, 39–40
Powassan virus, 1280
prevalence, 38–39
prevention, 41–42
rabies virus, 967, 970, 971–972
rubella virus, 1387, 1390
St. Louis encephalitis virus, 1283
tick-borne. SeeTick-borne encephalitis virus
treatment, 42
VZV, 468, 470
West Nile virus, 1290

Encephalopathy, 31
influenza virus, 1027

Encepur, 1287
EnceVir, 1287
Endocardial fibroelastosis (EFE), 99, 103
Endogenous bornavirus-like elements

(EBLNs), 1395–1396
Endomyocardial biopsy, myocarditis, 102–104
Endoplasmic reticulum aminopeptidase

associated with antigen processing
(ERAAP), 335

Energix-B, 353, 359, 361
Enfuvirtide
adverse effects, 169–171
structure, 174

Entebbe bat virus, 1269
Entecavir
adverse effects, 240, 242
clinical applications, 242

dosing regimen, 240
for HBV, 62, 242, 736, 740–741, 748
for HDV infections, 1417
mechanism of action, 242
pharmacology, 242
resistance, 242, 739, 744–745
spectrum of activity, 242
structure, 241

Enterically transmitted hepatitis, 62–64
Enteric virome, HIV alterations in, 324
Enterovirus (EV)
cell culture, 292–294, 1130
chronic dilated cardiomyopathy, 1129
chronic fatigue syndrome, 378
classification and taxonomy,

1113–1114
clinical manifestations
cardiovascular illnesses, 1129
gastrointestinal illnesses, 1129
muscular syndromes, 1128
neonatal infection, 1125–1127
neurologic illnesses, 1122–1125
possible associated diseases,
1129–1130

syndromes involving mucous
membranes and integumentary
system, 1127–1128

CNS infections, 31–34, 36–39, 41
common cold, 10
conjunctivitis, 1128
cytopathic effect, 1118
diabetes and, 1129–1130
diagnosis, 305–306
encephalitis, 1119–1120, 1122,

1124–1125
epidemiology, 1118–1120
gastroenteritis, 1113, 1129
gastrointestinal disease, 48
genome, 1115–1116
hand-foot-and-mouth disease,

1127–1128
heart disease, 99–103, 105–108, 1129
herpangina, 128–129, 1127
histopathology, 1122
historical aspects, 1113
immune response, 1122
immunocompromised individual, 1125
inflammatory myositis, 1128
isolation, 1130
laboratory diagnosis, 1130–1131
meningitis, 1119–1124
myocarditis, 99–103, 105–108, 1120,

1122, 1129
neonatal infections, 1133
nonspecific febrile illnesses of infancy,

1126
nucleic acid detection, 1130
ocular manifestations, 153, 157,

160–161
pathogenesis, 1120–1122
PCR methods, 1130
pharyngitis, 10, 12
pleurodynia, 1128
pneumonia, 10, 19, 1126–1127
prevention, 1131–1132
replication, 1116–1118
respiratory disease, 1126–1127
seasonal patterns, 9, 11
seizures, 1125
sepsis, 1125–1126
serodiagnosis, 307, 310, 1130–1131
skin lesions, 128–129, 1127–1128
treatment
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Enterovirus (EV) (continued)
capsid-inhibiting compounds,
1132–1133

immunoglobulins, 1132
tropism, 1120–1121
virion structure, 1114–1115
virology, 1113–1118

Enterovirus vaccine, 108, 129
Entry inhibitors
cutaneous adverse effects, 134
for HIV, 169–175
investigational, 172, 175

Envelope, CMV, 482–483
Env proteins
HIV, 797–800, 802–803, 809–810
HTLV, 772–773

Enzyme immunoassay (EIA), 298–299
serodiagnosis, 310–311

Enzyme-linked immunosorbent assays
(ELISA), 298–299

serodiagnosis, 310–311
Eosinophils, 326
Ephedrine, for common cold, 12
EphrinB2, 953
EphrinB3, 953
Epidemic hemorrhagic fever, 1070–1071
Epidemic keratoconjunctivitis (EKC), 160
Epidermal growth factor receptor,

628–629, 633
Epidermis, barrier immunity, 323
Epidermodysplasia verruciformis, 115, 118,

323
clinical manifestations, 646–647
HPV, 625, 627, 638, 640, 646–647, 653,

659
prevention, 653
transmission, 640
treatment, 659, 662

Epididymitis, mumps virus, 937
Epiglottitis, 13–14
Epinephrine
for croup, 15
for myocarditis-related heart failure, 107
for parainfluenza virus infections, 889

Episcleritis, common viral pathogens,
152–153

Epithelial ulcerative keratitis, HSV, 156
Epstein-Barr virus (EBV), 2
acyclovir for, 84–85, 159, 215, 220, 539
adsorption, penetration, and uncoating,

525–526
autoimmune disease, 538
brincidofovir for, 84
brivudine for, 222–223
Burkitt’s lymphoma, 82, 124, 523, 537
cell culture, 293
chronic active infection, 534
chronic fatigue syndrome, 371–375, 378
classification and taxonomy, 523
clinical manifestations, 532–538
CNS infections, 32, 36
congenital infections, 532
diagnosis, 306
distribution and geography, 529
epidemiology, 529
famciclovir for, 221
Foscarnet for, 84–85, 159, 226–227
ganciclovir for, 84–85, 223, 539
gastric carcinoma, 538
genome, 524–525
Gianotti-Crosti syndrome, 116, 124–125
hemophagocytic lymphohistiocytosis,

534

hepatitis, 70
historical aspects, 523
HIV-EBV coinfection, 536
in HIV patient, 132
Hodgkin’s disease, 82, 124, 537
host range, 525
immune response, 336, 338, 340,

530–532
immunoassay, 298
immunocompromised individual,

534–538
incidence and prevalence of infection,

529
incubation period, 530
infants and children, 532–533
infectious mononucleosis. See Infectious

mononucleosis
initiation of infection, 529–530
laboratory diagnosis, 538
latency, 526–528
DNA persistence, 529

lymphocytic interstitial pneumonitis, 534
lymphoma, 82–83, 124, 523, 536–537
lymphomatoid granulomatosis, 534
lymphoproliferative disorders, 534–535
lytic infection, 529
malignancies, 82–83, 124, 523, 535–538
maribavir for, 84, 230
mononucleosis-like syndrome, 84
myocarditis, 100, 106
nasopharyngeal carcinoma, 537–538
neonatal infections, 532
non-Hodgkin’s lymphoma, 82, 536
ocular manifestations, 153, 155, 157, 159
oral hairy leukoplakia, 84–85, 124, 132,

536, 649
pathogenesis, 529–532
penciclovir for, 221
pharyngitis, 10, 12
pneumonia, 10, 20, 23
posttransplant lymphoproliferative

disease, 75, 83–85, 535–536
in pregnancy, 532
prevention, 538–539
proteins, 526–528
reactivation, 538
receptor, 525
replication, 529
serodiagnosis, 307, 309, 312, 530–531,

538
skin lesions, 115–116, 124–125, 533
smooth-muscle tumors, 536
T-cell and NK-cell lymphomas, 537
transformation, 526–528
transmission, 529
transplant recipient, 75–76
cellular immunotherapy, 85
clinical manifestations, 84
epidemiology, 82–83
humoral immunotherapy, 85
immune monitoring, 84
pathogenesis, 82–83
posttransplant lymphoproliferative
disorder, 535–536

risk factors, 83–84
treatment, 84–85

treatment
antiviral, 539–540
cell-based, 540
symptomatic and anti-inflammatory, 539
therapeutic immunization, 540

type and strain variations, 523–524
virion composition, 524–525

virology, 523–529
X-linked lymphoproliferative syndrome,

534–535
Epstein-Barr virus (EBV) vaccine,

538–540, 539
ERAAP. See Endoplasmic reticulum

aminopeptidase associated with
antigen processing

Erythema infectiosum, parvovirus B19,
127–128, 682, 684–686, 690

Erythema multiforme, HSV, 116, 121–122,
415, 436

Erythroplasia of Queyrat, 648
Estradiol, for HPV infections, 658
Estrildid finch bornaviruses, 1396
Etoposide
for adult T-cell lymphoma, 787
for EBV-associated disease, 534

Etravirine
adverse effects, 177, 187
clinical applications, 170, 188
dosing regimen, 170
drug interactions, 177, 187
for HIV, 170, 177, 185, 187–188
pharmacokinetics, 177
pharmacology, 187
resistance, 187–188
structure, 185

Eukaryotic initiation factor 2a, HSV
dephosphorylation of, 418

European bat lyssavirus 1, 968, 976
European bat lyssavirus 2, 968, 976
EV. See Enterovirus
Everglades virus, 1363
Exanthem subitum, 125, 511, 514–515
Extracorporeal membrane oxygenation

(ECMO), for hantavirus
cardiopulmonary syndrome,
1072–1073

Eyach virus (EYAV), 841–842, 844
Eye

adenovirus, 152–153, 157, 159–160,
580–582, 585–586

adnexal disease, 153–154
anatomy and physiology, 151–152
BK virus, 162
B virus infection, 450–451
CMV, 153–155, 157–158, 163
common viral pathogens, 151–153
congenital ocular disease, 163
conjunctivitis, 152–153
Epstein-Barr virus, 153, 155,

157, 159
filovirus, 994
HCV, 162
HHV-6 and -8, 153, 155, 159
HIV, 153–155
HPV, 153, 162
HSV, 152–157, 163, 415, 430, 436
HTLV, 162, 782–783, 785
influenza virus, 153, 162
keratitis, 152–153
measles virus, 153, 161
molluscum contagiosum virus, 153, 161
mumps virus, 153, 162
picornavirus, 153, 157, 160–161
retinitis. See Retinitis
rubella virus, 153, 157, 163
scleritis and episcleritis, 152–153
uveitis. See Uveitis
vaccinia virus, 153, 161–162
viral hemorrhagic fever, 162–163
VZV, 153–155, 157–159, 163
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F
Faget’s sign, 1300
Famciclovir
adverse effects, 219, 222
for B virus infections, 454
clinical applications, 217, 222
dosing regimen, 217
drug interactions, 219, 222
for EBV, 221
for herpesvirus infections, 216–219,

221–222
for HSV infections, 122, 157, 217,

221–222, 435–436
mechanism of action, 221
pharmacokinetics, 219, 221–222
for pneumonia, 23
resistance, 222
spectrum of activity, 221
structure, 216
toxicity, 437
for VZV infections, 124, 159, 221–222,

474–475
Fatal familial insomnia, 1426,

1432–1433
Fatigue, 371. See also Chronic fatigue

syndrome; Postinfective fatigue
syndrome

Favipiravir, 283, 285
for Crimean-Congo hemorrhagic fever,

1080
for filovirus infection, 997, 1000
for influenza virus infections, 1042
for Rift Valley fever, 1075
for Sandfly fever virus, 1076
for West Nile virus infections, 1290
for yellow fever, 1302

Fc domain, glycosylation, 343
FCH. See Fibrosing cholestatic hepatitis
Fc receptors, 341, 343–344
FDCs. See Fixed-dose combinations
Febrile syndrome, flavivirus, 1273, 1281,

1291–1298
Ferrets, influenza virus, 1015
Fetal death, parvovirus B19, 687
Fever
adenovirus, 586
dengue, 1295
nonspecific febrile illnesses of infancy,

1126
West Nile, 1289
Zika, 1298

FHF. See Fulminant hepatic failure
Fibromyalgia, 378–379
Fibrosing cholestatic hepatitis (FCH),

65–66
Fifth disease. See Erythema infectiosum
Filovirus
age-specific attack rates, 989
antigen detection, 996
biology, 985–987
cell culture, 986
classification and taxonomy, 3,

983–984
clinical manifestations, 992–996
coinfections, 995
correlates of disease resolution, 993
distribution and geography, 982–983,

987
duration of infectiousness, 990
endocrine dysfunction, 995
epidemiology, 982–983, 987–990
eye symptoms, 994
gastroenteritis, 993–994

genome, 984–985
heart disease, 994
hematologic symptoms, 995
hemorrhagic fever, 141–149, 981, 993
hepatitis, 995
histopathology, 992
host range and natural reservoir, 986
immune response, 992–993
inactivation by physical and chemical

agents, 986–987
incidence and prevalence of infection,

982, 987
incubation period, 993
isolation, 996
laboratory diagnosis, 996
long-term sequelae, 995–996
neurologic disease, 993–994
nosocomial infections, 990
nucleic acid detection, 996
ocular manifestations, 162
outbreaks, 981–983, 987–990, 998
pathogenesis, 990–993
PCR methods, 996
in pregnancy, 995
prevention
active immunization, 996–997
management of outbreaks, 998
postexposure prophylaxis, 997–998

proteins
matrix proteins, 985
nonstructural and regulatory proteins,
985

nucleocapsid, 985
surface glycoprotein, 984–985

renal disease, 995
replication, 985–986, 990–991
respiratory disease, 994–995
risk factors, 989
serodiagnosis, 307, 996
skin lesions, 992, 995
transmission, 989–990
treatment
antiviral agents, 1000–1001
host-directed therapies, 1001
supportive care, 998–1000

virion composition, 982, 984–985
virology, 983–987

Fingolimod, PML, 604
Fixatives, for HPV infections, 657
Fixed-dose combinations (FDCs),

antiretroviral drugs, 169, 197
Flat warts, 646
Flavivirus
arthralgia, 1281
arthropod infection, 1273
biology, 1271–1273
cell culture, 1271–1272
classification and taxonomy, 4,

1267–1269
cytopathic effect, 1271
encephalitis, 1267, 1273–1291
febrile syndromes, 1273, 1281,

1291–1298
genome, 1267–1271
hemorrhagic fever, 141–149, 1267,

1273–1274, 1298–1302
historical aspects, 1267
host range, 1271–1273
immune response, 1274–1275
inactivation by physical and chemical

agents, 1271
meningitis, 1295
pathogenesis, 1273–1275

proteins, 1267–1271
replication, 1271
route of infection, 1271–1273
serodiagnosis, 307
skin lesions, 1273, 1281, 1291–1298
sporadic human disease, 1281
virion composition, 1267–1271
virology, 1267–1271
virus-host interactions, 1273–1274
virus-specific factors in virulence,

1275
Flexal virus, 1089–1090, 1096
Fluarix, 353
Flublok, 353, 359
Fludarabine, PML, 604
Fludrocortisone, for chronic fatigue

syndrome, 378
Fluid replacement, for gastroenteritis, 54
FluLaval, 353
Flumist, 353, 359
5’-Fluorothiacytidine, for HBV infections,

741
5-Fluorouracil, for HPV infections, 119,

657–658
Fluvirin, 353
Fluzone, 353
FMV. See Fort Morgan virus
Focal epithelial hyperplasia, HPV, 627, 635,

638, 659
Fomivirsen, for CMV, 498
Foodborne hepatitis, 62–64
Food service establishments, HAV, 1177
Formaldehyde, for HPV infections, 657
Fort Morgan virus (FMV), 1348–1349
Fort Sherman virus, 1060
Fosamprenavir, 134, 193
Foscarnet
adverse effects, 219, 227
clinical applications, 218, 227–228
for CMV infections, 80–82, 125, 158,

218, 226–228, 503–504
dosing regimen, 218
drug interactions, 219, 227
for EBV, 84–85, 159, 226–227
for encephalitis, 42
for herpesvirus infections, 216–219,

226–228
for HHV-6 infections, 86, 218, 226–227,

517
for HHV-7 infections, 517
for HHV-8 infections, 87, 126
for HIV, 218, 226–227
for HSV infections, 87, 122, 218,

226–228, 437
for KSHV, 564
mechanism of action, 227
pharmacokinetics, 219, 227
for pneumonia, 23
resistance, 227
spectrum of activity, 226–227
structure, 216
susceptibility testing, 295–296
for VZV infections, 87, 218, 226–227,

474–475
Fostemsavir, 172, 175
Fowlpox virus, 387
Foxes, rabies virus, 970–971
Freund’s adjuvant, 358
FSME-IMMUN, 1287
Fuchs heterochromic iridocyclitis, 1386
Fulminant hepatic failure (FHF), 726
Fulminant viral hepatitis, 66–67
Fusion inhibitor. See Enfuvirtide
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G
G207, 434
Gabapentin, for herpes zoster, 124
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reactivation, 419–420, 424–425
recurrent infection, 425–428
replication, 415
dephosphorylation of eukaryotic
initiation factor 2a, 418

initiation, 416–417
pathogenic correlates, 420
postentry events, 416–418
regulation, 419–420
replicative functions and host innate
immune response, 418

serodiagnosis, 307, 311, 312, 432
sites of infection, 424
skin lesions, 115–117, 323, 415,

429–430, 435–436
diagnosis, 121–122
epidemiology and clinical manifestations,
121–122

treatment and prevention, 122
tracheobronchitis, 10, 18
transplant recipient, 76, 87, 430
treatment, 435–437
trifluridine for, 217, 223
valacyclovir for, 122, 157, 217, 221,

435–436
vidarabine for, 437
virion structure, 416
virology, 416–420

Herpes simplex virus (HSV) vaccine, 122,
432

live-attenuated, 433–434
subunit, 433

Herpesvirus. See also specific herpesviruses
antiviral agents for. See Antiherpesvirus

agents
ocular manifestations, 153, 155–159
skin lesions, 115–116
taxonomy, 2

Herpesvirus simiae. See Cercopithecine
herpesvirus 1

Herpes zoster
active immunization against, 473
clinical diagnosis, 469–470
clinical manifestations, 469
complications, 470
diagnosis, 123
epidemiology and clinical manifestations,

122–123
historical aspects, 459
incidence and prevalence, 464
laboratory diagnosis, 471
mortality from, 464
passive immunization against, 472
pathogenesis, 466–467
prevention, 471–475
skin lesions, 469
transmission, 464–465
transplant recipient, 464
treatment, 474–475
treatment and prevention, 124
visceral, 470

Herpes zoster ophthalmicus (HZO),
158–159

Herpes zoster vaccine, 354
Herpetic whitlow, 121–122, 430, 436
HeV. See Hendra virus
HEV. See Hepatitis E virus
HFMD. See Hand-foot-and-mouth disease
HFRS. See Hemorrhagic fever with renal

syndrome
HGG. See Hypogammaglobulinemia
HGS101, 172

HHV-6. See Human herpesvirus 6
HHV-7. See Human herpesvirus 7
HHV-8. See Kaposi’s sarcoma-associated

herpesvirus
Highlands J virus (HJV), 1348–1349
Histamine, 326
Histocompatibility-blood group antigen

(HBGA) receptor, gastroenteritis, 52
Histopathology, diagnostic, 299–300
HIV. See Human immunodeficiency virus
HIV-associated nephropathy, 813
HIV-associated neurologic dysfunction

dementia (HAND), 811–812
HIV PRT GenChip, 297
HJV. See Highlands J virus
HLA associations. See Human leucocyte

antigen associations
HLA genes, 334
HLH. See Hemophagocytic

lymphohistiocytosis
Hodgkin’s disease
EBV, 82, 124, 537
HHV-6, 515

Homeopathy, for HPV infections, 661
Horses
alphavirus, 1347, 1353
bornavirus, 1397, 1401–1402
eastern equine encephalitis virus,

1357–1360
Hendra virus, 950, 953–954, 960
influenza virus, 1014–1015
Nipah virus, 950
Venezuelan equine encephalitis virus,

1363–1364
western equine encephalitis virus, 1360

HPV. See Human papillomavirus
HSR. See Hypersensitivity reaction
HSV. See Herpes simplex virus
HSV1716, 434
HTLV. See Human T-cell lymphotropic

virus
HTLV-1. See Human T-cell lymphotropic

virus type 1
HTLV-2. See Human T-cell lymphotropic

virus type 2
HTLV-3. See Human T-cell lymphotropic

virus type 3
HTLV-4. See Human T-cell lymphotropic

virus type 4
HTLV-associated myelopathy (HAM), 771,

774
clinical manifestations, 783–785
disease incidence, 785–786
pathogenesis, 778–782
treatment, 787

Human B-lymphotropic virus. See Human
herpesvirus 6

Human bocavirus (HBoV), 2, 679–686
bronchiolitis, 16, 688
clinical manifestations, 688
encephalitis, 688
immunocompromised individual, 688
laboratory diagnosis, 688–689
pneumonia, 19, 688
prevention, 690
respiratory disease, 688

Human herpesvirus 1, 2
Human herpesvirus 2, 2
Human herpesvirus 3. See Varicella-zoster

virus
Human herpesvirus 4. See Epstein-Barr

virus
Human herpesvirus 5, 2

Human herpesvirus 6 (HHV-6)
acute infection, 514–515
acyclovir for, 86, 215, 517
antigen detection, 517
biology, 513
cancer and, 515
cell culture, 293, 513, 516
chronic fatigue syndrome, 372, 374, 378, 515
cidofovir for, 517
classification and taxonomy, 2, 511
clinical manifestations, 514–516
cytopathic effect, 513
DNA detection, 516
drug-induced hypersensitivity syndrome,

515–516
encephalitis, 32, 86, 515
epidemiology, 513–514
exanthem subitum, 125, 511, 514–515
foscarnet for, 86, 218, 226–227, 517
ganciclovir for, 86, 223–225, 517
genome and genetic properties, 511–512
historical aspects, 511
HIV-HHV-6 coinfection, 514
isolation, 516
laboratory diagnosis, 516–517
latency, 515–516
lymphadenitis, 515
multiple sclerosis, 515
myocarditis, 100
ocular manifestations, 153, 155, 159
pathogenesis, 514
PCR methods, 516
prevention, 517
proteins, 512–513
reactivation, 515–516
seizures related to, 515
serodiagnosis, 307, 312, 517
seroprevalence, 513–514
skin lesions, 115–116, 511, 514–515
diagnosis, 126
epidemiology and clinical manifestations,
125–126

treatment, 126
transmission, 514
transplant recipient, 75–76, 85–86, 515
treatment, 517
variants, 511
virion structure, 511–512
virology, 511–513

Human herpesvirus 7 (HHV-7)
acute infection, 514–515
biology, 513
cell culture, 293, 516
chronic fatigue syndrome, 372
cidofovir for, 517
classification and taxonomy, 2, 511
clinical manifestations, 514–516
DNA detection, 516
encephalitis, 515
epidemiology, 513–514
foscarnet for, 517
ganciclovir for, 517
genome and genetic properties, 511–512
historical aspects, 511
isolation, 516
laboratory diagnosis, 516–517
latency, 515–516
pathogenesis, 514
PCR methods, 516
pityriasis, 516
prevention, 517
proteins, 512–513
reactivation, 515–516
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seizures related to, 515
serodiagnosis, 307, 312, 517
seroprevalence, 513–514
skin lesions, 115–116, 511, 514–515
diagnosis, 126
epidemiology and clinical manifestations,
125–126

treatment, 126
transmission, 514
transplant recipient, 85–86, 515
treatment, 517
virion structure, 511–512
virology, 511–513

Human herpesvirus 8. See Kaposi’s
sarcoma-associated herpesvirus

Human immunodeficiency virus (HIV)
accessory genes, 799–800
antibodies, 797
antigen detection, 814–815
antigenicity, 795–797
asymptomatic period, 807
barrier immunity, 324
biology, 800–803
cancer and, 813
candidiasis, 811, 813
cell culture, 292
in children, 814, 817
circulating recombinant form, 796
classification and taxonomy, 3, 795–797
clinical diagnosis, 814
clinical manifestations, 811–814
CNS disease, 33–34, 42, 810–812
cure challenges, 824
cytopathic effect, 802–803
diagnosis, 306
distribution and geography, 803
endocrine disorders, 812
Env proteins, 797–800, 802–803,

809–810
epidemiology, 803–804
foscarnet for, 218, 226–227
Gag proteins, 797–799, 802
gastroenteritis, 52, 811–812
genome, 797–799
genotypes, 795–797
gp120, 797–801, 810
heart disease, 813–814
hematologic disorders, 813
hepatitis in, 70–71
histopathology, 808
historical aspects, 795
HIV-2, 795–796, 816–817
HIV-adenovirus coinfection, 583, 587
HIV-EBV coinfection, 132, 536
HIV-HBV coinfection, 722, 734,

736–737
HIV-HCV coinfection, 132, 154,

157–158, 489, 491–495, 1322, 1327
treatment, 503

HIV-HDV coinfection, 1415
HIV-HHV-6 coinfection, 514
HIV-HPV coinfection, 132, 639, 813
HIV-HSV coinfection, 132, 422, 430
HIV-HTLV-1 coinfection, 785
HIV-influenza virus coinfection,

1028–1029, 1034
HIV-KSHV coinfection, 549, 556–560,

563–565, 813
HIV-measles virus coinfection, 909, 915,

920–921
HIV-VZV coinfection, 132, 468–470,

472–473
host range, 802–803

immune response, 324–325, 327–328,
331, 335–336, 338–340, 342–344,
797, 810

immunoassays, 816–817
inactivation by physical and chemical

agents, 803
incidence and prevalence of infection,

804
incubation period, 804–805
isolation, 814
laboratory diagnosis, 814–818
lymphadenopathy, 811–812
meningitis, 812
metabolic disorders, 812
molluscum contagiosum in, 119–120,

132
mortality, 821
myocarditis, 100
Nef protein, 799–800, 802
neonatal infections, 817
nephropathy, 813
neurologic disease, 810–812
nosocomial infections, 804
nucleic acid detection
PCR methods, 814–815
plasma RNA, 815–816
proviral DNA, 814–815
sample collection, 816

ocular manifestations, 153–155
opportunistic infections, 805, 813–814,

821
oral pathology, 811–812
organ and cell specificity, 805–806
pathogenesis, 804–811
pharyngitis, 12
PML in. See Progressive multifocal

leukoencephalopathy
pneumonia, 813, 884
pneumonitis, 812
Pol proteins, 797–799, 802
in pregnancy, 804, 820
prevention
active immunization, 820–821
male circumcision, 819
passive immunoprophylaxis, 819
postexposure prophylaxis, 819
preexposure prophylaxis, 818–819
treatment as, 819–820

primary infection, 806–807, 811–812,
816

progression to AIDS, 807–810, 812
proteins, 797–800, 802–803
receptors, 800–803, 807
replication, 800–802, 805–807
drug targets, 169, 171

reverse transcription, 798, 800–802
Rev protein, 798–799, 802
rheumatologic syndrome, 813
screening for, 814
serodiagnosis, 307–311, 816–817
serotypes, 795–797
skin lesions, 117, 811–812, 813
clinical manifestations, 130–134
diagnosis, 134
epidemiology, 131
treatment, 134

systemic and organ-specific
manifestations, 812–814

Tat protein, 798–799, 802
time course of infection, 806–807
transcription and gene expression,

800–802
transmission, 804, 818–821

treatment, 821
antiretroviral therapy. See Antiretroviral
agents

as prevention, 819–820
tropism, 802–803, 811
tuberculosis and, 813
unique recombinant forms, 796
vaccine development, 343, 352
Vif protein, 799–800, 802
viral load, 807–809
virion composition, 797–800
virion morphology and structure, 797–798
virology, 795–803
Vpr protein, 799–800, 802
Vpu protein, 799–800, 802
Vpx protein, 799–800
wasting disease, 812–813
Western blot, 816
yellow fever virus vaccine in, 1301

Human immunodeficiency virus (HIV)
vaccine, 820–821

Human leucocyte antigen (HLA)
associations

HSV infections, 431
HTLV infections, 781

Human/Murine rotavirus, 842
Human papillomatosis, 118, 648, 660
Human papillomavirus (HPV)
animal models, 635
anogenital disease. SeeAnogenital disease
basal cell carcinoma, 640
biology, 633–635
cancer and, 639–643
cell culture, 635
cell transformation, 642–643
cervical cancer, 625, 627, 635, 813
epidemiology, 637–638
pathogenesis, 642–643
risk factors, 639–640

classification, 626
clinical manifestations, 300, 627,

646–649
congenital, 655
cytology, 645, 649–650
cytopathology, 299–300
diagnosis, 116
distribution and geography, 635–637
duration of infectivity, 641
epidemiology, 635–638
epidermodysplasia verruciformis, 625,

627, 638, 640, 646–647, 653, 659
focal epithelial hyperplasia, 627, 635,

638, 659
genome, 628–629
genotypes, 626–627
histopathology, 643–645, 649–650
historical aspects of, 625–626
HIV-HPV coinfection, 639, 813
in HIV patient, 132
host range, 635
immune response, 336, 644–646
immunocompromised individual,

637–640, 646, 653
immunocytochemistry, 650–651
inactivation by physical and chemical

agents, 635
incidence and prevalence of infection,

637
laboratory diagnosis, 649–652
latency, 641–643
neonatal infections, 637, 655
non-melanoma skin cancer, 640
nosocomial infections, 641
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Human papillomavirus (HPV) (continued)
nucleic acid detection, 651–652
ocular manifestations, 153, 162
oral cavity lesions, 648, 663
oropharyngeal cancer, 640
Pap smear, 299
pathogenesis, 641–646
PCR methods, 649, 651–652
in pregnancy, 655
prevention, 651
active immunization, 653–655
chemoprophylaxis, 653
passive immunoprophylaxis, 653

proteins, 628–634
recurrent respiratory papillomatosis, 625,

627, 638–641, 648, 653,
658–659, 663

reinfections, 640
replication, 633–635, 641
risk factors, 638–641
serodiagnosis, 649, 651
serotypes, 627
skin lesions, 115–117, 321–323
clinical manifestations, 118
diagnosis, 118–119
epidemiology, 117–118
prevention, 119
treatment, 119

squamous cell carcinoma, 118–119, 625,
639–640, 648–649

taxonomy, 2, 626–627
transmission, 640–641
transplant recipient, 638–640
treatment, 657–663
approaches, 661
chemical methods, 657–660
patient education, 662–663
physical methods, 660
suggestions, hypnosis, homeopathy, 661
therapeutic vaccine, 661

virion composition, 627–628
warts. See Warts

Human papillomavirus (HPV) vaccine, 119,
351–352, 353, 359, 361,
625–626, 653–655

therapeutic, 661
Human parvovirus. See Parvovirus
Human polyomavirus 6, 600, 606, 608, 614
Human polyomavirus 7, 600, 606, 608, 614
Human polyomavirus 9, 600, 606, 608
Human polyomavirus 12, 600
Human T-cell lymphotropic virus (HTLV)
arthritis, 782, 785
serodiagnosis, 307, 311
taxonomy, 3
uveitis, 162, 782–783, 785

Human T-cell lymphotropic virus type 1
(HTLV-1)

adult T-cell lymphoma. See Adult T-cell
lymphoma

biology, 773
cellular assays, 782
cervical cancer, 784
classification and taxonomy, 771–772
clinical manifestations, 782–786
dermatitis, 783, 785–786
distribution and geography, 774–775
environmental and socioeconomic

cofactors, 778
epidemiology, 774–778
genome, 771–773
HBZ protein, 772–774, 778–779
historical aspects, 771

HIV-HTLV coinfection, 785
HLA associations, 781
immune response, 779–781
incidence and prevalence of infection,

776
infection control measures, 787
isolation, 782
laboratory diagnosis, 782–783
lung cancer, 784
lymphadenopathy, 783
myelopathy. See HTLV-associated

myelopathy
pathogenesis, 778–782
PCR methods, 782
pneumonitis, 783
polymyositis, 783, 785
in pregnancy, 786
prevention, 787–788
proteins, 772–774, 778–779
proviral load, 779
pX I and II proteins, 772–774, 778–779
receptors, 773–774
replication, 773–774
reverse transcription, 773–774
serodiagnosis, 782–783
Sjögren’s syndrome, 783
strongyloidiasis, 783, 785
Tax protein, 772–774, 778–779
transmission, 776–778
transplant recipient, 777–778
treatment, 786–787
tropism, 773–774
uveitis, 783
virion composition, 771–773
virology, 771–774

Human T-cell lymphotropic virus type 2
(HTLV-2)

biology, 773
CD8+ lymphotropism, 781
cellular assays, 782
classification and taxonomy, 771–772
clinical manifestations, 782–786
disease associations, 785
distribution and geography, 775–776
environmental and socioeconomic

cofactors, 778
epidemiology, 774–778
genome, 771–773
HBZ protein, 772–774, 778–779
historical aspects, 771
immune response, 779–781
incidence and prevalence of infection,

776
infection control measures, 787
isolation, 782
laboratory diagnosis, 782–783
lymphadenopathy, 783
myelopathy, 783
pathogenesis, 778–782
PCR methods, 782
pneumonitis, 783
prevention, 787–788
proteins, 772–774, 778–779
proviral load, 779
pX I and II proteins, 772–774, 778–779
receptors, 773–774
replication, 773–774
reverse transcription, 773–774
serodiagnosis, 782–783
Tax protein, 772–774, 778–779
transmission, 776–778
transplant recipient, 777–778
treatment, 786–787

tropism, 773–774
virion composition, 771–773
virology, 771–774

Human T-cell lymphotropic virus type 3
(HTLV-3), 771–772, 774

Human T-cell lymphotropic virus type 4
(HTLV-4), 771–772, 774

Human T-cell lymphotropic virus (HTLV)
vaccine, 787–788

Humoral immunity
antibodies. See Antibodies
B cells. See B cells

Humoral immunotherapy, for EBV, 85
H&V-Mix, 294
Hybrid Capture II, 653
Hybridization-based assay, 304–305
Hybriwix assay, 295
Hydrocortisone, for chronic fatigue

syndrome, 378
Hydrophobia, rabies, 972
Hydrops fetalis, parvovirus B19, 687, 690
16-a-Hydroxyestrone, for HPV infections,

658
Hypersensitivity reaction (HSR),

antiretroviral therapy, 134
Hypnosis, for HPV infections, 661
Hypogammaglobulinemia (HGG), 77
HZO. See Herpes zoster ophthalmicus
HZ/su, 473

I
IAHA. See Immune adherence

hemagglutination assay
Iatrogenic infection
Creutzfeldt-Jakob disease, 1426, 1429,

1432
HCV, 1322–1323

Ibalizumab, 172, 175
IBV. See Infectious bronchitis virus
ICAM-1. See Intercellular adhesion

molecule 1
ICP34.5, HSV, 418
Idoxuridine, 215

for HPV infections, 658
IDX320, 1333
IFA. See Immunofluorescence assay;

Indirect immunofluorescence
IFNs. See Interferons
Igbo-Ora virus, 1370
IgG antibody assay, CMV, 497
IgM antibody assay, CMV, 497
Iguape virus, 1268
IL-28B genotyping, chronic hepatitis B, 726
Ilheus virus, 1269, 1281
Imiquimod

for condyloma acuminata, 119
for herpesvirus infections, 229
for HPV infections, 658–660
for molluscum contagiosum, 407

Immune adherence hemagglutination assay
(IAHA), 310

Immune modulation, innate immune
response, 356

Immune monitoring
CMV, 77–78
EBV, 84

Immune reconstitution inflammatory
syndrome (IRIS), 823

Immune-recovery uveitis, 155
Immune response
adaptive. See Adaptive immunity
barrier immunity, 321, 323–324, 344
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basis of vaccination, 354
adaptive immunity, 354–358
innate immunity, 354–356
mucosal immunity, 358

genetic defects in, 321–323
innate. See Innate immunity
memory, 354–355

Immune stimulating complex, 358
Immunity, herd. See Herd immunity
Immunization. See also Vaccine

active, 351
passive, 351
licensed products, 364–365

schedule of, 360–362
Immunoassay
direct visualization, 297–298
HIV, 816–817
solid-phase, 298–299
serodiagnosis, 310–311

Immunoblot, 311
Immunochromatographic assay, 311–312
Immunocompromised individual
adenovirus, 587–588, 590
astrovirus, 1235, 1238–1239
CMV, 489, 491–495
CNS infections, 36
coronavirus, 1254
EBV, 534–538
enterovirus, 1125
gastroenteritis, 52, 54
HBV, 722, 734
HCV, 1327–1328
hepatitis, 65–66, 70–71
HEV, 1219–1220
HPV, 637–640, 646, 653
HSV, 415, 424, 430, 435–436
human bocavirus, 688
influenza virus, 1029, 1034, 1040
KSHV, 549, 556–560, 563–565
measles virus, 915–916, 918
metapneumovirus, 876, 878–879, 884
parainfluenza virus, 876, 878, 884, 889
parvovirus B19, 687, 690
PML in. See Progressive multifocal

leukoencephalopathy
pneumonia, 19–21
polyomavirus, 600, 604, 606–616
respiratory disease, 10
rhinovirus, 1155
rotavirus, 859–860
RSV, 876, 878, 884, 889
vaccination, 362
viral infection diagnosis, 306
VZV, 463–464, 467–475

Immunofluorescence assay (IFA),
serodiagnosis, 310

Immunoglobulin
evolution
class switch recombination, 342–343
Fc domain, 341–344
Fc domain diversification, 342
somatic hypermutation, 342

Fc receptors, 341, 343–344
function, 342
IgH locus, 340
immunologic basis of vaccination,

356–357
Immunoglobulin A
deficiency, 364
mucosal immunity, 358

Immunoglobulin G
glycosylation, 343
response to viral infections, 307–308

Immunoglobulin M
antibody determination, 312
response to viral infections, 307–308

Immunoglobulin preparations, 351
adverse effects and contraindications,

364–365
for astrovirus, 1238–1239
for BK virus infections, 616
for CMV infections, 80, 364, 499–502
for coronavirus, 1257
for encephalitis, 42
for enterovirus, 1132
for filovirus infection, 1000
for hantavirus infections, 1073
hepatitis A, 1181–1183
hepatitis B, 364–365
for HIV, 175, 819
measles virus, 919
for meningitis, 38
for metapneumovirus infections, 890
for myocarditis, 107
for parvovirus B19, 690
for pneumonia, 23
postexposure prophylaxis, 364
preexposure prophylaxis, 364
rabies, 364, 973
for respiratory virus infections, 285
for RSV infections, 364, 889
vaccinia virus, 162, 364, 406–408
VZV, 364–365, 471–472

Immunomodulators
for hepatitis B infections, 745–747
for HPV infections, 660
for influenza virus infections, 1040

Immunosenescence, 495
Immunosuppression, by measles virus, 907,

912–913, 921
Immunosuppressive therapy

for HBV, 737–738
hepatitis in, 71
Merkel cell carcinoma, 607, 612, 614,

616
for myocarditis, 107–108
PML in. See Progressive multifocal

leukoencephalopathy
renal and urological disease, 607,

610–612
in transplant recipient. See Transplant

recipient
Immunotherapy

cellular. See Cellular immunotherapy
humoral. See Humoral immunotherapy

Imovax, 354, 973
IMVAMUNE, 407
Indinavir, 193, 822
Indirect immunofluorescence (IFA), 297
Indole-3-carbinole, for HPV infections, 658
Indoplex, for HPV infections, 658
Infectious bronchitis virus (IBV), 1243
Infectious mononucleosis

EBV, 82, 124, 523, 529–531, 532–534
airway obstruction, 534
laboratory diagnosis, 538
prevention and treatment, 539–540
splenic rupture, 533–534

HSV, 426
pharyngitis, 12

Inflammatory myositis, enterovirus, 1128
Influenza virus
A, B, and C subtypes, 1009–1010, 1016,

1017, 1019
amantadine for, 271–273, 276–277, 1009,

1039, 1041

antigen detection, 1032
antigenic change
antigenic drift, 1016
antigenic shift, 1016–1017

antiviral drugs, 1009, 1040–1042
antiviral resistance, 1040–1042
antiviral susceptibility testing, 295–296
arthritis, 1030
bacterial coinfections, 1024–1026
barrier immunity, 324
biology, 1012–1015
bronchiolitis, 10, 16, 18
bronchitis, 1027–1029
cell culture, 292–294, 1015
in children, 1028
chronic fatigue syndrome, 372
classification, 1009–1010
clinical manifestations, 1016,

1026–1030
CNS infections, 33–34, 38
common cold, 10, 1026, 1028
community impact, 1019
complications, 1027, 1029
conjunctivitis, 1016, 1021
croup, 10, 13, 1027–1029
cytopathic effect, 1022, 1031
diagnosis, 306
diarrhea, 1028
distribution and geography, 1016
in elderly, 1029
encephalitis, 1030
encephalopathy, 1027
epidemics, 1009, 1018–1020
epidemiology, 1015–1021
genetic engineering, 1012, 1014
genome, 1011–1012
reassortment of gene segments,
1012–1013

historical aspects, 1009–1010
HIV-influenza virus coinfection,

1028–1029, 1034
host genetics, 1025
host range, 1014–1015
immune response, 326, 331, 332, 340,

1025–1026
immunoassay, 297–298
immunocompromised individual, 1029,

1034, 1040
inactivation by physical and chemical

agents, 1015
influenza syndrome, 1027–1028
investigational antiviral drugs for,

283–285
isolation, 1031–1032
laboratory diagnosis, 1030–1033
meningitis, 1030
mortality, 9, 1017, 1019–1020
myocarditis, 100, 106, 1030
myositis, 1027–1028
neuraminidase detection, 1032–1033
neurologic disorders, 1028
nosocomial infections, 1019–1020
management, 1033, 1040

ocular manifestations, 153, 162
oseltamivir for, 272, 274, 276–277,

279–281, 1039, 1041–1042
otitis media, 1027–1029
pandemics, 1013, 1015–1018
1918 pandemic, 1009–1010, 1017, 1029

parotitis, 1030
pathogenesis, 1022–1026
of symptoms, 1023–1024
viral, 1024
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Influenza virus (continued)
pathological changes, 1022–1023
peramivir for, 272, 275–277, 281–282
pericarditis, 1030
pharyngitis, 10, 12
pneumonia, 10, 18–23, 1016,

1022–1023, 1029–1030, 1040
polyneuritis, 1030
in pregnancy, 1028–1029
prevention
chemoprophylaxis, 1039–1040
inactivated vaccines, 1033–1037
live attenuated vaccines, 1035, 1037–
1038

nonpharmaceutical interventions, 1033
novel and universal vaccines, 1038–1039

proteins, 1010–1011
receptors, 1012–1013, 1017–1018, 1021–

1022
recombinant, 1012
replication, 272, 1012–1014, 1022
rhabdomyolysis, 1030
rimantadine for, 272–273, 276–277
seasonality, 9, 11, 1009, 1018–1019
secondary bacterial pneumonia, 1030
serodiagnosis, 307, 1033
sinusitis, 1027, 1029
specimen collection and transport, 1031
taxonomy, 3, 1009–1010
toxic shock syndrome, 1030
tracheobronchitis, 10, 18
transcription, 1013–1014
transmission, 1015–1016
transplant recipient, 1027, 1029, 1034
transverse myelitis, 1030
treatment, 1040–1042
viral pathogenicity, 1024
virion composition, 1010–1013
virion structure, 1010–1011
virology, 1009–1015
zanamivir for, 272, 274–279
zoonotic infections, 1020–1021
management of, 1033

Influenza virus vaccine, 18, 108, 353, 357,
359–361, 362, 363–364, 1009

effectiveness, 1034–1037
immunogenicity, 1034–1035
inactivated vaccines, 1033–1037
live attenuated vaccines, 1035,

1037–1038
novel and universal, 1038–1039
pandemic candidate, 1037–1038
reactogenicity, 1036–1037
target groups for immunization,

1036–1037
virosome vaccines, 1034
virus-like particle vaccines, 1038

Injection drug users
HAV, 1177
HCV, 1322
HIV, 804, 818
HTLV, 777–778

Innate immunity, 321, 323
effector cells, 324–328
Fc receptors, 341, 343–344
immunologic basis of vaccination, 354
antigen presentation, 355–356
immune modulation, 356
pathogen recognition, 355

induced responses to infection, 331–332
receptors, 328–331
recognition of viruses, 328–331

Innate lymphoid cells, 326–327

INNO-LiPA HIV-1 line probe assay,
296–297

Inotropic agents, for myocarditis-related
heart failure, 107

In situ hybridization, HPV, 651
In situ hybridization (ISH), myocarditis,

105–106
INSTIs. See Integrase strand transfer

inhibitors
Integrase strand transfer inhibitors (INSTIs)

cutaneous adverse effects, 134
for HIV, 170–171, 189–192
investigational, 172–173, 192

Intercellular adhesion molecule 1
(ICAM-1), 1143–1144, 1152, 1158

Interferon-a, 328, 331
Interferon-b, 328, 331
Interferon-g, 331–332
Interferon-l, 332
Interferons (IFNs), in induced innate

immune response, 331–332
Interferon therapy
for adult T-cell lymphoma, 786
adverse effects, 248, 1331
for arenavirus, 1105
for bornavirus infections, 1403
clinical applications, 248
for CMV infections, 499
for coronavirus, 1257
drug interactions, 248
for EBV, 84, 159
for filovirus infection, 1001
for hantavirus infections, 1073
for HBV, 745–747
for HCV, 131
for HCV infections, 244, 247–248,

1330–1331
for HDV infections, 1416–1417
for hepatitis C prophylaxis, 1329
for hepatitis virus infections, 63
for HEV infections, 1220
for HPV infections, 119, 659–660
for HTLV-associated myelopathy, 787
for influenza virus infections, 1042
mechanisms of action, 247–248
for myocarditis, 108
pharmacology, 248
resistance, 248
for respiratory virus infections, 284–285
for rhinovirus infections, 1157
for rhinovirus prophylaxis, 1157
for rubella virus infections, 1390
spectrum of activity, 244

Interleukins, 326
in adaptive immune response, 337–339
class switch recombination, 343

Intraspecies transmission, 1
Intrauterine infection
CMV, 125, 488–489, 493–494
hepatitis, 62, 64–65, 69–70
HSV, 428
parvovirus B19, 687, 690

Intravenous drug use, hepatitis virus
transmission, 62, 64–65

Intravenous gamma globulin, for
myocarditis, 107

Intussusception
adenovirus, 587
astrovirus, 1237
rotavirus, 863–865

Iota-carrageenan, for common cold, 1157
IPOL, 354
Ipratropium, for colds, 1157

Ipratropium, for common cold, 12
IRIS. See Immune reconstitution

inflammatory syndrome
Irkut virus, 968, 976
ISH. See In situ hybridization
Isla Vista virus, 1065
Israel turkey meningoencephalitis virus,

1269
Itaqui virus, 1060
Ixiaro, 353, 1278

J
Jamestown Canyon virus, 1060, 1063–1064
Japanese encephalitis virus, 1267, 1268
arthropod vectors, 1272
barrier immunity, 323
biology, 1275
cell culture, 1272
clinical manifestations, 1277–1278
CNS infections, 33–34, 38, 40–41
diagnosis, 1278
distribution and geography, 1275–1276
epidemiology, 1275–1277
host range, 1272
immune response, 331
incidence and prevalence of infection,

1275
pathogenesis, 1274, 1277
in pregnancy, 1278
prevention, 1278
seasonality, 1277
transmission, 1275–1277
treatment, 1278–1279
virus-specific factors in virulence, 1275

Japanese encephalitis virus vaccine, 353,
1278

Jaundice, hepatitis, 61, 66–67
JC virus (JCV)

animal models, 607–608
attachment and entry into cells,

602–603
biology, 602–606
carcinogenesis, 612–613
cell culture, 603, 605
cell transformation, 605
in cerebellar granule neurons, 614
classification and taxonomy, 2, 599–600
clinical diagnosis, 612–614
clinical manifestations, 613–615
epidemiology, 604, 606–607
historical aspects, 599
host range, 603
immune response, 609
immunocompromised individual, 600
interaction with glial cell cultures, 603,

605
laboratory diagnosis, 615
pathogenesis, 600, 607–613
persistence, 608
PML. See Progressive multifocal

leukoencephalopathy
in pregnancy, 609
prevention, 615
primary infection, 606
proteins, 601–602
reactivation of persistent infection,

608–609
replication, 603, 608
risk factors, 606–607
serodiagnosis, 615
sites of infection, 600
transmission, 606–607
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transplant recipient, 88
treatment, 615–616
urinary excretion, 609
virion structure and composition,

599–601
Jennerian vesicle, 402
JE-Vax, 353, 1278
JNJ-678, 284
JNJ-872, 283, 285
Jugra virus, 1269
Junín virus, 142, 144, 148, 1089–1090,

1095, 1097
Jutiapa virus, 1269

K
Kadam virus, 1268
Kadipiro virus, 842, 844, 848
Kangaroos, Ross River virus, 1372
Kaposi’s sarcoma-associated herpesvirus

(KSHV), 2
African, 559
African epidemic, 558
Castleman’s disease, 86, 126, 549, 560,

565
cell transformation, 560–561
chemoprevention, 564
classical disease, 559
classification and taxonomy, 549–550
clinical manifestations, 558–560
distribution and geography, 557
endemic, 559
epidemic, 559
epidemiology, 556–558
evolution and genotypes, 549–551
foscarnet for, 87, 126
ganciclovir for, 87, 126, 223–225
gene expression, 554–556, 561–562
genome, 549–556, 561–562
histopathology, 562–563
historical aspects, 549
HIV-KSHV coinfection, 549, 556–560,

563–565, 813
host range, 549–551
immune evasion, 562
immune response, 331
immunocompromised individual, 549,

556–560, 563–565
laboratory diagnosis, 562–564
latency, 553–556, 560–562
lymphoproliferative disorders, 559–560
lytic cycle, 553–556, 560–562
ocular manifestations, 153, 155, 159
pathogenesis, 560–562
posttransplant lymphoproliferative

disease, 86–87
prevention, 564
primary effusion lymphoma, 549, 559–560
primary infection, 553–554, 558
proliferation, 560–561
proteins, 549–556, 561–562
replication, 553–555, 560–562
sarcoma, 75, 86–87, 126–127, 549,

558–559, 564–565
serodiagnosis, 562–564
skin lesions, 116, 126–127, 558–559
transmission, 557–558, 564
transplant recipient, 75–76, 86–87, 558,

564
treatment, 564–565
tropism, 553–554
virion structure, 552–553
virology, 549–556

Kaposi’s sarcoma-associated herpesvirus
(KSHV) vaccine, 564

Kaposi’s varicella-like eruption, 415,
430

Karelian fever, 1371
Karshi virus, 1268
Kedougou virus, 1268
Kemerovo virus, 3, 842, 848–849
Keratin, barrier immunity, 323
Keratitis

common viral pathogens, 152–153
HSV, 152–157, 424
measles virus, 917

Keratoconjunctivitis
adenovirus, 580–582, 585–586
HSV, 415, 430

Ketamine, for rabies, 974–976
Killer immunoglobulin receptors (KIRs),

327
KI virus, 600, 606, 614
KM-23, 172
Koilocytosis, 643–644
Kokobera virus, 1268, 1281
Koplik’s spots, 129, 161, 911, 913–914,

918
Korean hemorrhagic fever, 1070–1071
Koutango virus, 1268, 1281
KSHV. See Kaposi’s sarcoma-associated

herpesvirus
Kunjin virus, 1281
Kuru, 1425–1426, 1432–1433
K virus. See Mouse pneumotropic virus
Kyasanur Forest disease virus, 142–143,

1268, 1272–1273, 1302
Kyzylagach virus, 1348

L
LA. See Latex agglutination
Labial infections, HSV, 420–421, 424,

426–427
treatment, 435, 437

La Crosse virus, 3, 1059–1060, 1063
CNS infections, 33–34, 38

Lactic acid, for HPV infections, 119
Lactobacillus
for gastroenteritis, 54
for rotavirus-induced diarrhea, 866

Laguna Negra virus, 1065
Lamivudine
adverse effects, 176, 180, 240
clinical applications, 170, 180–181,

239–240
dosing regimen, 170, 240
drug interactions, 176, 180
fixed-dose combination, 197
for HBV, 62, 70, 239, 736, 738–740
for HDV infections, 1417
for HIV, 822
postexposure prophylaxis, 819

for HIV infections, 170, 176, 178,
180–181

for HTLV-associated myelopathy, 787
mechanism of action, 180
pharmacokinetics, 176
pharmacology, 180
resistance, 180, 239, 739, 742
structure, 178, 241

LANA1, KSHV, 561–564
Langat virus, 1268, 1281
Langerhans cells, 323, 803
Laninamivir, 283, 285, 1039, 1042
Lanzhou lamb rotavirus strain, 865

Large T-antigen, polyomavirus, 601–602
Laryngitis, measles virus, 916
Laryngotracheobronchitis. See Croup
Laser therapy, for HPV infections,

658–659, 661
Lassa virus, 141, 1089–1090
animal reservoirs, 1096
clinical manifestations, 145–146,

1099–1101
diagnosis, 147
epidemiology, 142–144, 1093–1094
laboratory diagnosis, 1101–1102
pathogenesis, 1099
pharyngitis, 12
prevention, 1103–1104
receptors, 1092
skin lesions, 116
transmission, 1095, 1098
treatment, 147–148, 1104

Lassa virus vaccine, 1103
Latency-associated transcript, HSV, 419
Lateral-flow test. See

Immunochromatographic assay
Latex agglutination (LA), 298
LB80380, for HBV, 742
LCMV. See Lymphocytic choriomeningitis

virus
Lebombo virus, 842, 848–849
Ledipasvir, 246, 258, 1332–1334
LEEP. See Loop electrosurgical excision

procedure
Leflunomide
for BK virus infections, 88
for CMV prophylaxis, 81

Letermovir
for CMV, 81, 230, 502–503
for herpesvirus infections, 230

Leukocytoclastic vasculitis, HCV, 131
Leukopenia, CMV, 494
Levofloxacin, for BK virus infections, 88,

616
Liao Ning virus, 842, 848
Lichen planus, HCV, 131
Lidocaine, for herpes zoster, 124
Ligase chain reaction, 303–304
Line immunoassays, 311
LIP. See Lymphocytic interstitial

pneumonitis
Lipovnik virus, 849
Liver biopsy, for hepatitis, 69
Liver failure. See also Acute liver failure

HBV, 726–728
HCV, 1326–1327

Liver function tests, for hepatitis, 67
Liver transplant
for hepatitis B, 749
for hepatitis C, 1328
for hepatitis D, 1417

Liver transplantation, in hepatitis, 71
Live viral vaccine, 353–354, 360–361
LMP-1, 526–528
LMP-2, 526–528
Loop electrosurgical excision procedure

(LEEP), 661
Loperamide, for filovirus infection, 999
Lopinavir/ritonavir
adverse effects, 193–194
clinical applications, 170, 196
for coronavirus, 1257
cutaneous adverse effects, 134
dosing regimen, 170
drug interactions, 193, 194, 196
for HIV infections, 170, 193–194, 196
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Lopinavir/ritonavir (continued)
pharmacokinetics, 194
pharmacology, 193
resistance, 196
structure, 196

Louping ill virus, 1268, 1281
Loveridge’s garter bornaviruses, 1396
Low-density lipoprotein receptor, 1144,

1318–1319
Lujo virus, 141, 1089–1090
animal reservoirs, 1096
clinical manifestations, 1100
epidemiology, 142–144

Lumefantrine, for hemorrhagic fever, 147
Lung cancer, HTLV, 784
Lymphadenitis, HHV-6, 515
Lymphadenopathy
adenovirus, 587
HIV, 811–812
HTLV, 783

Lymphocytes. See B cells; T cells
Lymphocytic choriomeningitis virus

(LCMV), 1089–1090
animal reservoirs, 1096
clinical manifestations, 1099
CNS infections, 33–34
differential diagnosis, 1101
epidemiology, 1093–1094
immune response, 328, 338
pathogenesis, 1098–1099
prevention, 1103
serodiagnosis, 307
taxonomy, 3
transmission, 1095, 1098

Lymphocytic interstitial pneumonitis (LIP)
EBV, 534
HIV, 812

Lymphoid cells, innate, 326–327
Lymphoma
EBV, 82–83, 124, 523, 536–537
HHV-6, 515
HHV-8 in, 86
HIV, 813
HTLV-1. See Adult T-cell lymphoma
KSHV, 549, 559–560

Lymphomatoid granulomatosis, EBV, 534
Lymphoproliferative disorder
EBV, 534–535
KSHV, 559–560

Lyssavirus, 967
clinical manifestations, 971–972
differential diagnosis, 972
epidemiology, 970–971
laboratory diagnosis, 972–973
pathogenesis, 968–970
pathology, 970
prevention, 973
treatment, 973–976
virology, 968

M
M032, 434–435
Macaque, B virus, 447, 449, 452–453
Machupo virus, 141, 1089–1090, 1097,

1103
epidemiology, 142, 144

Macrophages, 324–325
HIV-infected, 802–803, 806, 811

Madariaga virus (MADV), 1348–1349,
1355, 1360

Madrid virus, 1060
MADV. See Madariaga virus

Major histocompatibility complex (MHC),
327. See also Human leucocyte
antigen associations

CD4+ andCD8+T-cell triggering, 333–334
class I, 334
peptide loading, 335

class II, 334
peptide loading, 335–336

CMV modulation of, 487–488
viral evasion, 336

Mammalian 1 bornavirus, 1396–1397
MAMPs. See Microbe-associated molecular

patterns
Mannose receptors, 330
Maraviroc, 134, 170–175, 819
Marburg virus
age-specific attack rates, 989
antigen detection, 996
biology, 985–987
cell culture, 986
classification and taxonomy, 983–984
clinical manifestations, 145–146,

992–996
correlates of disease resolution, 993
diagnosis, 146
distribution and geography, 982–983, 987
duration of infectiousness, 990
epidemiology, 142–144, 982–983, 987,

989–990
genome, 984–985
hemorrhagic fever, 981, 993
histopathology, 992
host range and natural reservoir, 986
immune response, 992–993
inactivation by physical and chemical

agents, 986–987
incidence and prevalence of infection,

982, 987
incubation period, 993
isolation, 996
laboratory diagnosis, 996
nosocomial infections, 990
nucleic acid detection, 996
ocular manifestations, 162
outbreaks, 981–983, 987, 998
pathogenesis, 144–145, 990–993
PCR methods, 996
pharyngitis, 12
prevention
active immunization, 996–997
management of outbreaks, 998
postexposure prophylaxis, 997–998

proteins, 984–985
replication, 985–986, 990–991
risk factors, 989
serodiagnosis, 996
transmission, 989–990
treatment, 147
antiviral agents, 1000–1001
host-directed therapies, 1001
supportive care, 998–1000

virion composition, 982, 984–985
virology, 983–987

Marburg virus vaccine, 996–998
Maribavir
for CMV infections, 81, 230, 501–503
for EBV, 84, 230
for herpesvirus infections, 230

Masoprocol cream, for warts, 660
Mast cells, 326
Maternal transmission
HIV, 804, 820
HTLV, 776–777, 787

Maturation inhibitors, for HIV, 173, 201
Mayaro virus (MAYV), 1348–1349,

1371–1372, 1374
MCC. See Merkel cell carcinoma
MCD. See Multicentric Castleman’s

disease
MCV. See Molluscum contagiosum virus
mDCs. See Myeloid DCs
Meaban virus, 1268
Measles, mumps, and rubella (MMR)

vaccine, 130, 353–354, 360, 362,
920, 938–939, 1388–1389

autism and, 921–922
Measles, mumps, rubella, and varicella

(MMRV) vaccine, 130, 473, 920,
1388–1389

Measles inclusion body encephalitis,
915–917

Measles virus (MeV)
acute postinfectious measles

encephalomyelitis, 916–917
age-specific attack rates, 908–909
antigen detection, 918
antigenic variation, 903–904
atypical measles, 363, 914–915
biology, 906–907
bronchiolitis, 916
cell culture, 294, 904, 907
classification of, 903
clinical diagnosis, 918
clinical manifestations, 300, 910,

913–919
CNS infections, 33–34, 36, 38–40
complications
cardiovascular, 917
gastrointestinal, 917
neurologic, 916–917
ocular, 917
respiratory tract, 916

conjunctivitis, 161, 913–914, 917
croup, 10, 13, 916
cytologic diagnosis, 918
cytopathology, 300
diarrhea, 915–917
distribution and geography, 907–908
duration of infectiousness, 909
encephalitis, 129, 915–917
epidemic patterns, 908
epidemiology, 907–910
eradication, 922–923
genetic variation, 903–904
genome, 904
hepatic disorders, 914, 917
historical aspects, 903
HIV-measles virus coinfection, 909, 915,

920–921
host range, 907
immune response, 331, 910, 912–913
immunoassay, 298
immunocompromised individual,

915–916, 918
immunosuppression by, 907, 912–913,

921
inactivation by physical and chemical

agents, 907
incidence and prevalence of infection,

908–909
incubation period, 910
keratitis, 917
laboratory diagnosis, 918–919
laryngitis, 916
measles inclusion body encephalitis,

915–917
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modified measles, 914
morbidity and mortality, 907–910
mortality reduction by vaccination, 922

myocarditis, 917
myositis, 914
neonatal infections, 915
nosocomial infections, 909
nucleic acid detection, 918
ocular manifestations, 153, 161
otitis media, 916
pathogenesis, 910–913
pathology, 911–912
PCR methods, 918
pericarditis, 917
pneumonia, 10, 20–23, 129, 915–916
pneumonitis, 914
in pregnancy, 915
prevention
active immunization, 919–923
passive immunoprophylaxis, 919

proteins, 904–906
receptors, 906
reinfection, 909
replication, 905–907, 910–911
risk factors, 909
seasonality, 909
serodiagnosis, 307–308, 312, 918–919
serotypes, 903
sinusitis, 916
skin lesions, 115–116, 911, 913–914, 918
diagnosis, 129–130
epidemiology and clinical manifestations,
129

treatment, 130
subacute sclerosing panencephalitis,

916–917
subclinical infection, 908–909
taxonomy, 3, 903
thrombocytopenia/thrombocytopenic

purpura, 918
tracheobronchitis, 10, 914, 916
transmission, 909
treatment
antiviral drugs, 923–924
symptomatic and supportive therapy,
923

vitamin A, 923
tuberculosis and, 918
typical measles, 913–914
virion composition, 904–906
virion structure, 904
virology, 903–906

Measles virus vaccine, 1, 41, 129, 351–352,
353, 359, 362, 907–910, 914–915,
919–920

administration, 920–921
adverse effects, 921–922
contraindications, 922
investigational, 922
supplementary immunization activities,

921
vaccination strategies, 922–923

Meat and bone meal, 1438
MEDI8852, 285
MEDI8897, 285
Mefloquine, for PML, 615
MEIA. See Micro-enzyme immunoassay
Melanoma, HSV gene therapy for, 434
Membrane cofactor protein, 906
Membrane-immunoassay, 298
Memory, immune, 354–355
B cells, 340–341
NK cell, 327

Menangle virus (MenPV)
animal reservoirs, 950, 955
biology, 953
classification and taxonomy, 949
clinical manifestations, 950, 958
distribution and geography, 955
epidemiology, 955
genome, 949–951
isolation, 959
laboratory diagnosis, 959
prevention, 959–960
proteins, 951–953
receptors, 953
transmission, 955
treatment, 960
virology, 949–953

Meningitis
approach to patient, 42–43
aseptic, 31–32, 37
clinical manifestations, 36
definition, 31
diagnosis, 32–34, 37, 42
enterovirus, 1119–1124
epidemiology, 31–36
etiology, 32–34
flavivirus, 1281
Hendra virus, 957
HIV, 812
HSV, 121, 427, 431
influenza virus, 1030
laboratory findings, 32–34, 36–37
mumps virus, 934–936
pathogenesis, 32–34
prognosis, 37–38
treatment, 37–38
VZV, 468–469

Meningoencephalitis
adenovirus, 587
coxsackievirus, 1123–1124
HSV, 427

MenPV. See Menangle virus
Mercitabine, 247
Merkel cell carcinoma (MCC), 607, 612,

614, 616
Merkel cell polyomavirus
attachment and entry into cells,

602–603
biology, 602–606
cell transformation, 605
classification and taxonomy, 599–600
epidemiology, 606–607
historical aspects, 599
immunocompromised individual, 600
pathogenesis, 600, 612
persistence, 608
proteins, 601–603
replication, 603, 608
risk factors, 607
sites of infection, 600
transmission, 606–607
treatment, 616
virion structure and composition, 599–601

Merkel cell virus, 612–614
Merlin genome, CMV, 482–485
MERS-CoV. See Middle East respiratory

syndrome coronavirus
Metapneumovirus (MPV)
active immunization, 888
age-specific infection rates, 875–877
animal viruses, 874–875
antigen detection, 885–886
antiviral drugs, 889–890
asthma and, 883, 884–885

bronchiolitis, 10, 16, 883
cell culture, 292, 885–886
classification and taxonomy, 3,

873–874
clinical attack rate, 876–877
clinical diagnosis, 885
clinical manifestations, 882–883
common cold, 10
complications, 884–885
correlates of immune protection, 881
croup, 883
cytopathic effect, 885–886
distribution and geography, 875
epidemics, 877–878
epidemiology, 875–878
genome, 873–875
histopathology, 878–879
historical aspects, 873
host range, 874–875
immune response, 879–881
immunoassay, 298
immunocompromised individual, 876,

878–879, 884
isolation, 885–886
laboratory diagnosis, 885–886
myocarditis, 100
nosocomial infections, 878, 886–887
nucleic acid detection, 886
organ specificity, 878
otitis media, 883–884
pathogenesis, 878–879
PCR methods, 886
pneumonia, 10, 19, 883
prevention, 886–888
proteins, 873–875
reinfection, 876–877
replication, 874, 876, 878
respiratory disease, 873, 875–890
sample collection and handling, 885
seasonality, 877–878
serodiagnosis, 886
stability, 875
transmission, 878
treatment
severe disease, 889
supportive care, 888–889

virion structure, 873–875
virology, 873–876
virus replication patterns, 878

Metapneumovirus (MPV) vaccine, 888
Methylprednisolone, for hantavirus

cardiopulmonary syndrome, 1073
Metisazone, for poxvirus infections, 407
Metoclopramide, for filovirus infection,

998
Metoprolol, for myocarditis-related heart

failure, 107
Me Tri virus, 1348, 1374
MeV. See Measles virus
MF59, 358
MHAA4549A, 285
MHC. See Major histocompatibility

complex
MHV. See Murine hepatitis virus
Microbe-associated molecular patterns

(MAMPs), 328–329
Micro-enzyme immunoassay (MEIA),

298–299
Microglial cells, HIV-infected, 811
Microvasculopathy, HIV, 154
Midazolam, for rabies, 974–976
Middelburg virus (MIDV), 1347, 1349,

1353
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Middle East respiratory syndrome
coronavirus (MERS-CoV)

animal reservoir, 1245
biology, 1245–1248
cell culture, 1247
classification and taxonomy,

1243–1244
clinical manifestations, 1255
diagnosis, 304–305
distribution and geography, 1248
experimental animal models, 1247
gastroenteritis, 53
genome, 1245–1246
historical aspects, 1243
host range, 1247
immune response, 1253
inactivation by physical and chemical

agents, 1248
incidence and prevalence of infection,

1249
laboratory diagnosis, 1255–1256
nosocomial infections, 1251
pathogenesis, 1252–1253
pneumonia, 20
prevention, 1256–1257
replication, 1252
risk factors, 1252
serodiagnosis, 1256
transmission, 1251
treatment, 1257

Middle East respiratory syndrome
coronavirus (MERS-CoV)
vaccine, 1257

MIDV. See Middelburg virus
Military personnel
adenovirus, 586
gastroenteritis, 52
hepatitis, 61, 1165

Milker’s nodules, 116, 120–121, 387,
402–403. See also Pseudocowpox
virus

Milrinone, for myocarditis-related heart
failure, 107

Milwaukee protocol, for rabies,
974–976

Minichromosome, HBV, 719–720
Minireovirus, 48
Miravirsen, 247
miRNAs
EBV, 526–528
KSHV, 561–562

Mirtazapine, for PML, 615
Mites, alphavirus, 1353
Mixed cell culture, 294
Mixed cryoglobulinemia
HBV, 730
HCV, 131, 1327

Mixing vessel, 1018
MK-3682, 247, 1333
MK-8408, 247, 1333
MK-8591, 172
MMR vaccine. See Measles, mumps, and

rubella vaccine
MMRV vaccine. See Measles, mumps,

rubella, and varicella vaccine
Modified Ankara virus (MVA) vaccine,

406–407
Modoc virus, 1269, 1273, 1281
Mojiang virus (MojPV), 949, 956
MojPV. See Mojiang virus
Mokola virus, 968, 976
Molecular biology, 1
Mollaret’s syndrome, 36

Molluscum contagiosum virus (MCV)
cell culture, 395
classification and taxonomy, 2, 388
clinical diagnosis, 405
clinical manifestations, 300, 403
cytopathology, 300
diagnosis, 116
epidemiology, 388, 395, 397–398
in HIV patient, 119–120, 132
host range, 388, 394–395
immune response, 400–401
laboratory diagnosis, 405
ocular manifestations, 153, 161
pathogenesis, 400
prevention, 406
skin lesions, 116, 119–121
transmission, 397–398
treatment, 407

Monkeypox virus (MPXV)
classification and taxonomy, 388
clinical diagnosis, 405
clinical manifestations, 388, 401–403
epidemiology, 388, 395–397
historical aspects, 387
host range, 388, 394
immune response, 400–401
laboratory diagnosis, 405
pathogenesis, 398–400
prevention, 406–407
skin lesions, 119–120
structure, 389
transmission, 397–398
treatment, 407

Monkeys
bornavirus, 1402
B virus, 447, 449, 452–453
chikungunya virus, 1367
HEV, 1221
immunodeficiency viruses, 795
Mayaro virus, 1371

Monochloroacetic acid, for warts, 657
Mononucleosis-like syndrome, EBV, 84
Monophosphoryl lipid A, 358
Monospot test, 125, 309
Montana myositis leukoencephalitis virus,

1269
Montgomery County agent, 48
Morbillivirus, 903
Mosquito
alphavirus, 1347–1354
Barmah Forest virus, 1374
bunyavirus, 1063
chikungunya virus, 1367–1368
dengue virus, 1292–1293
eastern equine encephalitis virus,

1357–1360
flavivirus, 1267–1269, 1271–1273, 1281
hemorrhagic fever viruses, 142–143
Japanese encephalitis virus, 1275–1276
Mayaro virus, 1371
Murray Valley encephalitis virus, 1279
o’nyong-nyong virus, 1370
personal protection against, 1356, 1363
Ross River virus, 1372
Sindbis virus, 1371
St. Louis encephalitis virus, 1280,

1282–1283
Venezuelan equine encephalitis virus, 1364
western equine encephalitis virus,

1361–1362
West Nile virus, 1287–1289
yellow fever virus, 1298–1301
Zika virus, 1298

Mosso das Pedras virus, 1348
Mouse pneumotropic virus, 599,

606–609
Mouse polyomavirus, 606–607
Mousepox virus, 400
MPV. See Metapneumovirus
MPXV. See Monkeypox virus
Mucambo virus, 1348, 1355
Mucocutaneous infection, HSV, 423–425,

435–436
Mucosal barriers, 323–324
Mucosal immunity
immunologic basis of vaccination, 358
metapneumovirus, 880–881
parainfluenza virus, 880–881
RSV, 880–881

Mucus, barrier immunity, 324
Multicentric Castleman’s disease (MCD),

KSHV, 86, 126, 549, 560, 565
Multiple sclerosis, HHV-6, 515
Multiplex PCR, 301–302
Mumps virus
bronchiolitis, 16, 18
cell culture, 294, 931–932
chronic fatigue syndrome, 372
classification, 929
clinical diagnosis, 937
clinical manifestations, 935–937
CNS infections, 32–34, 36
complications, 937
encephalitis, 934–936, 939
epidemiology, 932–933
epididymitis, 937
eye disease, 937
genome, 929–930
hearing loss, 937
histopathology, 933
host range, 931
immune response, 934–935
immunoassay, 298
inactivation by physical and chemical

agents, 932
incidence and prevalence of infection,

932–933
isolation, 938
laboratory diagnosis, 937–938
meningitis, 934–936
myocarditis, 99, 103, 937
neurologic disorders, 934–936
nucleic acid detection, 938
ocular manifestations, 153, 162
oophoritis, 937
orchitis, 933, 935, 937, 939
pancreatitis, 937
pathogenesis, 933–935
PCR methods, 938
in pregnancy, 936–937
prevention, 938–939
proteins, 929–931
replication, 931
serodiagnosis, 307–308, 312, 938
taxonomy, 3, 929
transmission, 932
treatment, 939
virion composition, 929–930
virology, 929–932

Mumps virus vaccine, 18, 32, 41, 108,
351–352, 354, 932–933, 938–939

Munia bornavirus 1, 1396
Murine hepatitis virus (MHV), 1243
Murine polyomavirus, 612
Murray Valley encephalitis virus, 33–34,

1268, 1272, 1274, 1279–1280

1474 - SUBJECT INDEX



MVA vaccine. See Modified Ankara virus
vaccine

MW polyomavirus, 600
Mycophenolate mofetil, PML, 604, 607
Mycosis fungoides, 124
Myelitis, 31
Myeloid DCs (mDCs), 327–328
Myelopathy, HTLV. See HTLV-associated

myelopathy
Myocarditis
adenovirus, 99–101, 105–108, 587
clinical manifestations
children, adolescents, and adults, 103
newborns and infants, 102–103

diagnosis
Dallas criteria, 104
electrocardiography, 103–104
endomyocardial biopsy, 102–104
imaging, 103
laboratory studies, 103
viral studies, 104–106

differential diagnosis, 106
enterovirus, 1120, 1122, 1129
epidemiology, 100
etiology, 99–100, 106
influenza virus, 1030
long-term sequelae, 106
measles virus, 917
mumps virus, 937
parvovirus B19, 685, 687
pathogenesis
animal model studies, 100–101
human observations, 101
pathophysiologic consequences,
101–102

pathology
gross findings, 102
microscopy, 102

treatment
acute failure, 107
immunomodulatory and antiviral
therapies, 107–108

vaccination, 108
viral cause-and-effect relationship,

106–107
Myopericarditis, vaccine-related, 363
Myositis
enterovirus, 1128
influenza virus, 1027–1028
measles virus, 914

N
NAC. See N-acetyl-L-cysteine
N-acetyl-L-cysteine (NAC), for KSHV,

565
Nairobi sheep disease virus, 1060
Nairovirus
cell culture, 1061–1063
classification and taxonomy, 1059–1060
clinical manifestations, 1078–1079
distribution and geography, 1060
epidemiology, 1062–1063, 1077–1078
genome, 1059–1060
host range, 1061–1063
laboratory diagnosis, 1079
pathogenesis, 1077
prevention, 1079–1080
proteins, 1059–1060
replication, 1060–1061
subgroups, 1060
transmission, 1063
treatment, 1080

virion structure, 1059–1060
virology, 1059–1062

NALPs, 331
Naproxen, for common cold, 12
Naranjal virus, 1268
NASBA. See Nucleic acid sequence-based

amplification
Nasopharyngeal carcinoma, EBV, 124,

537–538
Natalizumab, PML, 604, 607, 613,

615–616
National Childhood Vaccine Injury Act

(1986), 363
NATs. See Nucleic acid tests
Natural cytotoxicity receptors (NCRs), 327
Natural killer (NK) cells, 327, 531
ncRNAs, EBV, 526–528
NCRs. See Natural cytotoxicity receptors
Ndumu virus, 1349
Necrolytic acral erythema, HCV, 131
Necrotizing herpetic retinopathies (NHR),

154
Nef protein, HIV, 799–800, 802
Negishi virus, 1281
Negri body, 967, 970
Nelfinavir, 193
Neonatal infection
adenovirus, 586–587
bronchiolitis, 15–18
CMV, 125, 163, 488–489, 493–494,

503–504
congenital ocular disease, 163
coxsackievirus, 1125–1127
diagnosis, 312–313
EBV, 532
echovirus, 1125–1127
enterovirus, 1125–1127, 1133
HBV, 722
HCV, 1329
HIV, 817
HPV, 637, 655
HSV, 121, 163, 415, 424–426
clinical presentation, 428
disseminated, 428–429
encephalitis, 429
prevention, 432
prognosis, 430
skin, eye, mouth infection, 429–430
treatment, 436

measles virus, 915
myocarditis, 102–103
rotavirus, 859
VZV, 159, 163, 463, 467, 472

Nephropathia epidemica, 141, 1071
Nephropathy
BK virus, 87–88, 607
clinical manifestations, 614
immune response, 611
laboratory diagnosis, 615
pathogenesis, 610–612
prevention and treatment, 615–616
virological features, 611–612

HIV, 813
Neuralgia, postherpetic, 123–124,

158–159, 420, 470, 473
Neurasthenia, 371–372
Neuritis, 31
Neurologic disease. See also Central nervous

system infections
alphavirus, 1347–1351
chronic fatigue syndrome, 375–377
Colorado tick fever virus, 846
enterovirus, 1122–1125

filovirus, 993–994
HBV, 731
HCV, 1327
HEV, 1218
HIV, 810–812
HSV, 430–431
influenza virus, 1028
measles virus, 916–917
mumps virus, 934–936
Nipah virus, 958
rubella virus, 1387–1388
transmissible spongiform encephalopathy.

See Transmissible spongiform
encephalopathy

Neurons
cerebellar granule, JC virus, 614
VZV, 466

Neurovirulence
HSV, 420
VZV, 972

Neutralization, antibody-mediated,
rhinovirus, 1149–1150,
1153, 1156

Neutralization assay, 309–310
Neutropenia, HIV, 813
Neutrophils, 325–326
Nevirapine
adverse effects, 177, 185
clinical applications, 170, 186
cutaneous adverse effects, 134
dosing regimen, 170
drug interactions, 177, 185
for HIV, 170, 177, 184–186
perinatal administration, 820

pharmacokinetics, 177
pharmacology, 185
resistance, 185–186
structure, 185

New Jersey polyomavirus, 600, 614–615
New Mapoon virus, 1268
New York virus, 1065, 1068
NFC. See Nonspecific follicular

conjunctivitis
NHR. See Necrotizing herpetic

retinopathies
Nipah virus (NiV)
animal reservoirs, 950, 954–955
antigen detection, 959
biology, 953
classification and taxonomy, 3, 949
clinical diagnosis, 958
clinical manifestations, 300, 950, 958
complications, 958
cytopathology, 300
distribution and geography, 954
encephalitis, 950, 954, 957–958
epidemiology, 954
genome, 949–951
histopathology, 957
immune response, 957
isolation, 959
laboratory diagnosis, 958, 959
neurologic disorders, 958
pathogenesis, 957
pneumonia, 950, 958
prevention, 959–960
proteins, 951–953
receptors, 953
serodiagnosis, 959
transmission, 954
treatment, 960
vasculitis, 957–958, 960
virology, 949–953
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Nitazoxanide, 283, 285, 1042
for rotavirus infections, 866

NITD-0008, for dengue virus, 1298
1-Nitro-2,4-dinitrochlorobenzene, for warts,

660
NiV. See Nipah virus
NK-cell lymphoma, EBV, 537
NK cells. See Natural killer cells
NMSO3, for metapneumovirus infections,

890
NNRTIs. See Nonnucleoside reverse

transcriptase inhibitors
NOD-like receptors, 330–331
NODs, 330–331
Nomenclature of viruses, 1
Non-Hodgkin’s lymphoma

EBV, 82, 536
HHV-6, 515
HIV, 813

Non-melanoma skin cancer, HPV, 640
Non-nucleoside inhibitors, HCV,

1331–1334
Nonnucleoside reverse transcriptase

inhibitors (NNRTIs)
cutaneous adverse effects, 134
for HIV, 170–171, 184–189
investigational, 172, 189

Nonreplicating viral vaccine, 353–354, 361
Nonspecific febrile illnesses of infancy,

enterovirus, 1126
Nonspecific follicular conjunctivitis (NFC),

160
Nonspecific immunity. See Innate

immunity
Non steroidal anti inflammatory drugs

(NSAIDs)
for common cold, 12
in hemorrhagic fever patients, 147

Norepinephrine, for myocarditis-related
heart failure, 107

Norovirus (NoV)
animal models, 1196
antigen detection, 1202
antigenicity, 1190, 1193
biology, 1196
cell culture, 1196
classification and taxonomy, 1189–1193
clinical manifestations, 1199–1201
diagnosis, 305–306
distribution and geography, 1197
electron microscopy, 50
epidemiology, 1196–1198
gastroenteritis, 47–55, 1197–1203
genogroups and genotypes, 1189–1193
genome, 1194–1196
historical aspects, 1189
host range, 1196
immune response, 1199
inactivation by physical and chemical

agents, 1196
incidence and prevalence of infection,

1197
laboratory diagnosis, 1201–1202
nucleic acid detection, 1201–1202
pathogenesis, 1198–1199
prevention, 1202
immunoprophylaxis, 1203
management of outbreaks, 1203

proteins, 1194–1196
replication, 1196
serodiagnosis, 1202
serotypes, 1190, 1193
transmission, 1198

treatment, 1203
virion composition, 1193–1196
virion structure, 1190, 1193–1194
virology, 1189–1196
virus shedding and extra-intestinal

spread, 1199
Norovirus (NoV) vaccine, 55, 1203
Norwalk virus (NV)

antigen detection, 1202
antigenicity, 1190, 1193
biology, 1196
cell culture, 1196
classification and taxonomy, 4,

1189–1193
clinical manifestations, 1199–1201
distribution and geography, 1197
epidemiology, 1196–1198
gastroenteritis, 48, 1197–1203
genogroups and genotypes, 1189–1193
genome, 1194–1196
historical aspects, 1189
host range, 1196
immune response, 1199
inactivation by physical and chemical

agents, 1196
incidence and prevalence of infection,

1197
laboratory diagnosis, 1201–1202
nucleic acid detection, 1201–1202
pathogenesis, 1198–1199
prevention, 1202
immunoprophylaxis, 1203
management of outbreaks, 1203

proteins, 1194–1196
replication, 1196
serodiagnosis, 1202
serotypes, 1190, 1193
transmission, 1198
treatment, 1203
virion composition, 1193–1196
virion structure, 1190, 1193–1194
virology, 1189–1196
virus shedding and extra-intestinal

spread, 1199
NoV. See Norovirus
NRTIs. See Nucleoside/nucleotide reverse

transcriptase inhibitors
NS3-4A protease inhibitors, HCV, 247,

253–257, 1331–1334
NS5A inhibitors, HCV, 247, 257–261,

1333
NS5B inhibitors, HCV, 247, 249–253
NSAIDs. See Non steroidal anti

inflammatory drugs
Ntaya virus, 1269
Nucleic acid sequence-based amplification

(NASBA)
CMV detection, 496
recombinase polymerase amplification,

303–304
Nucleic acid tests (NATs), 291–292, 300
amplicon detection, 301
application in virology, 305
chronic infection diagnosis, 306
controls, 305
diagnosis in immunocompromised

patients, 306
extraction of nucleic acids from

specimens, 301
fully integrated automated systems, 303
hybridization-based assay, 304–305
ligase chain reaction, 303–304
monitoring antiviral therapy, 306

NASBA, 303–304, 496
non-PCR-based amplification systems,

303–305
novel and emerging infection diagnosis,

305–306
PCR methods. See polymerase chain

reaction assay
quantitative, 304–305
routine infection diagnosis, 305
sequencing, 306
strand displacement amplification, 303

Nucleoside/nucleotide analogs
for filovirus infection, 1000–1001
for HBV, 738–745
HCV, 1331–1334
resistance, 742–745

Nucleoside/nucleotide reverse transcriptase
inhibitors (NRTIs)

cutaneous adverse effects, 134
for HIV, 170–171, 175–184
investigational, 172, 183

Nutlin-3a, for KSHV, 565
NV. See Norwalk virus

O
Occlusive therapy, for warts, 661
Occupational exposure, hepatitis viruses, 69
Ockelbo fever, 1348, 1371
Octadecyloxyethyl-cidofovir, for herpesvirus

infections, 229
Ocular adnexal disease, common viral

pathogens, 153–154
Ocular vaccinia, 404–405, 407
Odalasvir, 247, 1333
Odefsey, 197
Oklahoma tick fever virus, 848, 849
Ombitasvir, 245, 252, 258–260,

1332–1334
Omsk hemorrhagic fever virus, 1302
Omsk virus, 142–143, 1268, 1272–1273
Omsk virus vaccine, 148
Ondansetron, for filovirus infection, 998
O’nyong-nyong virus (ONNV), 1348, 1353,

1370
Oophoritis, mumps virus, 937
Opportunistic infections, HIV, 805,

813–814
OPV. See Oral polio vaccine
Oral fluid, testing for viral antibodies, 309
Oral hairy leukoplakia, 649
EBV, 84–85, 124, 132, 536

Oral polio vaccine (OPV), 1114, 1119
Oral rehydration therapy, for gastroenteritis,

54
Orbivirus
biology, 843–844
classification and taxonomy, 841–842
clinical manifestations, 846–847
differential diagnosis, 846–847
distribution and geography, 843–844
ecology, 843–845
epidemiology, 843–845
genome, 841, 843–844
historical aspects, 841
immune response, 845–846
laboratory diagnosis, 846–847
organ and cellular pathology, 845
pathogenesis, 845–846
prevention, 847
proteins, 843–844
treatment, 847–849
virion composition, 843–844
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Orchitis, mumps virus, 933, 935, 937, 939
Orf virus (ORFV)
barnyard infections, 397
classification and taxonomy, 2, 387–388
clinical diagnosis, 405
clinical manifestations, 388, 402–403
epidemiology, 388, 395, 397
host range, 388
laboratory diagnosis, 405
pathogenesis, 400
skin lesions, 116, 120–121
structure, 389

Organ transplant recipient. See Transplant
recipient

Oriboca virus, 1060
Oropharyngeal cancer, HPV, 640
Oropharyngeal infection, HSV, 420–421,

426–427
treatment, 435, 437

Oropharyngeal infections, HSV, 424
Oropouche virus, 1060
Orthobunyavirus
cell culture, 1061–1063
classification and taxonomy, 1059–1060
distribution and geography, 1060
epidemiology, 1062–1063
genome, 1059–1060
host range, 1061–1063
proteins, 1059–1060
replication, 1060–1061
subgroups, 1060
transmission, 1063
virion structure, 1059–1060
virology, 1059–1062

Orthomyxovirus, taxonomy, 3
Orungo virus, 842, 848–849
Oseltamivir
adverse effects, 276, 280, 1042
clinical applications, 274, 280–281
dosing regimen, 274
drug interactions, 276, 280
effectiveness of, 1039
for influenza, 272, 274, 276–277,

279–281, 1039, 1041–1042
mechanism of action, 279
pharmacokinetics, 276, 279–280
for pneumonia, 22–23
resistance, 280, 1041–1042
spectrum of activity, 279
structure, 272, 277, 279
susceptibility testing, 295–296

Otitis media
adenovirus, 588
coronavirus, 1254
influenza virus, 1027–1029
measles virus, 916
metapneumovirus, 883–884
parainfluenza virus, 884
rhinovirus, 1154
RSV, 882, 884
secondary bacterial, 1154

Oxymetazoline, for common cold, 1157

P
Palivizumab, 364
for bronchiolitis, 17
for pneumonia, 23
for RSV infections, 282, 351, 887

PAMPs. See Pathogen-associated molecular
patterns

PAN. See Polyarteritis nodosa
Pancreatitis, mumps-associated, 937

P antigen, 681, 685
Papillomavirus. See also specific

papillomaviruses
animal, 635
ocular manifestations, 153, 162
phylogenetic tree, 626
skin lesions, 115–116
taxonomy, 2

Pap smear, 299, 643, 650, 655–656
Parainfluenza virus (PIV)
active immunization, 887–888
age-specific infection rates, 875–877
animal viruses, 874–875
antigen detection, 885–886
antiviral drugs, 889–890
bronchiolitis, 10, 16, 883
cell culture, 292–294, 885–886
classification and taxonomy, 3, 873–874
clinical attack rate, 876–877
clinical diagnosis, 885
clinical manifestations, 300, 882–883
CNS infections, 36
common cold, 10
complications, 884–885
correlates of immune protection, 881
croup, 10, 13, 873, 878, 883, 888–889
cytopathic effect, 885–886
cytopathology, 300
distribution and geography, 875
epidemics, 877–878
epidemiology, 875–878
genome, 873–875
histopathology, 878–879
historical aspects, 873
host range, 874–875
immune response, 331, 879–881
immunoassay, 297–298
immunocompromised individual, 876,

878, 884, 889
isolation, 885–886
laboratory diagnosis, 885–886
nosocomial infections, 878, 886–887
nucleic acid detection, 886
organ specificity, 878
otitis media, 884
pathogenesis, 878–879
PCR methods, 886
pharyngitis, 10
pneumonia, 10, 19–23, 879, 883, 884
prevention, 886–888
proteins, 873–875
reinfection, 876–877
replication, 874, 876, 878
respiratory disease, 873, 875–890
sample collection and handling, 885
seasonality, 9, 11, 877–878
serodiagnosis, 886
stability, 875
tracheobronchitis, 10
transmission, 878
transplant recipient, 884
treatment
severe disease, 889
supportive care, 888–889

virion structure, 873–875
virology, 873–876
virus replication patterns, 878

Parainfluenza virus (PIV) vaccine, 359,
887–888

Paralysis
coxsackievirus, 1125
poliovirus, 1113, 1119, 1123, 1125

Paralytic rabies, 971–972

Paramyxovirus
taxonomy, 3
zoonotic, 949–953, 956

Parechovirus, ocular manifestations,
160–161

Parechoviruses, myocarditis, 100
Parenteral transmission. See Bloodborne

transmission; Transplant recipient
Paritaprevir, 245, 251, 254–255, 1332–1334
Parotitis
influenza virus, 1030
mumps virus, 929, 933–939

Parramatta agent, 48
Parrot bornaviruses, 1396
PARV4. See Tetraparvovirus
Parvovirus
antigen detection, 689
cell culture, 682
chronic fatigue syndrome, 372
classification and taxonomy, 2,

679–680
clinical manifestations, 686–688
distribution and geography, 682
epidemiology, 682–683
genome, 680–681
genotypes, 679–680
historical aspects, 679
host range, 679, 681–682
immune response, 686
inactivation by physical and chemical

agents, 682
incidence and prevalence of infection,

683–684
isolation, 689
laboratory diagnosis, 688–689
pathogenesis, 683–686
PCR methods, 689
prevention, 690
proteins, 680–681
receptors, 681
replication, 681, 684–686
seasonality, 684
serodiagnosis, 689
transmission, 683
treatment, 690
virion composition, 679–681
virology, 679–682

Parvovirus 6, 106
Parvovirus B19 (B19V)

antigen detection, 689
arthralgia, 687, 690
arthritis, 684, 687, 690
asymptomatic infection, 686
cell culture, 682
classification and taxonomy, 2,

679–680
clinical manifestations, 300, 686–688
cytopathology, 300
distribution and geography, 682
encephalitis, 688
epidemiology, 682–683
erythema infectiosum. See Erythema

infectiosum
genome, 679–680
genotypes, 680–681
gloves-and-socks syndrome, 127
hepatitis, 70, 687
historical aspects, 679
host range, 679, 681–682
hydrops fetalis, 687, 690
immune response, 686
immunocompromised individual, 687,

690
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Parvovirus B19 (B19V) (continued)
inactivation by physical and chemical

agents, 682
incidence and prevalence of infection,

683–684
isolation, 689
laboratory diagnosis, 688–689
myocarditis, 99, 105, 107, 685, 687
nosocomial infections, 683, 690
pathogenesis, 683–686
PCR methods, 689
in pregnancy, 687, 690
prevention, 690
proteins, 680–681
pure red-cell aplasia, 687
receptors, 681
replication, 681, 684–686
seasonality, 684
serodiagnosis, 307, 312, 689
skin lesions, 115–116, 684, 686–688
diagnosis, 127
epidemiology and clinical manifestations,
127

treatment, 128
transient aplastic crisis, 683–687, 690
transmission, 683
treatment, 690
virion composition, 679–681
virology, 679–682

Parvovirus vaccine, 690
Passeriform 1 bornavirus, 1396
Passeriform 2 bornavirus, 1396
Passive immunization, 351
licensed products, 364–365

Passive latex agglutination (PLA), 311
Pathogen-associated molecular patterns

(PAMPs), 328–329
Pathogen recognition, innate immune

response, 355
Pattern recognition receptors (PRRs),

328–331
PCF. See Pharyngoconjunctival fever
PCPV. See Pseudocowpox virus
PCR assay. See Polymerase chain reaction

assay
PCT. See Porphyria cutanea tarda
pDCs. See Plasmacytoid DCs
PDD. See Proventricular dilatation disease
Peginterferon-a
for HBV, 736
for HCV, 63, 1334

PEL. See Primary effusion lymphoma
Penciclovir
adverse effects, 222
clinical applications, 217, 222
dosing regimen, 217
drug interactions, 222
for EBV, 84, 221
for herpesvirus infections, 216–219,

221–222
for HSV infections, 217, 221–222
mechanism of action, 221
pharmacokinetics, 221–222
for pneumonia, 23
resistance, 222
spectrum of activity, 221
structure, 216
for VZV infections, 221–222

Penile intraepithelial neoplasia, 648
Peramivir
adverse effects, 276, 281
clinical applications, 275, 281–282
dosing regimen, 275

drug interactions, 276
for influenza virus infections, 272,

275–277, 281–282, 1042
mechanism of action, 281
pharmacokinetics, 276, 281
for pneumonia, 22–23
resistance, 281
spectrum of activity, 281
structure, 272, 277, 281

Percutaneous transmission, hepatitis, 62,
64–65, 69

Pericarditis
influenza virus, 1030
measles virus, 917

Perinatal infection, CMV, 489, 493
Peripheral neuropathy

HCV, 1327
HIV, 812

Peruvian horse sickness virus, 842
Phagocytes, 324–326
Pharmacoenhancers, for HIV, 170,

200–201
Pharyngitis
clinical features and syndrome definition,

12
etiology and differential diagnosis,

10, 12
HSV, 426
pathogenesis, 12
treatment and prevention, 12–13

Pharyngoconjunctival fever (PCF), 160
adenovirus, 12, 581–582, 585

Pheasants, eastern equine encephalitis virus,
1357

Phenobarbital, for rabies, 974–976
PhenoSense assay, 296
Phenotypic assays, antiviral susceptibility

testing, 295–296
Phenylephrine, for colds, 12, 1157
Phenylpropanolamine, for common cold, 12
Phlebovirus

cell culture, 1061–1063
classification and taxonomy, 1059–1060
clinical manifestations, 1074–1076
diagnosis, 1075–1077
distribution and geography, 1060
epidemiology, 1062–1063, 1074–1076
genome, 1059–1060
host range, 1061–1063
pathogenesis, 1074–1076
prevention, 1075–1077
proteins, 1059–1060
replication, 1060–1061
subgroups, 1060
transmission, 1063
treatment, 1075–1077
virion structure, 1059–1060
virology, 1059–1062

Phnom Penh bat virus, 1269
Photodynamic laser therapy, for HPV

infections, 661
Phytonadione, for filovirus infection, 1000
Pibrentasvir (ABT-530), 261, 1333
Picobirnavirus, gastroenteritis, 48, 52–53
Picornavirus, 1113
ocular manifestations, 153, 157,

160–161
taxonomy, 4

Pigs
HEV, 1212, 1215
influenza virus, 1014–1015, 1017–1018,

1020
Japanese encephalitis virus, 1276

Menangle virus, 950, 960
Nipah virus, 950, 954, 960

Pirital virus, 1089–1090, 1097
PIs. See Protease inhibitors
Pityriasis, HHV-7, 516
Pityriasis rosea, 125–126
PIV. See Parainfluenza virus
Pixuna virus, 1348
PLA. See Passive latex agglutination
Plane warts, 646
Plantar warts, 118, 646
Plaque reduction assay (PRA), 295
Plasmablasts, 341–342
Plasma cells, 341–342
Plasmacytoid DCs (pDCs), 328
Plasma PCR, CMV detection, 496
Pleconaril
for enterovirus, 1132–1133
for meningitis, 38
for myocarditis, 108
for rhinovirus infections, 1157–1158

Pleurodynia, enterovirus, 1128
PML. See Progressive multifocal

leukoencephalopathy
Pneumonia
adenovirus, 10, 19–24, 582, 585–588, 590
BK virus, 614
clinical features and syndrome definition,

18
children, 19–20
immunocompetent adults, 19–20
immunocompromised individual, 19–21

CMV, 78
coronavirus, 10, 19–21, 1243, 1254
diagnosis, 21
enterovirus, 1126–1127
etiology, 10, 19–21
giant-cell, 915
Hendra virus, 950
HIV, 813, 884
human bocavirus, 19, 688
influenza virus, 1016, 1022–1023,

1029–1030, 1040
measles virus, 129, 915–916
metapneumovirus, 883
Nipah virus, 950, 958
parainfluenza virus, 879, 883, 884
pathogenesis, 21–22
rhinovirus, 1155
RSV, 10, 19–23, 873, 876–877, 879,

881–882, 884
treatment and prevention, 22–24
VZV, 10, 19, 21–23, 464, 468–469

Pneumonitis
CMV, 491–492, 494
HIV, 812
HTLV, 783
measles virus, 914

Pocapavir, for enterovirus, 1132–1133
Podofilox solution, for HPV infections,

657–658
Podophyllin, for HPV infections, 119,

657–658
Podophyllotoxin, for HPV infections, 119
Pogosta fever, 1371
Poliovirus (PV)
cell culture, 1130
classification and taxonomy, 4,

1113–1114
CNS infections, 33–34, 39
epidemiology, 1118–1120
genome, 1115–1116
histopathology, 1122
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historical aspects, 1113
immune response, 331, 1122
isolation, 1130
laboratory diagnosis, 1130–1131
myocarditis, 99
neurologic disease, 1122–1123
paralysis, 1113, 1119, 1123, 1125
pathogenesis, 1120–1122
prevention, 1131–1132
provocation poliomyelitis, 1121
replication, 1116–1118
treatment, 1132–1133
tropism, 1120–1121
vaccine-derived, 1114, 1119, 1131
virion structure, 1114–1115
virology, 1113–1118

Poliovirus vaccine, 1, 41, 351–352, 354,
358, 359–360, 1114, 1119, 1131

Pol proteins
HIV, 798–799, 802
HTLV, 772–773

Polyarteritis nodosa (PAN), 66, 731
Polymerase chain reaction (PCR) assay, 301

amplicon detection, 301
CNS infection diagnosis, 37, 41
controls, 305
extraction of nucleic acids from

specimens, 301
fully integrated automated systems, 303
multiplex, 301–302
novel and emerging infection diagnosis,

305–306
quantitative, 304–305
real-time, 302–303, 305
routine infection diagnosis, 305

Polymyositis, HTLV, 783, 785
Polyomavirus
animal models, 607–608
attachment and entry into cells,

602–603
biology, 602–606
carcinogenesis, 612–613
cell culture, 603, 605
cell transformation, 605
classification and taxonomy, 2, 599–600
clinical manifestations, 300, 613–615
cytopathology, 299–300
epidemiology, 604, 606–607
genome, 599–601
historical aspects, 599
host range, 603
immune response, 609
immunocompromised individual, 600,

604, 606–616
inactivation by chemical and physical

agents, 606
interaction with glial cell cultures, 603,

605
laboratory diagnosis, 615
Merkel cell carcinoma, 607, 612, 614, 616
pathogenesis, 600, 607–613
persistence, 608
PML. See Progressive multifocal

leukoencephalopathy
in pregnancy, 609
prevention, 615
primary infection, 606
proteins, 601–604
reactivation of persistent infection,

608–609
renal and urological disease, 607,

610–612
replication, 603, 608

risk factors, 606–607
serodiagnosis, 615
sites of infection, 600
skin lesions, 323
transmission, 606–607
transplant recipient, 75–76, 87–88,

606–607
treatment, 615–616
urinary excretion, 609
virion structure and composition,

599–601
virology, 599–606

Polyradiculopathy, CMV, 492, 495
Polythiophenes, prion disease, 1439
Porcine respiratory coronavirus, 1247
Porcine rotavirus, 842
PORN. See Progressive outer retinal

necrosis
Porphyria cutanea tarda (PCT), HCV, 131
Postexposure prophylaxis
arenavirus, 1103
filovirus, 997–998
hepatitis viruses, 69
HIV, 819
immunoglobulin preparations, 364
rabies virus, 42, 967, 973–975

Postexposure vaccination, 352
Postherpetic neuralgia, 123–124, 158–159,

420, 470, 473
Postinfection prophylaxis vaccination, 352
Postinfectious encephalitis. See Acute

disseminated encephalomyelitis
Postinfective fatigue syndrome
clinical assessment, 376–378
diagnostic criteria, 373
epidemiology, 373
etiology, 373
genetic predisposition, 376–378
immunologic disturbance, 374–377
infectious, 372, 374, 377
metabolic or neuroendocrine disturbance,
375–377

psychological disturbance, 372, 375, 377
HHV-6, 372, 374, 378
historical perspective, 371–372
laboratory assessment, 376–378
natural history, 373
treatment, 378–379

Postnatal infection, CMV, 489, 493–494
Posttransplant lymphoproliferative disease

(PTLD)
EBV, 75, 83–85, 535–536
HHV-8 in, 86–87
treatment, 84–85

Powassan virus, 1268, 1272, 1280
Poxvirus. See also specific poxviruses
age-related differences, 403
age-specific attack rates, 397
antigen detection, 405
antiviral resistance, 408
barnyard infections, 397
biology, 388–389, 394–395
cell culture, 395, 405
classification and taxonomy, 2, 387–388
clinical diagnosis, 405
clinical manifestations, 388, 401–405
complications, 403–405
distribution and geography, 395
duration of infectiousness, 398
epidemiology, 388, 395–398
genome, 388, 390–393
histology, 405
histopathological changes, 399–400

historical aspects, 387
host range, 388, 394–395
immune response, 326, 400–401
inactivation by physical and chemical

agents, 395
incidence and prevalence, 395–397
incubation period, 398
laboratory diagnosis, 405
nosocomial infections, 398
ocular manifestations, 153, 161
pathogenesis, 398–401
patterns of infection, 395–396
PCR methods, 405
prevention
active immunization, 406–407
outbreak management, 407
passive immunoprophylaxis, 406
quarantine, 406

proteins, 388–394
reinfections, 397
replication, 388–389, 394, 398–399
risk factors and high-risk groups, 397
seasonality, 397
serodiagnosis, 405
skin lesions, 115–116, 119–121, 321
specimens, 405
spread of virus, 398–399
structure, 388–393
subclinical infection rate, 395
transmission, 397–398
treatment
antiviral agents, 407–408
supportive and local care, 407

virology, 387–395
PPI-668. See Ravidasvir
PRA. See Plaque reduction assay
Prednisolone, for parainfluenza virus

infections, 889
Prednisone
for adult T-cell lymphoma, 786
for myocarditis, 107

Preexposure prophylaxis (PrEP)
HIV, 818–819
immunoglobulin preparations, 364
rabies virus, 42, 973

Pregabalin, for herpes zoster, 124
Pregnancy
arenavirus in, 1100
BK virus, 609
CMV in, 125, 488–489, 493–494
Colorado tick fever virus, 846
EBV, 532
filovirus in, 995
HAV, 1178
HBV, 737
HCV, 1322, 1329
hepatitis in, 62, 64–65, 69–70
HEV, 1209, 1216–1217, 1221–1222
HIV, 804, 820
HPV, 655
HSV, 422, 428
HTLV, 786
influenza virus, 1028–1029
Japanese encephalitis virus, 1278
JC virus, 609
measles virus, 915
mumps virus, 936–937
parvovirus B19, 687, 690
polyomavirus, 609
RSV, 888
rubella virus, 1381, 1383–1384,

1388–1389
vaccination, 362
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Pregnancy (continued)
Venezuelan equine encephalitis virus,

1364
VZV, 464, 470, 472
West Nile virus in, 1289
Zika virus in, 1298

Prenylation inhibitor, 1417
PrEP. See Preexposure prophylaxis
Presatovir, 284–285

for pneumonia, 23
Primary effusion lymphoma (PEL)
EBV, 536
KSHV, 549, 559–560

Prion disease, 1425. See also Transmissible
spongiform encephalopathy

animal models, 1426, 1429
pathogenesis, 1430–1431

Prion protein, 40–41
body fluid or tissues detection, 1437
cell culture, 1428
classification of, 1426
composition of, 1426–1427
conformational changes, 1425–1428
host range and tropism, 1428
immunostaining, 1436
incubation period, 1430
infectivity, 1427
neurotoxicity, 1431
replication, 1427–1428
spread, 1430–1431
transmission, 1430
vaccine, 1439
Western blot, 1435–1436

Prion protein agents, taxonomy, 4
Pritelivir
for herpesvirus infections, 229
for HSV infections, 437

PRNP gene, 1426
PRO 140, 172, 175
Probiotics, for gastroenteritis, 54
Prochlorperazine, for dengue virus, 1298
Progressive multifocal leukoencephalopathy

(PML), 88, 599
animal models, 607–608
clinical diagnosis, 612–614
clinical manifestations, 613
epidemiology, 88, 599, 604, 606–607
immune response, 610
laboratory diagnosis, 615
pathogenesis, 609–610
treatment, 615–616
viral persistence, 608
virological features, 610

Progressive outer retinal necrosis (PORN),
154, 159

Proliferative verrucous leukoplakia,
648–649

Prophylactic vaccination, 351–352
Proquad, 353–354
Prospect Hill virus, 1065, 1068
Protease inhibitors (PIs)
cutaneous adverse effects, 134
HCV, 1331–1334
for HIV, 170–171, 192–200
investigational, 200

Proteasome, 335
Protein misfolding cyclic amplification

assay, prion protein, 1437
Protein-only hypothesis, transmissible

spongiform encephalopathy, 1426
Protein pp65, CMV, 481–482
Protein pp71, CMV, 482
Protein pp150, CMV, 482

Proventricular dilatation disease (PDD)
bornavirus, 1396–1399
comparative analysis, 1401–1402

PRRs. See Pattern recognition receptors
Pseudocowpox virus (PCPV)
barnyard infections, 397
classification and taxonomy, 387–388
clinical diagnosis, 405
clinical manifestations, 388, 402–403
epidemiology, 388, 395, 397
host range, 388
laboratory diagnosis, 405
structure, 389

Pseudoephedrine, for common cold, 12
Psittaciform 1 bornavirus, 1396
Psittaciform 2 bornavirus, 1396
Psoriasis, 648
Psychiatric disease, bornaviruses, 1401
Psychological disorder, chronic fatigue

syndrome, 372, 375, 377
PTLD. See Posttransplant

lymphoproliferative disease
Punta Toro virus, 1060
Pure red-cell aplasia, parvovirus B19, 687
Puumala virus, 142, 1066–1068, 1071
PV. See Poliovirus
pX II protein, HTLV, 772–774, 778–779
pX I protein, HTLV, 772–774, 778–779
Pyrogenic cytokines, 332

Q
QS21, 358
Quality assurance and control, diagnostic

virology, 313–314
QuantiFERON-CMV assay, 77–78
Quantitative PCR, 304–305
Quarantine, smallpox, 406

R
RabAvert, 354, 973
Rabbitpox virus, 395
Rabies hysteria, 972
Rabies immune globulin, 364, 973
Rabies virus
animal reservoirs, 967
classification and taxonomy, 3, 967–968
clinical manifestations, 971–972
CNS infections, 33–34, 38–42
differential diagnosis, 972
encephalitis, 967, 970, 971–972
epidemiology, 970–971
historical aspects, 967–968
hydrophobia and aerophobia, 972
immunoassay, 298
incubation period, 971
laboratory diagnosis, 972–973
paralytic, 971–972
pathogenesis, 968–970
pathology, 970
postexposure prophylaxis, 967, 973–975
preexposure prophylaxis, 973
prevention, 973
serodiagnosis, 307, 310
transplant recipient, 968–969
treatment, 967, 973–976
virion composition, 968
virology, 968

Rabies virus vaccine, 41–42, 352, 354, 967,
973–975

Raccoons, rabies virus, 970–971
Racecadotril, for rotavirus infections, 866

Radiculitis, 31
Radiculomyelitis, HSV, 427, 431
Radioimmunoassay (RIA), 298
serodiagnosis, 311

Raltegravir
adverse effects, 189, 190
clinical applications, 170, 191
cutaneous adverse effects, 134
dosing regimen, 170
drug interactions, 189, 190
for HIV infections, 170, 189–191
for HTLV-associated myelopathy, 787
pharmacokinetics, 190
pharmacology, 189
resistance, 189, 191
structure, 189

Ramipril, for myocarditis-related heart
failure, 107

Ramsay Hunt syndrome, 123, 470
Rapamycin, for KSHV, 565
Ravidasvir (PPI-668), 261
Real-time PCR, 302–303, 305
CMV detection, 496

Recombinase polymerase amplification,
303–304

Recombivax HB, 353, 359, 361
REGN222, 285
Regulatory T cells (Tregs), 339–340
Rehydration therapy
for arenavirus infection, 1104
for filovirus infection, 999–1000
for rotavirus-induced diarrhea, 865–866

Renal disease
BK virus, 87–88, 607
clinical manifestations, 614
immune response, 611
laboratory diagnosis, 615
pathogenesis, 610–612
prevention and treatment, 615–616
virological features, 611–612

filovirus, 995
Reovirus
arthropod-borne
biology, 843–844
classification and taxonomy, 841–842
clinical manifestations, 846–847
differential diagnosis, 846–847
distribution and geography, 843–844
ecology, 843–845
epidemiology, 843–845
genome, 841, 843–844
historical aspects, 841
immune response, 845–846
laboratory diagnosis, 846–847
organ and cellular pathology, 845
pathogenesis, 845–846
prevention, 847
proteins, 843–844
treatment, 847–849
virion composition, 843–844
virology, 841–843

taxonomy, 3
Reptiles
alphavirus, 1353
bornavirus, 1396, 1398

RespiGam, 364
Respiratory disease
adenovirus, 575, 580–582, 584–588, 590
antiviral agents for
influenza virus, 271–282
investigational, 283–285
RSV, 273–276, 282, 285

bronchiolitis. See Bronchiolitis
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cell culture, 294
common cold. See Common cold
coronavirus, 1243, 1248–1250,

1252–1257. See also Severe acute
respiratory syndrome coronavirus

croup. See Croup
enterovirus, 1126–1127
etiology, 10
filovirus, 994–995
human bocavirus, 688
metapneumovirus, 873, 875–890
mortality, 9
parainfluenza virus, 873, 875–890
pharyngitis. See Pharyngitis
pneumonia. See Pneumonia
rotavirus, 863
RSV, 873, 875–890
seasonal patterns, 9, 11
tracheobronchitis. See Tracheobronchitis

Respiratory papillomatosis, recurrent
clinical manifestations, 648
epidemiology, 638
HPV, 625, 627, 638–641, 648, 653,

658–659, 663
prevention, 653
risk factors, 639, 641
transmission, 640–641
treatment, 658–659, 663

Respiratory syncytial virus (RSV)
active immunization, 887–888
age-specific infection rates, 875–877
animal viruses, 874–875
antigen detection, 885–886
antiviral drugs, 889–890
asthma and, 884–885
bronchiolitis, 10, 15–18, 873, 876–879,

881–882, 884
cell culture, 292–294, 885–886
classification and taxonomy, 3, 873–874
clinical attack rate, 876–877
clinical diagnosis, 885
clinical manifestations, 300, 881–883
common cold, 10
complications, 884–885
correlates of immune protection, 881
croup, 10, 13
cytopathic effect, 885–886
cytopathology, 300
distribution and geography, 875
in elderly, 882–883
epidemics, 877–878
epidemiology, 875–878
genome, 873–875
histopathology, 878–879
historical aspects, 873
host range, 874–875
immune response, 326, 331, 332,

879–881
immunoassay, 297–298
immunocompromised individual, 876,

878, 884, 889
investigational antiviral drugs for,

283–285
isolation, 885–886
laboratory diagnosis, 885–886
maternal immunization, 888
mortality, 9
myocarditis, 100, 106
nosocomial infections, 878, 886–887
nucleic acid detection, 886
organ specificity, 878
otitis media, 882, 884
palivizumab for, 282, 351, 887

passive immunoprophylaxis, 887
pathogenesis, 878–879
PCR methods, 886
pharyngitis, 10
pneumonia, 10, 19–23, 873, 876–877,

879, 881–882, 884
in pregnancy, 888
prevention, 886–888
proteins, 873–875
reinfection, 876–877
replication, 874, 876, 878
respiratory disease, 873, 875–890
ribavirin for, 275–276, 282, 285
sample collection and handling, 885
seasonality, 9, 11, 877–878
serodiagnosis, 886
stability, 875
transmission, 878
transplant recipient, 884
treatment
severe disease, 889
supportive care, 888–889

virion structure, 873–875
virology, 873–876
virus replication patterns, 878

Respiratory syncytial virus (RSV) immune
globulin, 364, 889

Respiratory syncytial virus (RSV) vaccine,
359, 363, 887–888

Respiratory viruses, in transplant recipient,
75

Reston virus, 981, 984, 989
Retinitis

BK virus, 614
CMV, 153–155, 157–158, 163,

223–227, 492, 494, 503
common viral pathogens, 153–154
VZV, 470

Retinoic acid, for HPV infections, 119
Retinoids, for HPV infections, 657–659
Retrovirus
chronic fatigue syndrome, 372, 374
taxonomy, 2–3

Reverse capture solid-phase IgM assay, 312
Reverse transcribing viruses, taxonomy,

2–3
Reverse transcriptase inhibitors. See

Nonnucleoside reverse transcriptase
inhibitors; Nucleoside/nucleotide
reverse transcriptase inhibitors

Reverse transcription
bornavirus, 1
HBV, 717, 719–720
HIV, 798, 800–802
HTLV, 773–774

Reverse transcription-PCR (RT-PCR),
CMV detection, 496

Rev protein, HIV, 798–799, 802
Rex protein, HTLV, 772–774
Reye’s syndrome, 1027–1028
RG-101, 247
Rhabdomyolysis, influenza virus, 1030
Rhabdovirus
classification and taxonomy, 3,

967–968
clinical manifestations, 971–972
differential diagnosis, 972
epidemiology, 970–971
historical aspects, 967–968
laboratory diagnosis, 972–973
pathogenesis, 968–970
pathology, 970
prevention, 973

treatment, 973–976
virion composition, 968
virology, 968

Rhesus rhadinovirus, 550–551
Rheumatologic syndrome, HIV, 813
Rhinovirus (RV)
acid lability, 1143
antigen detection, 1156
antiviral drugs, 1157–1158
asthma and, 1154–1155
biology, 1146–1150
bronchiolitis, 10, 16, 1155
buoyant density in cesium chloride, 1143
cell culture, 292–293, 1149–1150, 1156
classification, 1143
clinical diagnosis, 1155
clinical manifestations, 1154–1155
common cold, 10–11
complications, 1154–1155
croup, 10, 13
cytopathic effect, 1149
distribution and geography, 1150
duration of infectiousness, 1151
enterovirus reclassification, 1113–1114
epidemiology, 1150–1151
exacerbation of chronic bronchitis,

1154–1155
factors in disease expression, 1152–1153
genome, 1143, 1146
historical aspects, 1143
host range, 1149
immune response, 1153
immunocompromised individual, 1155
inactivation by physical and chemical

agents, 1150
incidence and prevalence of infection,

1150
incubation period, 1151–1152
isolation, 1156
laboratory abnormalities, 1154
laboratory diagnosis, 1156
mouse model of, 1149
neutralization by immunoglobulins, 1145,

1153
nucleic acid detection, 1156
otitis media, 1154
otologic changes, 1154
pathogenesis, 1151–1154
PCR methods, 1156
pharyngitis, 10
phylogenetic groups, 1144
pneumonia, 10, 19–21, 1155
prevention, 1156–1157
proteins, 1146–1147
receptors, 1144
replication, 1146–1149
patterns of, 1152

RV-C viruses, 1144
seasonality, 9, 11, 1150–1151
serodiagnosis, 1156
serotypes, 1143–1144
sinusitis, 1154
taxonomy, 4
tracheobronchitis, 10
transmission, 1151
treatment, 1157–1158
virion composition, 1144–1145
virology, 1143–1146

RIA. See Radioimmunoassay
Ribavirin
for adenovirus infections, 590
adverse effects, 249, 276, 1331
for arenavirus, 1103, 1104–1105
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Ribavirin (continued)
for bornavirus infections, 1403
clinical applications, 249, 275
for Colorado tick fever virus infections,

848
for coronavirus, 1257
for Crimean-Congo hemorrhagic fever,

1080
dosing regimen, 275
drug interactions, 249, 276
for hantavirus infections, 1072–1073
for HCV, 63, 70, 131
for hemorrhagic fever, 147–148
for Hendra virus infections, 960
for hepatitis C, 248–249, 1329, 1331,

1334
for hepatitis E, 1220–1221
for HPV infections, 660
for influenza virus infections, 1042
for measles virus infections, 923–924
mechanism of action, 248–249
for metapneumovirus infections, 890
for Nipah virus infections, 960
for parainfluenza virus infections, 890
pharmacokinetics, 276
pharmacology, 249
for pneumonia, 22–23
for rabies, 974
resistance, 249
for Rift Valley fever, 1075
for RSV infections, 275–276, 282, 285,

889–890
for Sandfly fever virus, 1076
for severe fever with thrombocytopenia

syndrome, 1077
spectrum of activity, 248
structure, 282
teratogenicity, 889
for vaccinia virus, 162
for West Nile virus infections, 1290

Ribonucleoproteins (RNPs), bornavirus,
1396

Ribozyme, HDV, 1409–1410
Rift Valley fever (RVF) virus, 141, 1059,

1060, 1063
clinical manifestations, 146,

1074–1075
diagnosis, 1075
epidemiology, 142–144, 1074
ocular manifestations, 162
pathogenesis, 144–145, 1074
prevention, 1075
taxonomy, 3
treatment, 1075

Rift Valley fever (RVF) virus vaccine, 148,
1075

RIG-I-like receptors, 331
Rilpivirine
adverse effects, 188
clinical applications, 170, 188–189
dosing regimen, 170
drug interactions, 188
fixed-dose combination, 197
for HIV, 170, 185, 188–189
pharmacology, 188
resistance, 188
structure, 185

Rimantadine
adverse effects, 276–277
clinical applications, 273, 277
dosing regimen, 273
drug interactions, 276
effectiveness of, 1039

for influenza, 272–273, 276–277, 1009,
1039, 1041

mechanism of action, 277
pharmacokinetics, 276–277
resistance, 277, 1041
spectrum of activity, 277
structure, 272, 277
susceptibility testing, 295

Rinderpest virus, 903
Rintatolimod, for chronic fatigue syndrome,

378
Rio Bravo virus, 1269, 1281
Rio Mamore virus, 1065
Rio Negro virus, 1348
Rio Segundo virus, 1065
Ritonavir, 245. See also Lopinavir/ritonavir

adverse effects, 200
clinical applications, 170, 200
cutaneous adverse effects, 134
dosing regimen, 170
drug interactions, 200
for HIV, 170, 200
pharmacology, 200
resistance, 200
structure, 200

Rituximab
for EBV-associated disease, 85, 125,

535–536
for KSHV, 126, 565
PML, 604, 607

R-Mix, 294
RNA reverse transcribing viruses,

taxonomy, 2–3
RNA viruses, taxonomy, 3–4
RNPs. See Ribonucleoproteins
Rocio virus, 1269, 1272
Rodents
arenavirus, 1092–1098, 1103–1104
bunyavirus, 1063
hantavirus, 1064–1066
hemorrhagic fever viruses, 142–143
poxvirus, 394–395
tick-borne encephalitis virus,

1285–1286
Roseola infantum. See Exanthem subitum
Ross River virus (RRV), 1347
chronic fatigue syndrome, 372
clinical manifestations, 1348,

1372–1373
distribution and geography, 1348
epidemiology, 1372–1373
host range, 1353
laboratory diagnosis, 1373
pathogenesis, 1354–1355
prevention, 1356, 1374
skin lesions, 1372
transmission, 1348
treatment, 1374
virion structure, 1350
virology, 1372

Rotarix, 55, 354, 863, 865
RotaShield, 363, 863–865
RotaTeq, 55, 354, 863, 865
Rotavac, 865
Rotavirus
age-specific attack rates, 859
antigen detection, 864
biliary atresia and, 864
biology, 857–858
celiac disease and, 864
cell culture, 857–858, 864
classification and taxonomy, 3, 853–854
clinical manifestations, 863–864

complications, 863–864
correlates of disease resolution, 863
correlates of immune protection,

862–863
diabetes and, 864
diagnosis, 306
distribution and geography, 858–860
electron microscopy, 50
epidemic patterns, 859
epidemiology, 858–860
gastroenteritis, 47–55, 853, 860–866
genome, 854–856
global distribution of deaths, 853–854
groups A through E, 853
histopathology, 860–861
historical aspects, 853
host range, 857
immune response, 861–863
immunoassay, 298
immunocompromised individual,

859–860
incidence and prevalence of infection,

858–859
incubation period, 860
intussusception, 863–865
isolation, 864
laboratory diagnosis, 864
neonatal infections, 859
nosocomial infections, 860
nucleic acid detection, 864
pathogenesis, 860–863
PCR methods, 864
prevention
active immunization, 865
passive immunoprophylaxis, 864–865

proteins, 855–857
reinfections, 860
replication, 857–858, 860
respiratory disease, 863
risk factors and high-risk groups,

859–860
seasonality, 859
seizures, 864
serodiagnosis, 864
serotypes, 853–854
subclinical infections, 859
transmission, 860
treatment, 865–866
virion composition, 854–857
virion morphology, 854–855
virology, 853–858

Rotavirus vaccine, 50–51, 55, 354,
359–360, 363, 365, 862–865

Royal Farm virus, 1268
RRV. See Ross River virus
RSSE virus. See Russian spring-summer

encephalitis virus
RSV. See Respiratory syncytial virus
RT-PCR. See Reverse transcription-PCR
Rubella virus
arthralgia, 1386–1387
arthritis, 1386–1387, 1389–1390
biology, 1382
cardiovascular disease, 1387
cell culture, 294, 1382
classification, 1381–1382
clinical manifestations
congenital rubella, 1387–1388
postnatal rubella, 1386–1387

complications, 1386–1387
congenital infection, 163
diabetes and, 1388
differential diagnosis, 1387
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distribution and geography, 1382
encephalitis, 1387, 1390
epidemiology, 1382–1384
Fuchs heterochromic iridocyclitis, 1386
genome, 1382
hearing loss, 1387
histopathology
congenital rubella, 1385
postnatal rubella, 1384–1385

historical aspects, 1381
immune response
congenital rubella, 1385–1386
postnatal rubella, 1385

immunoassay, 298
inactivation by physical and chemical

agents, 1382
incidence and prevalence of infection,

1382–1383
laboratory diagnosis, 1388
myocarditis, 100
neurologic disease, 1387–1388
ocular complications, 1388
ocular manifestations, 153, 157, 163
pathogenesis, 1384–1386
in pregnancy, 1381, 1383–1384,

1388–1389
prevention
active immunization, 1388–1389
passive immunoprophylaxis, 1388

proteins, 1382
replication, 1384
seasonality, 1383
serodiagnosis, 307–308, 312, 1388
skin lesions, 115–116, 130, 1386–1387
subclinical illness, 1386
taxonomy, 4, 1381–1382
thrombocytopenic purpura, 1387, 1389
transmission, 1384
treatment, 1389–1390
virion composition, 1382
virology, 1381–1382

Rubella virus vaccine, 41, 351–352, 354,
1381, 1383–1384, 1388–1389

adverse effects, 1389
contraindications, 1389

Rubeola. See Measles virus
Russian spring-summer encephalitis (RSSE)

virus, 1284–1287
RV. See Rhinovirus
RV1. See Rotarix
RV5. See RotaTeq
RVF virus. See Rift Valley fever virus
RVP assay, 302

S
Saaremaa virus, 1066, 1071
Sabiá virus, 142, 1089–1090, 1095, 1097
Saboya virus, 1269
Saddleback fever, 846
Sagiyama virus, 1349
St. Croix River virus, 842
St. Louis encephalitis virus, 1268
animal models, 1280
arthropod vectors, 1272
biology, 1280
cell culture, 1272
chronic fatigue syndrome, 372
clinical manifestations, 1283
CNS infections, 33–34, 38, 40
diagnosis, 1283–1284
differential diagnosis, 1362
distribution and geography, 1280, 1282

epidemiology, 1280, 1282–1283
host range, 1272
incidence and prevalence of infection,

1280, 1282
pathogenesis, 1274, 1283
prevention, 1284
risk factors, 1283
transmission, 1283
treatment, 1284

Salicylic acid
for HPV infections, 119
for warts, 657

Saliva
CMV detection, 495
testing for viral antibodies, 309

Salivary gland carcinoma, HHV-6, 515
Salmon pancreatic disease virus (SPDV),

1347, 1349
Salmon River tick fever virus, 841
SALT. See Skin-associated lymphoid tissue
Sal Vieja virus, 1269
Samatasvir, 247
Sandfly fever virus, 1059–1060, 1063,

1075–1076
San Perlita virus, 1269
Sapovirus (SaV)

animal models, 1196
antigen detection, 1202
antigenicity, 1190, 1193
biology, 1196
cell culture, 1196
classification and taxonomy, 1189–1193
clinical manifestations, 1199–1201
distribution and geography, 1197
epidemiology, 1196–1198
gastroenteritis, 47–49, 1197–1203
genogroups and genotypes, 1189–1193
genome, 1194–1196
historical aspects, 1189
host range, 1196
immune response, 1199
inactivation by physical and chemical

agents, 1196
incidence and prevalence of infection,

1197
laboratory diagnosis, 1201–1202
nucleic acid detection, 1201–1202
pathogenesis, 1198–1199
prevention, 1202
immunoprophylaxis, 1203
management of outbreaks, 1203

proteins, 1194–1196
replication, 1196
serodiagnosis, 1202
serotypes, 1190, 1193
transmission, 1198
treatment, 1203
virion composition, 1193–1196
virion structure, 1190, 1193–1194
virology, 1189–1196
virus shedding and extra-intestinal

spread, 1199
Sapporo virus, 1190
Saquinavir, 193
SARS-CoV. See Severe acute respiratory

syndrome coronavirus
Satellites, taxonomy, 4
Saumarez Reef virus, 1268
SaV. See Sapovirus
SB 9200, 247
Scavenger receptor class B type 1, 1318,

1334
Schools, HAV, 1177

Scleritis, common viral pathogens,
152–153

Scrapie, 1425–1426, 1428, 1430–1431
Seadornavirus
biology, 843–844
classification and taxonomy, 841–842
clinical manifestations, 846–847
differential diagnosis, 846–847
distribution and geography, 843–844
ecology, 843–845
epidemiology, 843–845
genome, 841, 843–844
historical aspects, 841
immune response, 845–846
laboratory diagnosis, 846–847
organ and cellular pathology, 845
pathogenesis, 845–846
prevention, 847
proteins, 843–844
treatment, 847–849
virion composition, 843–844

Sealpox virus, 388–389
Seizure

enterovirus-related, 1125
HHV-6, 515
HHV-7-related, 515
rotavirus-related, 864

Selective serotonin reuptake inhibitors
(SSRIs), prion disease, 1439

Self proteins, 333
Semliki Forest virus (SFV), 1347–1351,

1353, 1355, 1374
Sendai virus, 332, 874
Seoul virus, 142, 1066, 1068, 1071
Seoul virus vaccine, 1072
Sepik virus, 1269, 1281
Sepsis, enterovirus-related, 1125–1126
Serodiagnosis, 306
antibody response to viral infections,

307–308
complement fixation, 309
detection of viral antibodies, 309
hemagglutination inhibition, 309
IgM antibody determination, 312
immune adherence hemagglutination

assay, 310
immunoblot, 311
immunochromatographic assay,

311–312
immunofluorescence assay, 310
interpretation of test results, 312–313
neutralization assay, 309–310
passive latex agglutination, 311
solid-phase immunoassay, 310–311
specimens, 308–309

Serum, testing for viral antibodies,
308–309

Serum sickness, HBV, 731
SESV. See Southern elephant seal virus
Severe acute respiratory syndrome

coronavirus (SARS-CoV)
animal reservoir, 1245
biology, 1245–1248
cell culture, 1247
classification and taxonomy, 1243–1244
clinical manifestations, 1254–1255
diagnosis, 291, 305
distribution and geography, 1248
experimental animal models, 1247
gastroenteritis, 53
genome, 1245–1246
historical aspects, 1243
host range, 1247
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Severe acute respiratory syndrome
coronavirus (SARS-CoV)
(continued)

immune response, 330, 1253
inactivation by physical and chemical

agents, 1248
incidence and prevalence of infection,

1249
laboratory diagnosis, 1255–1256
nosocomial infections, 1251
pathogenesis, 1252–1253
pneumonia, 20
prevention, 1256–1257
replication, 1252
risk factors, 1252
serodiagnosis, 1256
transmission, 1250–1251
treatment, 1257

Severe acute respiratory syndrome
coronavirus (SARS-CoV) vaccine,
1256–1257

Severe fever with thrombocytopenia
syndrome (SFTS), 141–143,
1059–1060, 1063, 1076–1077

Sewage, workers exposed to, 1178
Sexual transmission
adenovirus, 588
CMV, 489
EBV, 529
HAV, 1177
HBV, 722, 734
HCV, 1322–1323, 1329
HDV, 1414
hepatitis viruses, 62, 64–65
HIV, 131, 804, 818–819
HPV, 117–118, 637–638
HSV, 422
HTLV, 777, 786–787
KSHV, 557, 564
molluscum contagiosum virus, 398

SFTS. See Severe fever with
thrombocytopenia syndrome

SFV. See Semliki Forest virus
Sheep

bornavirus, 1397
tick-borne encephalitis virus, 1285–1286

Shell vial culture, 294
Shingles. See Herpes zoster
Shipping fever, 874
Shokwe virus, 1060
Sicca syndrome, HCV, 1327
Sifuvirtide, 172
Siltuximab, for KSHV, 565
Silver nitrate stick, for HPV infections, 657,

659–660
Simeprevir, 246, 1332–1333
adverse effects, 254
clinical applications, 254
for HCV, 131
pharmacology, 254
resistance, 254
spectrum of activity, 253–254
structure, 251

Simian immunodeficiency virus (SIV), 334,
795–796

Simian rotavirus, 842
Simian T-cell lymphotropic virus,

771–772, 774
Simian virus 5, 874
Simian virus 40 (SV40)
animal models, 607–608
attachment and entry into cells,

602–603

biology, 602–606
carcinogenesis, 612–613
cell culture, 603, 605
cell transformation, 605
classification and taxonomy, 599–600
epidemiology, 606–607
historical aspects, 599
host range, 603
as human agent, 606
immunocompromised individual, 600
interaction with glial cell cultures, 603,

605
pathogenesis, 600, 607
proteins, 601–603
replication, 603, 608
sites of infection, 600
transmission, 606–607
virion structure and composition,

599–601
Sindbis virus (SINV), 1370–1371
classification, 1347
clinical manifestations, 1348, 1371
CNS infections, 39
distribution and geography, 1348
epidemiology, 1371
laboratory diagnosis, 1355, 1371
pathogenesis, 1354–1355
prevention, 1371
replication, 1351, 1353
skin lesions, 1371
subtypes, 1348
transmission, 1348
treatment, 1371
virion composition, 1351

Sinecatechins, for HPV infections,
658, 660

Sin Nombre virus, 3
diagnosis, 305
epidemiology, 142, 1064–1066
pathogenesis, 1067–1068
serodiagnosis, 307

Sinusitis
influenza virus, 1027, 1029
measles virus, 916
rhinovirus, 1154
secondary bacterial, 1155

SINV. See Sindbis virus
Sirolimus, for KSHV, 565
SIV. See Simian immunodeficiency virus
Six Gun City virus, 842, 849
Sixth disease. See Exanthem subitum
Sjögren’s syndrome, HTLV, 783
Skin, barrier immunity, 321, 323
Skin-associated lymphoid tissue (SALT),

116–117
Skin lesions

antiretroviral therapy, 134
B virus, 126–127
clinical manifestations, 115
CMV, 115–116, 125
Colorado tick fever virus, 846
diagnosis
differential, 116
laboratory studies, 115–116

EBV, 115–116, 124–125, 533
enterovirus, 128–129, 1127–1128
filovirus, 992, 995
flavivirus, 1273, 1281, 1291–1298
HCV, 131
HHV-6 and 7, 115–116, 511, 514–515
diagnosis, 126
epidemiology and clinical manifestations,
125–126

treatment, 126
HIV, 117, 811–812, 813
clinical manifestations, 130–134
diagnosis, 134
epidemiology, 131
treatment, 134

HPV, 115–117, 321–323
clinical manifestations, 118
diagnosis, 118–119
epidemiology, 117–118
prevention, 119
treatment, 119

HSV, 115–117, 323, 415, 429–430,
435–436

diagnosis, 121–122
epidemiology and clinical manifestations,
121–122

treatment and prevention, 122
KSHV, 116, 126–127, 558–559
local immunity to viral infections,

116–117
measles virus, 115–116, 129–130
parvovirus B19, 115–116, 127–128,

684, 686–688
pathophysiology, 115
polyomavirus, 323
poxvirus, 115–116, 119–121, 321
rubella virus, 115–116, 130
vesicular stomatitis virus, 972
VZV, 115–116, 464–469
diagnosis, 123
epidemiology and clinical manifestations,
122–123

treatment and prevention, 124
Skunks, rabies virus, 970–971
SLAM, 906
Sleep disturbance, chronic fatigue

syndrome, 375–377
Sleeping disease virus, 1349
Slim disease, 812
Smallpox
bioterrorism, 406
classification and taxonomy, 387
clinical diagnosis, 405
clinical manifestations, 401–403
epidemiology, 395–397
eradication, 406
historical aspects, 387
host range, 394
immune response, 401
laboratory diagnosis, 405
pathogenesis, 398–400
prevention, 406–407
skin lesions, 119–120
transmission, 397–398
treatment, 407–408

Smallpox vaccine, 119, 161–162,
351–352, 354, 360, 362, 406–407

adverse effects, 363
clinical manifestations, 402
complications, 399, 403–405, 407–408

Small round structured viruses (SRSVs),
1189

Small T-antigen, polyomavirus,
601–602

Smooth-muscle tumor, EBV, 536
Smudge cells, adenovirus, 582–583
Snakes, bornavirus, 1396
Snow Mountain virus, 48, 1190
Sofosbuvir, 245–246, 1332–1334

adverse effects, 250
clinical applications, 251
drug interactions, 250
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for HCV, 131
mechanism of action, 249
pharmacology, 250
resistance, 250–251
spectrum of activity, 249
structure, 250

Solid organ transplantation (SOT), 75. See
also Transplant recipient

Solid-phase immunoassay, 298–299
serodiagnosis, 310–311

Somatic hypermutation, antibodies, 342
Somatoform disorder, chronic fatigue

syndrome and, 375
Sosuga virus (SosPV)
animal reservoirs, 950, 955–956
antigen detection, 959
biology, 953
classification and taxonomy, 949
clinical manifestations, 950, 958–959
distribution and geography, 955
epidemiology, 955–956
genome, 949–951
laboratory diagnosis, 959
prevention, 959–960
proteins, 951–953
receptors, 953
transmission, 955–956
treatment, 960
virology, 949–953

SOT. See Solid organ transplantation
Southern elephant seal virus (SESV), 1347,

1349
Sovaprevir, 247, 1333
SPDV. See Salmon pancreatic disease

virus
Specific immunity. See Adaptive immunity
Specimens
diagnostic virology, 291–292
extraction of nucleic acids, 301
serodiagnosis, 308–309

Sperm donation, CMV transmission, 489
Splenic rupture, infectious mononucleosis,

533–534
Spondweni virus, 1269, 1281
Spumavirus, 3
Squamous cell carcinoma, HPV, 118–119,

625, 639–640, 648–649
Squamous cell papilloma, oral, 648
Squamous intraepithelial neoplasia, 625,

648–649
Squaric acid dibutyl ester, for warts, 660
Squirrels, bornavirus, 1396–1397
SRSVs. See Small round structured viruses
ssDNA viruses, taxonomy, 2
SSRIs. See Selective serotonin reuptake

inhibitors
ssRNA viruses, taxonomy, 3–4
Stevens-Johnson syndrome, 1030
STL polyomavirus, 600, 614
Strand displacement amplification, 303
Stratford virus, 1268
Stribild, 197
Strip immunoblot assays, 311
Stroke, varicella-related, 468
Stromal keratitis, HSV, 156
Strongyloidiasis, HTLV, 783, 785
Subacute sclerosing panencephalitis,

916–917
Subviral agents, taxonomy, 4
Super E-Mix, 294
SV40. See Simian virus 40
Swollen head syndrome, 874
Syncytia, HIV, 803, 809

T
T-705, for influenza virus infections, 1042
TAC. See Transient aplastic crisis
Tacaiuma virus, 1060
Tacaribe virus, 1089–1090, 1097
Tacrolimus, for hepatitis E infections, 1220
Tahyna virus, 1060, 1063
Tanapox virus (TANV)
classification and taxonomy, 388
clinical diagnosis, 405
clinical manifestations, 388, 402–403
epidemiology, 388, 395, 397
pathogenesis, 400
structure, 389

TaqMan process, 302
Tat protein, HIV, 798–799, 802
Taunton virus, 48, 1190
Taxonomy of viruses, 1–4
Tax protein, HTLV, 772–774, 778–779
TBE-Moscow, 1287
TBEV. See Tick-borne encephalitis virus
T-cell lymphoma, EBV, 537
T-cell receptor (TCR), 332–333, 336–337
T cells, 325, 332–334

antigen recognition, 336–340
CD4+
antigen recognition, 336–337
cytolytic, 340
differentiation, 337–340
helper, 338
HIV-infected, 802–803, 805–810
immunologic basis of vaccination,
357–358

triggering of, 333–334
CD8+
antigen recognition, 336–337
cytotoxic, 338
HIV-specific, 809–810
immunologic basis of vaccination, 357
triggering of, 333–334

chronic hepatitis B, 725–726
development, 333
EBV, 531–532
effector subsets, 338–340
helper, 338–339
HIV, 810

HTLV. See Human T-cell lymphotropic
virus

negative selection, 333
positive selection, 333
Tfh, 339
Th1, 339
Th2 and Th9, 339
Th17, 339
Tregs, 339–340

TCR. See T-cell receptor
TD-6450, 247
Tecovirimat
for poxvirus infections, 407–408
for vaccinia virus, 162

Tegument, CMV, 481
Telaprevir, 1333
Telbivudine
adverse effects, 240, 243
clinical applications, 243
dosing regimen, 240
for HBV, 242–243, 736, 739–740
mechanism of action, 242
pharmacology, 243
resistance, 243, 739, 742
spectrum of activity, 242
structure, 241

Tembusu virus, 1269

Tenofovir alafenamide
adverse effects, 176, 184
clinical applications, 170, 184
dosing regimen, 240
drug interactions, 176, 184
fixed-dose combination, 197
for HIV, 170, 176, 178, 184
mechanism of action, 184
pharmacokinetics, 176
pharmacology, 184
resistance, 184
structure, 178

Tenofovir disoproxil fumarate
adverse effects, 176, 183, 240
clinical applications, 170, 183–184
dosing regimen, 170, 240
drug interactions, 176, 183
fixed-dose combination, 197
for HBV, 62, 70, 243, 736, 740–741
for HIV, 170, 176, 178, 183–184
postexposure prophylaxis, 819
preexposure prophylaxis, 818–819

mechanism of action, 183
pharmacokinetics, 176
pharmacology, 183
resistance, 183
structure, 178, 241

Tetraparvovirus (PARV4), 679–684, 686,
688–689

T follicular helper cells, 339
TGEV. See Transmissible gastroenteritis

virus
Th1 cells, 339
Th2 cells, 339
Th9 cells, 339
Th17 cells, 339
Therapeutic drug monitoring, CMV

treatment, 504
Thimerosal, 361
Thiosemicarbazone, for poxvirus infections,

407
Thogoto virus, 1009, 1030
Thrombocytopenia
HIV, 813
measles virus, 918

Thrombocytopenic purpura, rubella virus,
1387, 1389

Thymosin-a-1, for HBV, 747
Thyroid disease, HCV, 1327
Tick-borne disease
alphavirus, 1353
arthropod-borne reovirus. See Reovirus
bunyavirus, 1063
CNS infections, 33–34
Colorado tick fever virus. See Colorado

tick fever virus
Crimean-Congo hemorrhagic fever virus,

1077
flavivirus, 1267–1268, 1271–1273, 1281
hemorrhagic fever viruses, 142–143
Kyasanur Forest disease virus, 1302
Omsk hemorrhagic fever virus, 1302
prevention of tick bites, 847
severe fever with thrombocytopenia

syndrome, 1076
Tick-borne encephalitis virus (TBEV),

1268, 1275, 1284–1287
Tick-borne encephalitis virus vaccine, 1287
Tioman virus (TioPV), 949, 956
Tipranavir
adverse effects, 194, 197
clinical applications, 170, 198
cutaneous adverse effects, 134
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Tipranavir (continued)
dosing regimen, 170
drug interactions, 194, 197–198
for HIV, 170, 194, 196–198
pharmacokinetics, 194
pharmacology, 197
resistance, 198
structure, 196

Tissue-specific self-antigens (TSAs), 333
TLRs. See Toll-like receptor
TMC647055, 247
Togavirus, taxonomy, 4
Toll-like receptors (TLRs), 329–330, 355,

359
Tonate virus, 1348, 1355
Tonsillitis, adenovirus, 585–588
Topotecan, for PML, 615
Toronto agent, 48
Torovirus, 48, 53, 1244–1245
Torque teno virus (TTV)
classification and taxonomy, 2, 701–702
clinical manifestations, 706–707
epidemiology
distribution and geography, 705
transmission, 705–706

historical aspects, 701
laboratory diagnosis, 707
pathogenesis
disease associations, 706–707
immune response, 706
pathology, 706

prevention, 707
treatment, 707
virology
composition, 703–705
discovery, 701
genetic variability, 702–703
replication, 705

Toscana virus, 1060
Tospovirus, 1059
Towne vaccine, 498
Toxic shock syndrome, influenza virus,

1030
Tracheitis, 13, 18
Tracheobronchitis
clinical features and syndrome definition,

18
etiology, 10, 18
measles virus, 914, 916
treatment and prevention, 18

Transient aplastic crisis (TAC), parvovirus
B19, 683–687, 690

Transmissible gastroenteritis virus (TGEV),
1243, 1247

Transmissible spongiform encephalopathy
(TSE)

animal models, 1426
antigen detection, 1436
brain MRI, 1435–1436
cerebrospinal fluid analysis, 1434–1435
clinical manifestations, 1426,

1431–1434
CNS infections, 39–42
complications, 1434
diagnosis, 1434–1436
differential diagnosis, 1437
EEG, 1434
epidemiology, 1428–1430
genetic testing, 1436
historical aspects, 1425–1426
passive immunoprophylaxis, 1439
pathogenesis, 1430–1431
prevention, 1437–1439

prion biology, 1427–1431
protein-only hypothesis, 1426
specimen collection and handling, 1439
treatment, 1439

Transplant recipient
adenovirus, 76, 575, 583, 587–588, 590
BK virus, 75, 87–88, 607, 610–612,

614–616
CMV, 491–494
cellular immunotherapy, 82
clinical manifestations, 78
drug resistance, 81–82
epidemiology, 75–76
immune monitoring, 77–78
pathogenesis, 76–77
prevention and treatment, 78–82,
498–503

primary infection transmission, 489
risk factors, 76
seronegative recipient, 78
vaccination, 82

coronavirus, 1254
EBV, 75–76
cellular immunotherapy, 85
clinical manifestations, 84
epidemiology, 82–83
humoral immunotherapy, 85
immune monitoring, 84
pathogenesis, 82–83
posttransplant lymphoproliferative
disorder, 535–536

risk factors, 83–84
treatment, 84–85

HBV, 722
HCV, 1327–1328
hepatitis in, 71, 75–76
HEV, 1216, 1220–1221
HHV-6, 75–76, 85–86, 515
HHV-7, 85–86, 515
HPV, 638–640
HSV, 76, 87, 430
HTLV, 777–778
infection onset in, 75–76
influenza virus, 1027, 1029, 1034
JC virus, 88
KSHV, 75–76, 86–87, 558, 564
parainfluenza virus, 884
PML in. See Progressive multifocal

leukoencephalopathy
polyomavirus, 75–76, 87–88, 606–607
rabies virus, 968–969
respiratory viruses in, 75
RSV, 884
VZV, 76, 87, 464, 468

Transport, specimens, 291–292
Transverse myelitis
influenza virus, 1030
VZV, 468, 470

Travel-related illness
gastroenteritis, 52, 54
HAV, 1177, 1182–1183
hepatitis, 63, 67
HEV, 1209, 1212
yellow fever virus, 1301

Tregs. See Regulatory T cells
Tretinoin cream, for HPV infections,

657–659
Tribec virus, 849
Trichloroacetic acid
for genital warts, 657–658
for HPV infections, 119

Trichodysplasia spinulosa virus, 599–600,
606, 608, 612, 614, 616

Tricyclic phenothiazine compounds, prion
disease, 1439

Trifluorothymidine, for HSV infections, 157
Trifluridine, 215

adverse effects, 219, 223
clinical applications, 217, 223
dosing regimen, 217
drug interactions, 219, 223
for herpesvirus infections, 216–219, 223
for HSV infections, 217, 223
mechanism of action, 223
pharmacokinetics, 219, 223
resistance, 223
spectrum of activity, 223
structure, 216
for vaccinia virus, 407
for VZV infections, 223

Trigeminal neuralgia, postherpetic, 420
Triumeq, 197
Trocara virus, 1348
Trugene HIV-1, 296
TSAs. See Tissue-specific self-antigens
TSE. See Transmissible spongiform

encephalopathy
TTMDV. See TTV-like midivirus
TTMV. See TTV-like minivirus
TTV. See Torque teno virus
TTV-like midivirus (TTMDV), 701–707
TTV-like minivirus (TTMV), 701–707
Tuberculosis

HIV and, 813
measles virus and, 918

Turkey rhinotracheitis virus, 874
Tusavirus (TuV), 679–683, 686, 688–689
Twinrix, 353, 359, 1181–1183
Type 1 diabetes mellitus, enterovirus and,

1129–1130
Tyuleniy virus, 1268
Tzanck smear, 116, 121–122, 299, 471

U
Uganda S virus, 1269
Una virus (UNAV), 1348, 1353, 1374
Urethritis, adenovirus, 587
Urinary tract disease, BK virus, 87–88, 607

clinical manifestations, 614
immune response, 611
laboratory diagnosis, 615
pathogenesis, 610–612
prevention and treatment, 615–616
virological features, 611–612

Urine
CMV detection, 495
testing for viral antibodies, 309

Usutu virus, 1268, 1281
Uveitis
common viral pathogens, 153–154
HTLV, 162, 782–783, 785
immune-recovery, 155

V
V-787, for influenza pneumonia, 1042
Vaccine
active immunization, 351
adenovirus, 353, 360, 575, 589–590
adjuvants, 358–359
adverse effects
allergic reactions, 363
expected, 362–363
rare or idiosyncratic events, 363–364
reporting events, 364
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antigen targets, 359
Argentine hemorrhagic fever, 148
booster dose, 360
bornavirus, 1403
B virus, 454
calicivirus, 1203
clinical management of, 361–364
CMV, 82, 498–500
Colorado tick fever virus, 847
common cold, 1156–1157
contraindications, 362
coronavirus, 1256–1257
coxsackievirus, 1132
Crimean-Congo hemorrhagic fever, 1079
delivery, 359–360
dengue virus, 148, 365, 1297
denialism, 1
development, 365
eastern equine encephalitis virus, 1360
Ebola virus, 148, 996–998
EBV, 538–540
emerging diseases, 365
enterovirus, 108, 129
formulation, 358–359
future directions, 365
goals
disease eradication, 352–354
disease prevention, 351–352

Hantaan virus, 1072
HAV, 62, 69, 351–352, 353, 361,

1176–1177, 1181–1183
HBV, 61–62, 69–70, 351–353, 359–361,

365, 713, 722, 734–735, 1416
HCV, 1329
HDV, 1416
herd immunity, 352
herpes zoster, 354
HEV, 361, 365, 1221–1222
HIV, 343, 352, 820–821
HPV, 119, 351–352, 353, 359, 361,

625–626, 653–655, 661
HSV, 122, 432
live-attenuated, 433–434
subunit, 433

HTLV, 787–788
immunocompromised individual, 362
immunologic basis
adaptive immunity, 354–358
antibodies, 356–357
antigen presentation, 355–356
immune modulation, 356
innate immunity, 354–356
mucosal immunity, 358
pathogen recognition, 355
T cells, 357–358

influenza virus, 18, 108, 353, 357,
359–361, 362, 363–364, 1009

inactivated vaccines, 1033–1037
live attenuated, 1035, 1037–1038
novel and universal, 1038–1039

Japanese encephalitis virus, 353, 1278
KSHV, 564
Lassa virus, 1103
licensed for use in United States,

353–354, 360–361
live virus, 353–354, 360–361
Marburg virus, 996–998
measles virus, 1, 41, 129, 351–352, 353,

359, 362, 907–910, 914–915,
919–923

metapneumovirus, 888
Middle East respiratory syndrome

coronavirus, 1257

MMR, 130, 353–354, 360, 362
MMRV, 130, 473
mumps virus, 18, 32, 41, 108, 351–352,

354, 932–933, 938–939
nonreplicating virus, 353–354, 361
norovirus, 55, 1203
Omsk virus, 148
parainfluenza virus, 359, 887–888
parvovirus, 690
passive immunization, 351, 364–365
poliovirus, 1, 41, 351–352, 354, 358,

359–360, 1114, 1119, 1131
postexposure, 352
postinfection prophylaxis, 352
prion proteins, 1439
prophylactic, 351–352
rabies virus, 41–42, 352, 354, 967,

973–975
regulation, 361
Rift Valley fever, 1075
Rift Valley fever virus, 148
rotavirus, 50–51, 55, 354, 359–360, 363,

365, 862–865
routes of administration, 353–354
RSV, 359, 363, 887–888
rubella virus, 41, 351–352, 354, 1381,

1383–1384, 1388–1389
SARS coronavirus, 1256–1257
schedule of immunization, 360–362
Seoul virus, 1072
smallpox, 119, 161–162, 351–352, 354,

360, 362, 406–407
adverse effects, 363
clinical manifestations, 402
complications, 399, 403–405, 407–408

substrates and additives in manufacture,
361

tick-borne encephalitis virus, 1287
Venezuelan equine encephalitis virus,

1366
vesicular stomatitis virus, 359
VZV, 122, 124, 351–352, 354, 362, 365,

459–460, 463, 466, 471, 472–473
West Nile virus, 1290–1291
yellow fever virus, 148, 354, 364, 1301

Vaccine Adverse Event Reporting System
(VAERS), 364

Vaccine-derived PV (VDPV), 1114, 1119,
1131

Vaccine Information Statement (VIS), 363
Vaccine Injury Compensation Program

(VICP), 363
Vaccinia gangrenosum, 403–404, 406
Vaccinia immunoglobulin, 406–408
Vaccinia virus (VACV). See also Smallpox

vaccine
classification and taxonomy, 2, 387–388
clinical diagnosis, 405
clinical manifestations, 388, 402–405
CNS infections, 32
epidemiology, 388, 395–397
genome, 388, 390–393
historical aspects, 387
host range, 388, 394–395
immune response, 331, 401
inactivation by physical and chemical

agents, 395
laboratory diagnosis, 405
ocular manifestations, 153, 161–162
pathogenesis, 399–400
replication, 388–389, 394
skin lesions, 119–120
structure, 388–389

transmission, 398
treatment, 407–408

Vaccinia virus (VACV) immune globulin,
162, 364, 406–408

VACV. See Vaccinia virus
VAERS. See Vaccine Adverse Event

Reporting System
Vaginal intraepithelial neoplasia, 648
Vaginal microbicide, for HIV prevention,

818–819
Valacyclovir, 220
adverse effects, 219, 221
for B virus infections, 454
clinical applications, 217, 221
for CMV, 78, 221, 499–503
dosing regimen, 217
drug interactions, 219, 221
for herpesvirus infections, 216–221
for HSV infections, 122, 157, 217, 221,

435–436
mechanism of action, 221
pharmacokinetics, 219, 221
for pneumonia, 23
resistance, 221
structure, 216
toxicity, 437
for VZV infections, 124, 159, 221,

474–475
Valganciclovir
for adenovirus infections, 590
adverse effects, 219, 226
clinical applications, 218, 226
for CMV, 78–80, 125, 158, 218, 221,

225–226, 499, 503–504
dosing regimen, 218
drug interactions, 219, 226
for herpesvirus infections, 216–219,

225–226
for HHV-8, 87, 126
for KSHV, 565
pharmacokinetics, 219, 226
for pneumonia, 23
resistance to, 81–82, 226
spectrum of activity, 225
structure, 216

Valomaciclovir, for herpesvirus infections,
229

Vaniprevir, 1333
Vapendavir, 284–285
for common colds, 1158
for myocarditis, 108

Vaqta, 1181–1183
VAQTA, 353
Variably protease-sensitive prionopathy,

1431–1433
Variant Creutzfeldt-Jakob disease (vCJD),

39–42
Varicella
active immunization against, 472–473
breakthrough, 472–473
clinical diagnosis, 467–468
clinical manifestations, 467–468
complications, 468–469
congenital syndrome, 470, 472
diagnosis, 123
epidemiology and clinical manifestations,

122–123
historical aspects, 459
incidence and prevalence, 463
laboratory diagnosis, 471
mortality from, 464
nosocomial, 463–464
passive immunization against, 471–472
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Varicella (continued)
pathogenesis, 465–466
prevention, 471–475
second attack, 463, 467
subclinical, 463
transmission, 464–465
treatment, 474–475
treatment and prevention, 124

Varicella-zoster immune globulin (VZIG),
42, 364–365, 471–472

Varicella-zoster virus (VZV), 2
active immunization against, 472–473
acyclovir for, 87, 124, 159, 215, 217, 220,

472, 474–475
antiviral agents for. See Antiherpesvirus

agents
antiviral resistance, 475
antiviral susceptibility testing, 295–296
biology, 461–463
brivudine for, 222–223
cell culture, 292–294, 471
cell-to-cell spread, 461–463
chronic fatigue syndrome, 372
classification and taxonomy, 459–460
clinical manifestations, 300, 467–470
CNS complications, 468, 470
CNS infections, 32, 36, 38, 42
congenital infection, 163
cytopathology, 299–300
diagnosis, 116, 291
distribution and geography, 463
drug prophylaxis, 474–475
encephalitis, 468, 470
entry into host cells, 461–462
epidemiology, 463–465
famciclovir for, 124, 159, 221–222,

474–475
foscarnet for, 87, 218, 226–227, 474–475
ganciclovir for, 223–225
genome, 460
granulomatous angiitis, 470
hepatitis, 70
historical aspects, 459
HIV-VZV coinfection, 132, 468–470,

472–473
immune response, 466–467
immunoassay, 297–298
immunocompromised individual,

463–464, 467–475
incidence and prevalence of infection,

463–464
incubation period, 465–466
laboratory diagnosis, 471
latency, 462–464, 466–467
meningitis, 468–469
mortality from, 464
myocarditis, 100
neonatal infections, 463, 467, 472
neurovirulence, 972
nosocomial infection, 463–464
ocular manifestations, 153–155,

157–159, 163
pathogenesis, 465–467
PCR methods, 471
penciclovir for, 221–222
pneumonia, 10, 19, 21–23, 464, 468–469
in pregnancy, 464, 470, 472
prevention, 471–475
proteins, 460–461
reactivation. See Herpes zoster
replication, 460, 465–466
retinitis, 470
seasonality, 9, 463

serodiagnosis, 307–308, 312, 471
skin lesions, 115–116, 464–469
diagnosis, 123
epidemiology and clinical manifestations,
122–123

treatment and prevention, 124
transmission, 464–465
transplant recipient, 76, 87, 464, 468
transverse myelitis, 468, 470
treatment, 474–475
trifluridine for, 223
valacyclovir for, 124, 159, 221, 474–475
virion composition, 460–461
virology, 459–463

Varicella-zoster virus (VZV) vaccine, 122,
124, 351–352, 354, 362, 365, 459–
460, 463, 466, 471, 472–473

Variegated squirrel bornavirus 1 (VSBV-1),
1396–1400, 1403

Variolation, 321, 351, 406
Variola virus (VARV). See also Smallpox
classification and taxonomy, 2, 387–388
clinical diagnosis, 405
clinical manifestations, 388, 401–403
epidemiology, 388, 395–397
genome, 388
historical aspects, 387
host range, 388, 394
immune response, 401
laboratory diagnosis, 405
pathogenesis, 398–400
prevention, 406–407
skin lesions, 119–120
structure, 389
transmission, 397–398
treatment, 407–408

Varivax, 124, 354
VariZIG, 471–472
VARV. See Variola virus
Vasculitis, Nipah virus, 957–958, 960
Vasopressin, for myocarditis-related heart

failure, 107
Vasopressors, for myocarditis-related heart

failure, 107
vCJD. See Variant Creutzfeldt-Jakob disease
vCyclin, KSHV, 561
VDPV. See Vaccine-derived PV
Vedroprevir, 256, 1333
VEEV. See Venezuelan equine encephalitis

virus
Velpatasvir, 246, 252, 260–261, 1333
Venezuelan equine encephalitis virus

(VEEV), 33–34, 1347
age-specific attack rates, 1363
cell culture, 1353–1354
classification, 1347, 1362–1363
clinical manifestations, 1348,

1364–1366
complications, 1366
cytopathic effect, 1353–1354
differential diagnosis, 1366
distribution and geography, 1348, 1363
epidemic patterns, 1364–1365
epidemiology, 1363–1365
genotypes, 1347–1349
host range, 1353, 1363
incidence and prevalence of infection,

1363–1364
laboratory abnormalities, 1366
laboratory diagnosis, 1355, 1366
outcomes, 1366
pathogenesis, 1354
pathology, 1364

in pregnancy, 1364
prevention, 1366
replication, 1353
risk factors, 1364
seasonality, 1364
subtypes, 1348
taxonomy, 1350
transmission, 1348, 1364
treatment, 1367
virion composition, 1351, 1363
virology, 1362–1363

Venezuelan equine encephalitis virus
(VEEV) vaccine, 1366

Ventriculography, myocarditis, 103
Verdinexor, 283
Veregen, for HPV infections, 658, 660
Verruca plana, 118, 646
Verruca vulgaris, 118, 646
Verrucous carcinoma, 648
Vesicular stomatitis virus, 3, 967–968,

970–971
immune response, 331
skin lesions, 972

Vesicular stomatitis virus vaccine, 359
Vesiculovirus, 967–968, 970–973, 976
vFLIP, KSHV, 561–562
VICP. See Vaccine Injury Compensation

Program
Vidarabine, 215

for HSV infections, 437
Vif protein, HIV, 799–800, 802
Vinblastine, for Kaposi’s sarcoma, 564
Viral transport medium (VTM), 292
Virome, HIV alterations in, 324
ViroSeq HIV-1, 296
Virosomes, 360
VIS. See Vaccine Information Statement
VIS410, 285
Vitamin A, for measles virus infections, 923
Vitamin C, for common cold, 1157
Vitamin K
for arenavirus infection, 1104
for filovirus infection, 1000

Vitreous humor, testing for viral antibodies,
309

Vpr protein, HIV, 799–800, 802
Vpu protein, HIV, 799–800, 802
Vpx protein, HIV, 799–800
VRC01, 175
VSBV-1. See Variegated squirrel

bornavirus 1
VTM. See Viral transport medium
Vulvar intraepithelial neoplasia, 648
VX-135, 247
VZIG. See Varicella-zoster immune

globulin
VZV. See Varicella-zoster virus

W
Warts
HPV
clinical manifestations, 646
histology, 643–644
incidence and prevalence, 637
prevention, 651, 653
risk factors, 638
spontaneous regression, 644
transmission, 640–641
treatment, 657–663

immune system defects, 323
Wasting syndrome, HIV, 812–813
Waterbird 1 bornavirus, 1396
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Waterborne hepatitis, 62–64
WEEV. See Western equine encephalitis

virus
Wesselsbron virus, 1269, 1281
Western blot, 311
prion protein, 1435–1436

Western equine encephalitis virus
(WEEV)

classification, 1347, 1360
clinical manifestations, 1348,

1361–1362
CNS infections, 33–34, 40
complications, 1362
differential diagnosis, 1362
distribution and geography, 1348, 1360
epidemic patterns, 1361
epidemiology, 1360–1361
genotypes, 1347–1349
host range, 1353, 1360
incidence and prevalence of infection,

1360–1361
incubation period, 1361
laboratory abnormalities, 1362
laboratory diagnosis, 1355, 1362
outcomes, 1362
pathogenesis, 1354
pathology, 1361
prevention, 1356, 1362
risk factors, 1361
subtypes, 1348
taxonomy, 4, 1350
transmission, 1348, 1361
treatment, 1362
virion composition, 1360
virology, 1360

West Nile fever, 1289
West Nile virus (WNV), 1267–1268
arthropod vectors, 1272
biology, 1287–1288
cell culture, 1272
chronic fatigue syndrome, 372
clinical manifestations, 1289–1290
CNS infections, 31, 33–34, 38
diagnosis, 1290
distribution and geography, 1288
epidemiology, 1288–1289
host range, 1272
immune response, 343, 1274
incidence and prevalence of infection,

1288–1289
pathogenesis, 1273–1274, 1289
in pregnancy, 1289
prevention, 1290–1291
risk factors, 1289
serodiagnosis, 307, 310, 312
transmission, 1273, 1289
treatment, 1290

West Nile virus (WNV) vaccine,
1290–1291

Whataroa virus, 1348
Whitewater Arroyo virus, 141, 1089–1090,

1097
Whitlow, herpetic, 121–122, 430, 436
Whooping cranes, eastern equine

encephalitis virus, 1357
WNV. See West Nile virus
Woodchuck HBV, 722
WU virus, 599–600, 606, 614

X
Xenotransplantation, 4
Xenotropic murine leukemia virus-related

virus (XMRV), 374
Xingu virus, 1060
X-linked lymphoproliferative syndrome

(XLP), EBV, 534–535
XMRV. See Xenotropic murine leukemia

virus-related virus
Xylometazoline, for common cold, 1157

Y
Yaba monkey tumor virus (YMTV)

classification and taxonomy, 2, 388
clinical diagnosis, 405
clinical manifestations, 388, 403
epidemiology, 388, 397
host range, 388
pathogenesis, 400
structure, 389

Yaounde virus, 1268
Yellow fever virus (YFV), 141, 849, 1267,

1269
arthropod vectors, 1272
barrier immunity, 323
biology, 1298–1299
cell culture, 1272
chronic fatigue syndrome, 372
clinical manifestations, 145–146, 1300
diagnosis, 1300–1301
distribution and geography, 1299
epidemiology, 142–143, 1299
hepatitis, 1299–1300
host range, 1272–1273
immune response, 1300
incidence of infection, 1299
pathogenesis, 144, 1273–1274,

1299–1300
prevention, 1300–1301
serodiagnosis, 307
taxonomy, 4
transmission, 1299
travelers, 1301

treatment, 1302
virus-specific factors in virulence, 1275

Yellow fever virus (YFV) vaccine, 148,
354, 364, 1301

YFV. See Yellow fever virus
YF-Vax, 354
YMTV. See Yaba monkey tumor virus
Yokose virus, 1269
Yunnan orbivirus, 842

Z
Zanamivir
adverse effects, 276, 278
clinical applications, 275, 278–279
dosing regimen, 274
drug interactions, 276, 278
effectiveness of, 1039
for influenza, 272, 274–279, 1039,

1041
mechanism of action, 278
pharmacokinetics, 276, 278
for pneumonia, 22–23
resistance, 278, 1041
spectrum of activity, 278
structure, 272, 277–278
susceptibility testing, 295–296

Zidovudine (AZT), 795
for adult T-cell lymphoma, 786
adverse effects, 176, 179
clinical applications, 170, 179–180
dosing regimen, 170
drug interactions, 176, 179
for HIV, 169–170, 175–176, 178–180,

822
perinatal administration, 820

for HTLV-associated myelopathy, 787
for KSHV, 565
mechanism of action, 178
pharmacokinetics, 176
pharmacology, 178–179
resistance, 179
structure, 178

Zika virus, 1269, 1298
Zinc
for common cold, 12, 1157
for gastroenteritis, 54
for rotavirus infections, 866

ZMapp, for filovirus infection, 1000
Zoonosis
hepatitis, 63
influenza virus. See Influenza virus
paramyxovirus, 949–953, 956
poxvirus, 387

Zostavax, 124, 354, 473
Zoster. See Herpes zoster
Zoster sine herpete, 469
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Dedication:

To Freeeeeedom!







Renegade:

Adjective

‘Having rejected tradition: Unconventional.’

Merriam-Webster Dictionary



Acquiescence to tyranny is the death of the spirit

You may be 38 years old, as I happen to be. And one day,

some great opportunity stands before you and calls you to

stand up for some great principle, some great issue, some

great cause. And you refuse to do it because you are afraid

… You refuse to do it because you want to live longer …

You’re afraid that you will lose your job, or you are afraid

that you will be criticised or that you will lose your

popularity, or you’re afraid that somebody will stab you, or

shoot at you or bomb your house; so you refuse to take the

stand.

Well, you may go on and live until you are 90, but you’re just

as dead at 38 as you would be at 90. And the cessation of

breathing in your life is but the belated announcement of an

earlier death of the spirit.

Martin Luther King



How the few control the many and always have – the many do
whatever they’re told

‘Forward, the Light Brigade!’

Was there a man dismayed?

Not though the soldier knew

Someone had blundered.

Theirs not to make reply,

Theirs not to reason why,

Theirs but to do and die.

Into the valley of Death

Rode the six hundred.

Cannon to right of them,

Cannon to le� of them,

Cannon in front of them

Volleyed and thundered;

Stormed at with shot and shell,

Boldly they rode and well,

Into the jaws of Death,

Into the mouth of hell

Rode the six hundred

Alfred Lord Tennyson (1809-1892)



 

The mist is li�ing slowly

I can see the way ahead

And I’ve le� behind the empty streets

That once inspired my life

And the strength of the emotion

Is like thunder in the air

’Cos the promise that we made each other

Haunts me to the end

The secret of your beauty

And the mystery of your soul

I’ve been searching for in everyone I meet

And the times I’ve been mistaken

It’s impossible to say

And the grass is growing

Underneath our feet

The words that I remember

From my childhood still are true

That there’s none so blind

As those who will not see

And to those who lack the courage

And say it’s dangerous to try

Well they just don’t know

That love eternal will not be denied

I know you’re out there somewhere

Somewhere, somewhere

I know you’re out there somewhere



Somewhere you can hear my voice

I know I’ll find you somehow

Somehow, somehow

I know I’ll find you somehow

And somehow I’ll return again to you

The Moody Blues



Are you a gutless wonder - or a Renegade Mind?

Monuments put from pen to paper,

Turns me into a gutless wonder,

And if you tolerate this,

Then your children will be next.

Gravity keeps my head down,

Or is it maybe shame ...

Manic Street Preachers

 

Rise like lions a�er slumber

In unvanquishable number.

Shake your chains to earth like dew

Which in sleep have fallen on you.

Ye are many – they are few.

Percy Shelley
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CHAPTER ONE

I’m thinking’ – Oh, but are you?

Think for yourself and let others enjoy the privilege of doing so too

Voltaire

rench-born philosopher, mathematician and scientist René

Descartes became famous for his statement in Latin in the 17th

century which translates into English as: ‘I think, therefore I am.’

On the face of it that is true. Thought reflects perception and

perception leads to both behaviour and self-identity. In that sense

‘we’ are what we think. But who or what is doing the thinking and is

thinking the only route to perception? Clearly, as we shall see, ‘we’

are not always the source of ‘our’ perception, indeed with regard to

humanity as a whole this is rarely the case; and thinking is far from

the only means of perception. Thought is the village idiot compared

with other expressions of consciousness that we all have the

potential to access and tap into. This has to be true when we are

those other expressions of consciousness which are infinite in nature.

We have forgo�en this, or, more to the point, been manipulated to

forget.

These are not just the esoteric musings of the navel. The whole

foundation of human control and oppression is control of

perception. Once perception is hĳacked then so is behaviour which

is dictated by perception. Collective perception becomes collective

behaviour and collective behaviour is what we call human society.

Perception is all and those behind human control know that which is



why perception is the target 24/7 of the psychopathic manipulators

that I call the Global Cult. They know that if they dictate perception

they will dictate behaviour and collectively dictate the nature of

human society. They are further aware that perception is formed

from information received and if they control the circulation of

information they will to a vast extent direct human behaviour.

Censorship of information and opinion has become globally Nazi-

like in recent years and never more blatantly than since the illusory

‘virus pandemic’ was triggered out of China in 2019 and across the

world in 2020. Why have billions submi�ed to house arrest and

accepted fascistic societies in a way they would have never believed

possible? Those controlling the information spewing from

government, mainstream media and Silicon Valley (all controlled by

the same Global Cult networks) told them they were in danger from

a ‘deadly virus’ and only by submi�ing to house arrest and

conceding their most basic of freedoms could they and their families

be protected. This monumental and provable lie became the

perception of the billions and therefore the behaviour of the billions. In

those few words you have the whole structure and modus operandi

of human control. Fear is a perception – False Emotion Appearing

Real – and fear is the currency of control. In short … get them by the

balls (or give them the impression that you have) and their hearts

and minds will follow. Nothing grips the dangly bits and freezes the

rear-end more comprehensively than fear.

World number 1

There are two ‘worlds’ in what appears to be one ‘world’ and the

prime difference between them is knowledge. First we have the mass

of human society in which the population is maintained in coldly-

calculated ignorance through control of information and the

‘education’ (indoctrination) system. That’s all you really need to

control to enslave billions in a perceptual delusion in which what are

perceived to be their thoughts and opinions are ever-repeated

mantras that the system has been downloading all their lives

through ‘education’, media, science, medicine, politics and academia



in which the personnel and advocates are themselves

overwhelmingly the perceptual products of the same repetition.

Teachers and academics in general are processed by the same

programming machine as everyone else, but unlike the great

majority they never leave the ‘education’ program. It gripped them

as students and continues to grip them as programmers of

subsequent generations of students. The programmed become the

programmers – the programmed programmers. The same can

largely be said for scientists, doctors and politicians and not least

because as the American writer Upton Sinclair said: ‘It is difficult to

get a man to understand something when his salary depends upon

his not understanding it.’ If your career and income depend on

thinking the way the system demands then you will – bar a few free-

minded exceptions – concede your mind to the Perceptual

Mainframe that I call the Postage Stamp Consensus. This is a tiny

band of perceived knowledge and possibility ‘taught’ (downloaded)

in the schools and universities, pounded out by the mainstream

media and on which all government policy is founded. Try thinking,

and especially speaking and acting, outside of the ‘box’ of consensus

and see what that does for your career in the Mainstream Everything

which bullies, harasses, intimidates and ridicules the population into

compliance. Here we have the simple structure which enslaves most

of humanity in a perceptual prison cell for an entire lifetime and I’ll

go deeper into this process shortly. Most of what humanity is taught

as fact is nothing more than programmed belief. American science

fiction author Frank Herbert was right when he said: ‘Belief can be

manipulated. Only knowledge is dangerous.’ In the ‘Covid’ age

belief is promoted and knowledge is censored. It was always so, but

never to the extreme of today.

World number 2

A ‘number 2’ is slang for ‘doing a poo’ and how appropriate that is

when this other ‘world’ is doing just that on humanity every minute

of every day. World number 2 is a global network of secret societies

and semi-secret groups dictating the direction of society via



governments, corporations and authorities of every kind. I have

spent more than 30 years uncovering and exposing this network that

I call the Global Cult and knowing its agenda is what has made my

books so accurate in predicting current and past events. Secret

societies are secret for a reason. They want to keep their hoarded

knowledge to themselves and their chosen initiates and to hide it

from the population which they seek through ignorance to control

and subdue. The whole foundation of the division between World 1

and World 2 is knowledge. What number 1 knows number 2 must not.

Knowledge they have worked so hard to keep secret includes (a) the

agenda to enslave humanity in a centrally-controlled global

dictatorship, and (b) the nature of reality and life itself. The la�er (b)

must be suppressed to allow the former (a) to prevail as I shall be

explaining. The way the Cult manipulates and interacts with the

population can be likened to a spider’s web. The ‘spider’ sits at the

centre in the shadows and imposes its will through the web with

each strand represented in World number 2 by a secret society,

satanic or semi-secret group, and in World number 1 – the world of

the seen – by governments, agencies of government, law

enforcement, corporations, the banking system, media

conglomerates and Silicon Valley (Fig 1 overleaf). The spider and the

web connect and coordinate all these organisations to pursue the

same global outcome while the population sees them as individual

entities working randomly and independently. At the level of the

web governments are the banking system are the corporations are the

media are Silicon Valley are the World Health Organization working

from their inner cores as one unit. Apparently unconnected

countries, corporations, institutions, organisations and people are on

the same team pursuing the same global outcome. Strands in the web

immediately around the spider are the most secretive and exclusive

secret societies and their membership is emphatically restricted to

the Cult inner-circle emerging through the generations from

particular bloodlines for reasons I will come to. At the core of the

core you would get them in a single room. That’s how many people

are dictating the direction of human society and its transformation



through the ‘Covid’ hoax and other means. As the web expands out

from the spider we meet the secret societies that many people will be

aware of – the Freemasons, Knights Templar, Knights of Malta, Opus

Dei, the inner sanctum of the Jesuit Order, and such like. Note how

many are connected to the Church of Rome and there is a reason for

that. The Roman Church was established as a revamp, a rebranding,

of the relocated ‘Church’ of Babylon and the Cult imposing global

tyranny today can be tracked back to Babylon and Sumer in what is

now Iraq.

Figure 1: The global web through which the few control the many. (Image Neil Hague.)

Inner levels of the web operate in the unseen away from the public

eye and then we have what I call the cusp organisations located at

the point where the hidden meets the seen. They include a series of

satellite organisations answering to a secret society founded in

London in the late 19th century called the Round Table and among

them are the Royal Institute of International Affairs (UK, founded in

1920); Council on Foreign Relations (US, 1921); Bilderberg Group

(worldwide, 1954); Trilateral Commission (US/worldwide, 1972); and

the Club of Rome (worldwide, 1968) which was created to exploit

environmental concerns to justify the centralisation of global power

to ‘save the planet’. The Club of Rome instigated with others the

human-caused climate change hoax which has led to all the ‘green



new deals’ demanding that very centralisation of control. Cusp

organisations, which include endless ‘think tanks’ all over the world,

are designed to coordinate a single global policy between political

and business leaders, intelligence personnel, media organisations

and anyone who can influence the direction of policy in their own

sphere of operation. Major players and regular a�enders will know

what is happening – or some of it – while others come and go and

are kept overwhelmingly in the dark about the big picture. I refer to

these cusp groupings as semi-secret in that they can be publicly

identified, but what goes on at the inner-core is kept very much ‘in

house’ even from most of their members and participants through a

fiercely-imposed system of compartmentalisation. Only let them

know what they need to know to serve your interests and no more.

The structure of secret societies serves as a perfect example of this

principle. Most Freemasons never get higher than the bo�om three

levels of ‘degree’ (degree of knowledge) when there are 33 official

degrees of the Sco�ish Rite. Initiates only qualify for the next higher

‘compartment’ or degree if those at that level choose to allow them.

Knowledge can be carefully assigned only to those considered ‘safe’.

I went to my local Freemason’s lodge a few years ago when they

were having an ‘open day’ to show how cuddly they were and when

I cha�ed to some of them I was astonished at how li�le the rank and

file knew even about the most ubiquitous symbols they use. The

mushroom technique – keep them in the dark and feed them bullshit

– applies to most people in the web as well as the population as a

whole. Sub-divisions of the web mirror in theme and structure

transnational corporations which have a headquarters somewhere in

the world dictating to all their subsidiaries in different countries.

Subsidiaries operate in their methodology and branding to the same

centrally-dictated plan and policy in pursuit of particular ends. The

Cult web functions in the same way. Each country has its own web

as a subsidiary of the global one. They consist of networks of secret

societies, semi-secret groups and bloodline families and their job is

to impose the will of the spider and the global web in their particular

country. Subsidiary networks control and manipulate the national

political system, finance, corporations, media, medicine, etc. to



ensure that they follow the globally-dictated Cult agenda. These

networks were the means through which the ‘Covid’ hoax could be

played out with almost every country responding in the same way.

The ‘Yessir’ pyramid

Compartmentalisation is the key to understanding how a tiny few

can dictate the lives of billions when combined with a top-down

sequence of imposition and acquiescence. The inner core of the Cult

sits at the peak of the pyramidal hierarchy of human society (Fig 2

overleaf). It imposes its will – its agenda for the world – on the level

immediately below which acquiesces to that imposition. This level

then imposes the Cult will on the level below them which acquiesces

and imposes on the next level. Very quickly we meet levels in the

hierarchy that have no idea there even is a Cult, but the sequence of

imposition and acquiescence continues down the pyramid in just the

same way. ‘I don’t know why we are doing this but the order came

from “on-high” and so we be�er just do it.’ Alfred Lord Tennyson

said of the cannon fodder levels in his poem The Charge of the Light

Brigade: ‘Theirs not to reason why; theirs but to do and die.’ The next

line says that ‘into the valley of death rode the six hundred’ and they

died because they obeyed without question what their perceived

‘superiors’ told them to do. In the same way the population

capitulated to ‘Covid’. The whole hierarchical pyramid functions

like this to allow the very few to direct the enormous many.

Eventually imposition-acquiescence-imposition-acquiescence comes

down to the mass of the population at the foot of the pyramid. If

they acquiesce to those levels of the hierarchy imposing on them

(governments/law enforcement/doctors/media) a circuit is

completed between the population and the handful of super-

psychopaths in the Cult inner core at the top of the pyramid.

Without a circuit-breaking refusal to obey, the sequence of

imposition and acquiescence allows a staggeringly few people to

impose their will upon the entirety of humankind. We are looking at

the very sequence that has subjugated billions since the start of 2020.

Our freedom has not been taken from us. Humanity has given it



away. Fascists do not impose fascism because there are not enough

of them. Fascism is imposed by the population acquiescing to

fascism. Put another way allowing their perceptions to be

programmed to the extent that leads to the population giving their

freedom away by giving their perceptions – their mind – away. If this

circuit is not broken by humanity ceasing to cooperate with their

own enslavement then nothing can change. For that to happen

people have to critically think and see through the lies and window

dressing and then summon the backbone to act upon what they see.

The Cult spends its days working to stop either happening and its

methodology is systematic and highly detailed, but it can be

overcome and that is what this book is all about.

Figure 2: The simple sequence of imposition and compliance that allows a handful of people
at the peak of the pyramid to dictate the lives of billions.

The Life Program

Okay, back to world number 1 or the world of the ‘masses’. Observe

the process of what we call ‘life’ and it is a perceptual download

from cradle to grave. The Cult has created a global structure in

which perception can be programmed and the program continually

topped-up with what appears to be constant confirmation that the

program is indeed true reality. The important word here is ‘appears’.



This is the structure, the fly-trap, the Postage Stamp Consensus or

Perceptual Mainframe, which represents that incredibly narrow

band of perceived possibility delivered by the ‘education’ system,

mainstream media, science and medicine. From the earliest age the

download begins with parents who have themselves succumbed to

the very programming their children are about to go through. Most

parents don’t do this out of malevolence and mostly it is quite the

opposite. They do what they believe is best for their children and

that is what the program has told them is best. Within three or four

years comes the major transition from parental programming to full-

blown state (Cult) programming in school, college and university

where perceptually-programmed teachers and academics pass on

their programming to the next generations. Teachers who resist are

soon marginalised and their careers ended while children who resist

are called a problem child for whom Ritalin may need to be

prescribed. A few years a�er entering the ‘world’ children are under

the control of authority figures representing the state telling them

when they have to be there, when they can leave and when they can

speak, eat, even go to the toilet. This is calculated preparation for a

lifetime of obeying authority in all its forms. Reflex-action fear of

authority is instilled by authority from the start. Children soon learn

the carrot and stick consequences of obeying or defying authority

which is underpinned daily for the rest of their life. Fortunately I

daydreamed through this crap and never obeyed authority simply

because it told me to. This approach to my alleged ‘be�ers’ continues

to this day. There can be consequences of pursuing open-minded

freedom in a world of closed-minded conformity. I spent a lot of time

in school corridors a�er being ejected from the classroom for not

taking some of it seriously and now I spend a lot of time being

ejected from Facebook, YouTube and Twi�er. But I can tell you that

being true to yourself and not compromising your self-respect is far

more exhilarating than bowing to authority for authority’s sake. You

don’t have to be a sheep to the shepherd (authority) and the sheep

dog (fear of not obeying authority).



The perceptual download continues throughout the formative

years in school, college and university while script-reading

‘teachers’, ‘academics’ ‘scientists’, ‘doctors’ and ‘journalists’ insist

that ongoing generations must be as programmed as they are.

Accept the program or you will not pass your ‘exams’ which confirm

your ‘degree’ of programming. It is tragic to think that many parents

pressure their offspring to work hard at school to download the

program and qualify for the next stage at college and university. The

late, great, American comedian George Carlin said: ‘Here’s a bumper

sticker I’d like to see: We are proud parents of a child who has

resisted his teachers’ a�empts to break his spirit and bend him to the

will of his corporate masters.’ Well, the best of luck finding many of

those, George. Then comes the moment to leave the formal

programming years in academia and enter the ‘adult’ world of work.

There you meet others in your chosen or prescribed arena who went

through the same Postage Stamp Consensus program before you

did. There is therefore overwhelming agreement between almost

everyone on the basic foundations of Postage Stamp reality and the

rejection, even contempt, of the few who have a mind of their own

and are prepared to use it. This has two major effects. Firstly, the

consensus confirms to the programmed that their download is really

how things are. I mean, everyone knows that, right? Secondly, the

arrogance and ignorance of Postage Stamp adherents ensure that

anyone questioning the program will have unpleasant consequences

for seeking their own truth and not picking their perceptions from

the shelf marked: ‘Things you must believe without question and if

you don’t you’re a dangerous lunatic conspiracy theorist and a

harebrained nu�er’.

Every government, agency and corporation is founded on the

same Postage Stamp prison cell and you can see why so many

people believe the same thing while calling it their own ‘opinion’.

Fusion of governments and corporations in pursuit of the same

agenda was the definition of fascism described by Italian dictator

Benito Mussolini. The pressure to conform to perceptual norms

downloaded for a lifetime is incessant and infiltrates society right



down to family groups that become censors and condemners of their

own ‘black sheep’ for not, ironically, being sheep. We have seen an

explosion of that in the ‘Covid’ era. Cult-owned global media

unleashes its propaganda all day every day in support of the Postage

Stamp and targets with abuse and ridicule anyone in the public eye

who won’t bend their mind to the will of the tyranny. Any response

to this is denied (certainly in my case). They don’t want to give a

platform to expose official lies. Cult-owned-and-created Internet

giants like Facebook, Google, YouTube and Twi�er delete you for

having an unapproved opinion. Facebook boasts that its AI censors

delete 97-percent of ‘hate speech’ before anyone even reports it.

Much of that ‘hate speech’ will simply be an opinion that Facebook

and its masters don’t want people to see. Such perceptual oppression

is widely known as fascism. Even Facebook executive Benny

Thomas, a ‘CEO Global Planning Lead’, said in comments secretly

recorded by investigative journalism operation Project Veritas that

Facebook is ‘too powerful’ and should be broken up:

I mean, no king in history has been the ruler of two billion people, but Mark Zuckerberg is …
And he’s 36. That’s too much for a 36-year-old ... You should not have power over two billion
people. I just think that’s wrong.

Thomas said Facebook-owned platforms like Instagram, Oculus, and

WhatsApp needed to be separate companies. ‘It’s too much power

when they’re all one together’. That’s the way the Cult likes it,

however. We have an executive of a Cult organisation in Benny

Thomas that doesn’t know there is a Cult such is the

compartmentalisation. Thomas said that Facebook and Google ‘are

no longer companies, they’re countries’. Actually they are more

powerful than countries on the basis that if you control information

you control perception and control human society.

I love my oppressor

Another expression of this psychological trickery is for those who

realise they are being pressured into compliance to eventually



•

•

•

•

•

•

convince themselves to believe the official narratives to protect their

self-respect from accepting the truth that they have succumbed to

meek and subservient compliance. Such people become some of the

most vehement defenders of the system. You can see them

everywhere screaming abuse at those who prefer to think for

themselves and by doing so reminding the compliers of their own

capitulation to conformity. ‘You are talking dangerous nonsense you

Covidiot!!’ Are you trying to convince me or yourself? It is a potent

form of Stockholm syndrome which is defined as: ‘A psychological

condition that occurs when a victim of abuse identifies and a�aches,

or bonds, positively with their abuser.’ An example is hostages

bonding and even ‘falling in love’ with their kidnappers. The

syndrome has been observed in domestic violence, abused children,

concentration camp inmates, prisoners of war and many and various

Satanic cults. These are some traits of Stockholm syndrome listed at

goodtherapy.org:

 

Positive regard towards perpetrators of abuse or captor [see

‘Covid’].

Failure to cooperate with police and other government authorities

when it comes to holding perpetrators of abuse or kidnapping

accountable [or in the case of ‘Covid’ cooperating with the police

to enforce and defend their captors’ demands].

Li�le or no effort to escape [see ‘Covid’].

Belief in the goodness of the perpetrators or kidnappers [see

‘Covid’].

Appeasement of captors. This is a manipulative strategy for

maintaining one’s safety. As victims get rewarded – perhaps with

less abuse or even with life itself – their appeasing behaviours are

reinforced [see ‘Covid’].

Learned helplessness. This can be akin to ‘if you can’t beat ‘em,

join ‘em’. As the victims fail to escape the abuse or captivity, they

may start giving up and soon realize it’s just easier for everyone if

they acquiesce all their power to their captors [see ‘Covid’].



•

•

Feelings of pity toward the abusers, believing they are actually

victims themselves. Because of this, victims may go on a crusade

or mission to ‘save’ [protect] their abuser [see the venom

unleashed on those challenging the official ‘Covid’ narrative].

Unwillingness to learn to detach from their perpetrators and heal.

In essence, victims may tend to be less loyal to themselves than to

their abuser [ definitely see ‘Covid’].

Ponder on those traits and compare them with the behaviour of

great swathes of the global population who have defended

governments and authorities which have spent every minute

destroying their lives and livelihoods and those of their children and

grandchildren since early 2020 with fascistic lockdowns, house arrest

and employment deletion to ‘protect’ them from a ‘deadly virus’ that

their abusers’ perceptually created to bring about this very outcome.

We are looking at mass Stockholm syndrome. All those that agree to

concede their freedom will believe those perceptions are originating

in their own independent ‘mind’ when in fact by conceding their

reality to Stockholm syndrome they have by definition conceded any

independence of mind. Listen to the ‘opinions’ of the acquiescing

masses in this ‘Covid’ era and what gushes forth is the repetition of

the official version of everything delivered unprocessed, unfiltered

and unquestioned. The whole programming dynamic works this

way. I must be free because I’m told that I am and so I think that I

am.

You can see what I mean with the chapter theme of ‘I’m thinking –

Oh, but are you?’ The great majority are not thinking, let alone for

themselves. They are repeating what authority has told them to

believe which allows them to be controlled. Weaving through this

mentality is the fear that the ‘conspiracy theorists’ are right and this

again explains the o�en hysterical abuse that ensues when you dare

to contest the official narrative of anything. Denial is the mechanism

of hiding from yourself what you don’t want to be true. Telling

people what they want to hear is easy, but it’s an infinitely greater

challenge to tell them what they would rather not be happening.



One is akin to pushing against an open door while the other is met

with vehement resistance no ma�er what the scale of evidence. I

don’t want it to be true so I’ll convince myself that it’s not. Examples

are everywhere from the denial that a partner is cheating despite all

the signs to the reflex-action rejection of any idea that world events

in which country a�er country act in exactly the same way are

centrally coordinated. To accept the la�er is to accept that a force of

unspeakable evil is working to destroy your life and the lives of your

children with nothing too horrific to achieve that end. Who the heck

wants that to be true? But if we don’t face reality the end is duly

achieved and the consequences are far worse and ongoing than

breaking through the walls of denial today with the courage to make

a stand against tyranny.

Connect the dots – but how?

A crucial aspect of perceptual programming is to portray a world in

which everything is random and almost nothing is connected to

anything else. Randomness cannot be coordinated by its very nature

and once you perceive events as random the idea they could be

connected is waved away as the rantings of the tinfoil-hat brigade.

You can’t plan and coordinate random you idiot! No, you can’t, but

you can hide the coldly-calculated and long-planned behind the

illusion of randomness. A foundation manifestation of the Renegade

Mind is to scan reality for pa�erns that connect the apparently

random and turn pixels and dots into pictures. This is the way I

work and have done so for more than 30 years. You look for

similarities in people, modus operandi and desired outcomes and

slowly, then ever quicker, the picture forms. For instance: There

would seem to be no connection between the ‘Covid pandemic’ hoax

and the human-caused global-warming hoax and yet they are masks

(appropriately) on the same face seeking the same outcome. Those

pushing the global warming myth through the Club of Rome and

other Cult agencies are driving the lies about ‘Covid’ – Bill Gates is

an obvious one, but they are endless. Why would the same people be

involved in both when they are clearly not connected? Oh, but they



are. Common themes with personnel are matched by common goals.

The ‘solutions’ to both ‘problems’ are centralisation of global power

to impose the will of the few on the many to ‘save’ humanity from

‘Covid’ and save the planet from an ‘existential threat’ (we need

‘zero Covid’ and ‘zero carbon emissions’). These, in turn, connect

with the ‘dot’ of globalisation which was coined to describe the

centralisation of global power in every area of life through incessant

political and corporate expansion, trading blocks and superstates

like the European Union. If you are the few and you want to control

the many you have to centralise power and decision-making. The

more you centralise power the more power the few at the centre will

have over the many; and the more that power is centralised the more

power those at the centre have to centralise even quicker. The

momentum of centralisation gets faster and faster which is exactly

the process we have witnessed. In this way the hoaxed ‘pandemic’

and the fakery of human-caused global warming serve the interests

of globalisation and the seizure of global power in the hands of the

Cult inner-circle which is behind ‘Covid’, ‘climate change’ and

globalisation. At this point random ‘dots’ become a clear and

obvious picture or pa�ern.

Klaus Schwab, the classic Bond villain who founded the Cult’s

Gates-funded World Economic Forum, published a book in 2020, The

Great Reset, in which he used the ‘problem’ of ‘Covid’ to justify a

total transformation of human society to ‘save’ humanity from

‘climate change’. Schwab said: ‘The pandemic represents a rare but

narrow window of opportunity to reflect, reimagine, and reset our

world.’ What he didn’t mention is that the Cult he serves is behind

both hoaxes as I show in my book The Answer. He and the Cult don’t

have to reimagine the world. They know precisely what they want

and that’s why they destroyed human society with ‘Covid’ to ‘build

back be�er’ in their grand design. Their job is not to imagine, but to

get humanity to imagine and agree with their plans while believing

it’s all random. It must be pure coincidence that ‘The Great Reset’

has long been the Cult’s code name for the global imposition of

fascism and replaced previous code-names of the ‘New World



Order’ used by Cult frontmen like Father George Bush and the ‘New

Order of the Ages’ which emerged from Freemasonry and much

older secret societies. New Order of the Ages appears on the reverse

of the Great Seal of the United States as ‘Novus ordo seclorum’

underneath the Cult symbol used since way back of the pyramid and

all seeing-eye (Fig 3). The pyramid is the hierarchy of human control

headed by the illuminated eye that symbolises the force behind the

Cult which I will expose in later chapters. The term ‘Annuit Coeptis’

translates as ‘He favours our undertaking’. We are told the ‘He’ is

the Christian god, but ‘He’ is not as I will be explaining.

Figure 3: The all-seeing eye of the Cult ‘god’ on the Freemason-designed Great Seal of the
United States and also on the dollar bill.

Having you on

Two major Cult techniques of perceptual manipulation that relate to

all this are what I have called since the 1990s Problem-Reaction-

Solution (PRS) and the Totalitarian Tiptoe (TT). They can be

uncovered by the inquiring mind with a simple question: Who

benefits? The answer usually identifies the perpetrators of a given

action or happening through the concept of ‘he who most benefits

from a crime is the one most likely to have commi�ed it’. The Latin

‘Cue bono?’ – Who benefits? – is widely a�ributed to the Roman

orator and statesman Marcus Tullius Cicero. No wonder it goes back

so far when the concept has been relevant to human behaviour since



history was recorded. Problem-Reaction-Solution is the technique

used to manipulate us every day by covertly creating a problem (or

the illusion of one) and offering the solution to the problem (or the

illusion of one). In the first phase you create the problem and blame

someone or something else for why it has happened. This may relate

to a financial collapse, terrorist a�ack, war, global warming or

pandemic, anything in fact that will allow you to impose the

‘solution’ to change society in the way you desire at that time. The

‘problem’ doesn’t have to be real. PRS is manipulation of perception

and all you need is the population to believe the problem is real.

Human-caused global warming and the ‘Covid pandemic’ only have

to be perceived to be real for the population to accept the ‘solutions’ of

authority. I refer to this technique as NO-Problem-Reaction-Solution.

Billions did not meekly accept house arrest from early 2020 because

there was a real deadly ‘Covid pandemic’ but because they

perceived – believed – that to be the case. The antidote to Problem-

Reaction-Solution is to ask who benefits from the proposed solution.

Invariably it will be anyone who wants to justify more control

through deletion of freedom and centralisation of power and

decision-making.

The two world wars were Problem-Reaction-Solutions that

transformed and realigned global society. Both were manipulated

into being by the Cult as I have detailed in books since the mid-

1990s. They dramatically centralised global power, especially World

War Two, which led to the United Nations and other global bodies

thanks to the overt and covert manipulations of the Rockefeller

family and other Cult bloodlines like the Rothschilds. The UN is a

stalking horse for full-blown world government that I will come to

shortly. The land on which the UN building stands in New York was

donated by the Rockefellers and the same Cult family was behind

Big Pharma scalpel and drug ‘medicine’ and the creation of the

World Health Organization as part of the UN. They have been

stalwarts of the eugenics movement and funded Hitler’s race-purity

expert’ Ernst Rudin. The human-caused global warming hoax has

been orchestrated by the Club of Rome through the UN which is



manufacturing both the ‘problem’ through its Intergovernmental

Panel on Climate Change and imposing the ‘solution’ through its

Agenda 21 and Agenda 2030 which demand the total centralisation

of global power to ‘save the world’ from a climate hoax the United

Nations is itself perpetrating. What a small world the Cult can be

seen to be particularly among the inner circles. The bedfellow of

Problem-Reaction-Solution is the Totalitarian Tiptoe which became

the Totalitarian Sprint in 2020. The technique is fashioned to hide the

carefully-coordinated behind the cover of apparently random events.

You start the sequence at ‘A’ and you know you are heading for ‘Z’.

You don’t want people to know that and each step on the journey is

presented as a random happening while all the steps strung together

lead in the same direction. The speed may have quickened

dramatically in recent times, but you can still see the incremental

approach of the Tiptoe in the case of ‘Covid’ as each new imposition

takes us deeper into fascism. Tell people they have to do this or that

to get back to ‘normal’, then this and this and this. With each new

demand adding to the ones that went before the population’s

freedom is deleted until it disappears. The spider wraps its web

around the flies more comprehensively with each new diktat. I’ll

highlight this in more detail when I get to the ‘Covid’ hoax and how

it has been pulled off. Another prime example of the Totalitarian

Tiptoe is how the Cult-created European Union went from a ‘free-

trade zone’ to a centralised bureaucratic dictatorship through the

Tiptoe of incremental centralisation of power until nations became

mere administrative units for Cult-owned dark suits in Brussels.

The antidote to ignorance is knowledge which the Cult seeks

vehemently to deny us, but despite the systematic censorship to that

end the Renegade Mind can overcome this by vociferously seeking

out the facts no ma�er the impediments put in the way. There is also

a method of thinking and perceiving – knowing – that doesn’t even

need names, dates, place-type facts to identify the pa�erns that

reveal the story. I’ll get to that in the final chapter. All you need to

know about the manipulation of human society and to what end is

still out there – at the time of writing – in the form of books, videos



and websites for those that really want to breach the walls of

programmed perception. To access this knowledge requires the

abandonment of the mainstream media as a source of information in

the awareness that this is owned and controlled by the Cult and

therefore promotes mass perceptions that suit the Cult. Mainstream

media lies all day, every day. That is its function and very reason for

being. Where it does tell the truth, here and there, is only because the

truth and the Cult agenda very occasionally coincide. If you look for

fact and insight to the BBC, CNN and virtually all the rest of them

you are asking to be conned and perceptually programmed.

Know the outcome and you’ll see the journey

Events seem random when you have no idea where the world is

being taken. Once you do the random becomes the carefully

planned. Know the outcome and you’ll see the journey is a phrase I

have been using for a long time to give context to daily happenings

that appear unconnected. Does a problem, or illusion of a problem,

trigger a proposed ‘solution’ that further drives society in the

direction of the outcome? Invariably the answer will be yes and the

random – abracadabra – becomes the clearly coordinated. So what is

this outcome that unlocks the door to a massively expanded

understanding of daily events? I will summarise its major aspects –

the fine detail is in my other books – and those new to this

information will see that the world they thought they were living in

is a very different place. The foundation of the Cult agenda is the

incessant centralisation of power and all such centralisation is

ultimately in pursuit of Cult control on a global level. I have

described for a long time the planned world structure of top-down

dictatorship as the Hunger Games Society. The term obviously

comes from the movie series which portrayed a world in which a

few living in military-protected hi-tech luxury were the overlords of

a population condemned to abject poverty in isolated ‘sectors’ that

were not allowed to interact. ‘Covid’ lockdowns and travel bans

anyone? The ‘Hunger Games’ pyramid of structural control has the

inner circle of the Cult at the top with pre�y much the entire



population at the bo�om under their control through dependency

for survival on the Cult. The whole structure is planned to be

protected and enforced by a military-police state (Fig 4).

Here you have the reason for the global lockdowns of the fake

pandemic to coldly destroy independent incomes and livelihoods

and make everyone dependent on the ‘state’ (the Cult that controls

the ‘states’). I have warned in my books for many years about the

plan to introduce a ‘guaranteed income’ – a barely survivable

pi�ance – designed to impose dependency when employment was

destroyed by AI technology and now even more comprehensively at

great speed by the ‘Covid’ scam. Once the pandemic was played and

lockdown consequences began to delete independent income the

authorities began to talk right on cue about the need for a

guaranteed income and a ‘Great Reset’. Guaranteed income will be

presented as benevolent governments seeking to help a desperate

people – desperate as a direct result of actions of the same

governments. The truth is that such payments are a trap. You will

only get them if you do exactly what the authorities demand

including mass vaccination (genetic manipulation). We have seen

this theme already in Australia where those dependent on

government benefits have them reduced if parents don’t agree to

have their children vaccinated according to an insane health-

destroying government-dictated schedule. Calculated economic

collapse applies to governments as well as people. The Cult wants

rid of countries through the creation of a world state with countries

broken up into regions ruled by a world government and super

states like the European Union. Countries must be bankrupted, too,

to this end and it’s being achieved by the trillions in ‘rescue

packages’ and furlough payments, trillions in lost taxation, and

money-no-object spending on ‘Covid’ including constant all-

medium advertising (programming) which has made the media

dependent on government for much of its income. The day of

reckoning is coming – as planned – for government spending and

given that it has been made possible by printing money and not by

production/taxation there is inflation on the way that has the



potential to wipe out monetary value. In that case there will be no

need for the Cult to steal your money. It just won’t be worth

anything (see the German Weimar Republic before the Nazis took

over). Many have been okay with lockdowns while ge�ing a

percentage of their income from so-called furlough payments

without having to work. Those payments are dependent, however,

on people having at least a theoretical job with a business considered

non-essential and ordered to close. As these business go under

because they are closed by lockdown a�er lockdown the furlough

stops and it will for everyone eventually. Then what? The ‘then

what?’ is precisely the idea.

Figure 4: The Hunger Games Society structure I have long warned was planned and now the
‘Covid’ hoax has made it possible. This is the real reason for lockdowns.

Hired hands

Between the Hunger Games Cult elite and the dependent population

is planned to be a vicious military-police state (a fusion of the two

into one force). This has been in the making for a long time with

police looking ever more like the military and carrying weapons to

match. The pandemic scam has seen this process accelerate so fast as



lockdown house arrest is brutally enforced by carefully recruited

fascist minds and gormless system-servers. The police and military

are planned to merge into a centrally-directed world army in a

global structure headed by a world government which wouldn’t be

elected even by the election fixes now in place. The world army is

not planned even to be human and instead wars would be fought,

primarily against the population, using robot technology controlled

by artificial intelligence. I have been warning about this for decades

and now militaries around the world are being transformed by this

very AI technology. The global regime that I describe is a particular

form of fascism known as a technocracy in which decisions are not

made by clueless and co-opted politicians but by unelected

technocrats – scientists, engineers, technologists and bureaucrats.

Cult-owned-and-controlled Silicon Valley giants are examples of

technocracy and they already have far more power to direct world

events than governments. They are with their censorship selecting

governments. I know that some are calling the ‘Great Reset’ a

Marxist communist takeover, but fascism and Marxism are different

labels for the same tyranny. Tell those who lived in fascist Germany

and Stalinist Russia that there was a difference in the way their

freedom was deleted and their lives controlled. I could call it a fascist

technocracy or a Marxist technocracy and they would be equally

accurate. The Hunger Games society with its world government

structure would oversee a world army, world central bank and single

world cashless currency imposing its will on a microchipped

population (Fig 5). Scan its different elements and see how the

illusory pandemic is forcing society in this very direction at great

speed. Leaders of 23 countries and the World Health Organization

(WHO) backed the idea in March, 2021, of a global treaty for

‘international cooperation’ in ‘health emergencies’ and nations

should ‘come together as a global community for peaceful

cooperation that extends beyond this crisis’. Cut the Orwellian

bullshit and this means another step towards global government.

The plan includes a cashless digital money system that I first warned

about in 1993. Right at the start of ‘Covid’ the deeply corrupt Tedros



Adhanom Ghebreyesus, the crooked and merely gofer ‘head’ of the

World Health Organization, said it was possible to catch the ‘virus’

by touching cash and it was be�er to use cashless means. The claim

was ridiculous nonsense and like the whole ‘Covid’ mind-trick it

was nothing to do with ‘health’ and everything to do with pushing

every aspect of the Cult agenda. As a result of the Tedros lie the use

of cash has plummeted. The Cult script involves a single world

digital currency that would eventually be technologically embedded

in the body. China is a massive global centre for the Cult and if you

watch what is happening there you will know what is planned for

everywhere. The Chinese government is developing a digital

currency which would allow fines to be deducted immediately via

AI for anyone caught on camera breaking its fantastic list of laws

and the money is going to be programmable with an expiry date to

ensure that no one can accrue wealth except the Cult and its

operatives.

Figure 5: The structure of global control the Cult has been working towards for so long and
this has been enormously advanced by the ‘Covid’ illusion.

Serfdom is so smart

The Cult plan is far wider, extreme, and more comprehensive than

even most conspiracy researchers appreciate and I will come to the

true depths of deceit and control in the chapters ‘Who controls the



Cult?’ and ‘Escaping Wetiko’. Even the world that we know is crazy

enough. We are being deluged with ever more sophisticated and

controlling technology under the heading of ‘smart’. We have smart

televisions, smart meters, smart cards, smart cars, smart driving,

smart roads, smart pills, smart patches, smart watches, smart skin,

smart borders, smart pavements, smart streets, smart cities, smart

communities, smart environments, smart growth, smart planet ...

smart everything around us. Smart technologies and methods of

operation are designed to interlock to create a global Smart Grid

connecting the entirety of human society including human minds to

create a centrally-dictated ‘hive’ mind. ‘Smart cities’ is code for

densely-occupied megacities of total surveillance and control

through AI. Ever more destructive frequency communication

systems like 5G have been rolled out without any official testing for

health and psychological effects (colossal). 5G/6G/7G systems are

needed to run the Smart Grid and each one becomes more

destructive of body and mind. Deleting independent income is

crucial to forcing people into these AI-policed prisons by ending

private property ownership (except for the Cult elite). The Cult’s

Great Reset now openly foresees a global society in which no one

will own any possessions and everything will be rented while the

Cult would own literally everything under the guise of government

and corporations. The aim has been to use the lockdowns to destroy

sources of income on a mass scale and when the people are destitute

and in unrepayable amounts of debt (problem) Cult assets come

forward with the pledge to write-off debt in return for handing over

all property and possessions (solution). Everything – literally

everything including people – would be connected to the Internet

via AI. I was warning years ago about the coming Internet of Things

(IoT) in which all devices and technology from your car to your

fridge would be plugged into the Internet and controlled by AI.

Now we are already there with much more to come. The next stage

is the Internet of Everything (IoE) which is planned to include the

connection of AI to the human brain and body to replace the human

mind with a centrally-controlled AI mind. Instead of perceptions



being manipulated through control of information and censorship

those perceptions would come direct from the Cult through AI.

What do you think? You think whatever AI decides that you think.

In human terms there would be no individual ‘think’ any longer. Too

incredible? The ravings of a lunatic? Not at all. Cult-owned crazies

in Silicon Valley have been telling us the plan for years without

explaining the real motivation and calculated implications. These

include Google executive and ‘futurist’ Ray Kurzweil who highlights

the year 2030 for when this would be underway. He said:

Our thinking ... will be a hybrid of biological and non-biological thinking ... humans will be
able to extend their limitations and ‘think in the cloud’ ... We’re going to put gateways to the
cloud in our brains ... We’re going to gradually merge and enhance ourselves ... In my view,
that’s the nature of being human – we transcend our limitations.

As the technology becomes vastly superior to what we are then the small proportion that is
still human gets smaller and smaller and smaller until it’s just utterly negligible.

The sales-pitch of Kurzweil and Cult-owned Silicon Valley is that

this would make us ‘super-human’ when the real aim is to make us

post-human and no longer ‘human’ in the sense that we have come

to know. The entire global population would be connected to AI and

become the centrally-controlled ‘hive-mind’ of externally-delivered

perceptions. The Smart Grid being installed to impose the Cult’s will

on the world is being constructed to allow particular locations – even

one location – to control the whole global system. From these prime

control centres, which absolutely include China and Israel, anything

connected to the Internet would be switched on or off and

manipulated at will. Energy systems could be cut, communication

via the Internet taken down, computer-controlled driverless

autonomous vehicles driven off the road, medical devices switched

off, the potential is limitless given how much AI and Internet

connections now run human society. We have seen nothing yet if we

allow this to continue. Autonomous vehicle makers are working

with law enforcement to produce cars designed to automatically pull

over if they detect a police or emergency vehicle flashing from up to

100 feet away. At a police stop the car would be unlocked and the



window rolled down automatically. Vehicles would only take you

where the computer (the state) allowed. The end of petrol vehicles

and speed limiters on all new cars in the UK and EU from 2022 are

steps leading to electric computerised transport over which

ultimately you have no control. The picture is far bigger even than

the Cult global network or web and that will become clear when I

get to the nature of the ‘spider’. There is a connection between all

these happenings and the instigation of DNA-manipulating

‘vaccines’ (which aren’t ‘vaccines’) justified by the ‘Covid’ hoax. That

connection is the unfolding plan to transform the human body from

a biological to a synthetic biological state and this is why synthetic

biology is such a fast-emerging discipline of mainstream science.

‘Covid vaccines’ are infusing self-replicating synthetic genetic

material into the cells to cumulatively take us on the Totalitarian

Tiptoe from Human 1.0 to the synthetic biological Human 2.0 which

will be physically and perceptually a�ached to the Smart Grid to one

hundred percent control every thought, perception and deed.

Humanity needs to wake up and fast.

This is the barest explanation of where the ‘outcome’ is planned to

go but it’s enough to see the journey happening all around us. Those

new to this information will already see ‘Covid’ in a whole new

context. I will add much more detail as we go along, but for the

minutiae evidence see my mega-works, The Answer, The Trigger and

Everything You Need to Know But Have Never Been Told.

Now – how does a Renegade Mind see the ‘world’?



A

CHAPTER TWO

Renegade Perception

It is one thing to be clever and another to be wise

George R.R. Martin

simple definition of the difference between a programmed

mind and a Renegade Mind would be that one sees only dots

while the other connects them to see the picture. Reading reality

with accuracy requires the observer to (a) know the planned

outcome and (b) realise that everything, but everything, is connected.

The entirety of infinite reality is connected – that’s its very nature –

and with human society an expression of infinite reality the same

must apply. Simple cause and effect is a connection. The effect is

triggered by the cause and the effect then becomes the cause of

another effect. Nothing happens in isolation because it can’t. Life in

whatever reality is simple choice and consequence. We make choices

and these lead to consequences. If we don’t like the consequences we

can make different choices and get different consequences which

lead to other choices and consequences. The choice and the

consequence are not only connected they are indivisible. You can’t

have one without the other as an old song goes. A few cannot

control the world unless those being controlled allow that to happen

– cause and effect, choice and consequence. Control – who has it and

who doesn’t – is a two-way process, a symbiotic relationship,

involving the controller and controlled. ‘They took my freedom

away!!’ Well, yes, but you also gave it to them. Humanity is



subjected to mass control because humanity has acquiesced to that

control. This is all cause and effect and literally a case of give and

take. In the same way world events of every kind are connected and

the Cult works incessantly to sell the illusion of the random and

coincidental to maintain the essential (to them) perception of dots

that hide the picture. Renegade Minds know this and constantly

scan the world for pa�erns of connection. This is absolutely pivotal

in understanding the happenings in the world and without that

perspective clarity is impossible. First you know the planned

outcome and then you identify the steps on the journey – the day-by-

day apparently random which, when connected in relation to the

outcome, no longer appear as individual events, but as the

proverbial chain of events leading in the same direction. I’ll give you

some examples:

Political puppet show

We are told to believe that politics is ‘adversarial’ in that different

parties with different beliefs engage in an endless tussle for power.

There may have been some truth in that up to a point – and only a

point – but today divisions between ‘different’ parties are rhetorical

not ideological. Even the rhetorical is fusing into one-speak as the

parties eject any remaining free thinkers while others succumb to the

ever-gathering intimidation of anyone with the ‘wrong’ opinion. The

Cult is not a new phenomenon and can be traced back thousands of

years as my books have documented. Its intergenerational initiates

have been manipulating events with increasing effect the more that

global power has been centralised. In ancient times the Cult secured

control through the system of monarchy in which ‘special’

bloodlines (of which more later) demanded the right to rule as kings

and queens simply by birthright and by vanquishing others who

claimed the same birthright. There came a time, however, when

people had matured enough to see the unfairness of such tyranny

and demanded a say in who governed them. Note the word –

governed them. Not served them – governed them, hence government

defined as ‘the political direction and control exercised over the



actions of the members, citizens, or inhabitants of communities,

societies, and states; direction of the affairs of a state, community,

etc.’ Governments exercise control over rather than serve just like the

monarchies before them. Bizarrely there are still countries like the

United Kingdom which are ruled by a monarch and a government

that officially answers to the monarch. The UK head of state and that

of Commonwealth countries such as Canada, Australia and New

Zealand is ‘selected’ by who in a single family had unprotected sex

with whom and in what order. Pinch me it can’t be true. Ouch! Shit,

it is. The demise of monarchies in most countries offered a potential

vacuum in which some form of free and fair society could arise and

the Cult had that base covered. Monarchies had served its interests

but they couldn’t continue in the face of such widespread opposition

and, anyway, replacing a ‘royal’ dictatorship that people could see

with a dictatorship ‘of the people’ hiding behind the concept of

‘democracy’ presented far greater manipulative possibilities and

ways of hiding coordinated tyranny behind the illusion of ‘freedom’.

Democracy is quite wrongly defined as government selected by

the population. This is not the case at all. It is government selected

by some of the population (and then only in theory). This ‘some’

doesn’t even have to be the majority as we have seen so o�en in first-

past-the-post elections in which the so-called majority party wins

fewer votes than the ‘losing’ parties combined. Democracy can give

total power to a party in government from a minority of the votes

cast. It’s a sleight of hand to sell tyranny as freedom. Seventy-four

million Trump-supporting Americans didn’t vote for the

‘Democratic’ Party of Joe Biden in the distinctly dodgy election in

2020 and yet far from acknowledging the wishes and feelings of that

great percentage of American society the Cult-owned Biden

government set out from day one to destroy them and their right to a

voice and opinion. Empty shell Biden and his Cult handlers said

they were doing this to ‘protect democracy’. Such is the level of

lunacy and sickness to which politics has descended. Connect the

dots and relate them to the desired outcome – a world government

run by self-appointed technocrats and no longer even elected



politicians. While operating through its political agents in

government the Cult is at the same time encouraging public distain

for politicians by pu�ing idiots and incompetents in theoretical

power on the road to deleting them. The idea is to instil a public

reaction that says of the technocrats: ‘Well, they couldn’t do any

worse than the pathetic politicians.’ It’s all about controlling

perception and Renegade Minds can see through that while

programmed minds cannot when they are ignorant of both the

planned outcome and the manipulation techniques employed to

secure that end. This knowledge can be learned, however, and fast if

people choose to get informed.

Politics may at first sight appear very difficult to control from a

central point. I mean look at the ‘different’ parties and how would

you be able to oversee them all and their constituent parts? In truth,

it’s very straightforward because of their structure. We are back to

the pyramid of imposition and acquiescence. Organisations are

structured in the same way as the system as a whole. Political parties

are not open forums of free expression. They are hierarchies. I was a

national spokesman for the British Green Party which claimed to be

a different kind of politics in which influence and power was

devolved; but I can tell you from direct experience – and it’s far

worse now – that Green parties are run as hierarchies like all the

others however much they may try to hide that fact or kid

themselves that it’s not true. A very few at the top of all political

parties are directing policy and personnel. They decide if you are

elevated in the party or serve as a government minister and to do

that you have to be a yes man or woman. Look at all the maverick

political thinkers who never ascended the greasy pole. If you want to

progress within the party or reach ‘high-office’ you need to fall into

line and conform. Exceptions to this are rare indeed. Should you

want to run for parliament or Congress you have to persuade the

local or state level of the party to select you and for that you need to

play the game as dictated by the hierarchy. If you secure election and

wish to progress within the greater structure you need to go on

conforming to what is acceptable to those running the hierarchy



from the peak of the pyramid. Political parties are perceptual gulags

and the very fact that there are party ‘Whips’ appointed to ‘whip’

politicians into voting the way the hierarchy demands exposes the

ridiculous idea that politicians are elected to serve the people they

are supposed to represent. Cult operatives and manipulation has

long seized control of major parties that have any chance of forming

a government and at least most of those that haven’t. A new party

forms and the Cult goes to work to infiltrate and direct. This has

reached such a level today that you see video compilations of

‘leaders’ of all parties whether Democrats, Republicans,

Conservative, Labour and Green parroting the same Cult mantra of

‘Build Back Be�er’ and the ‘Great Reset’ which are straight off the

Cult song-sheet to describe the transformation of global society in

response to the Cult-instigated hoaxes of the ‘Covid pandemic’ and

human-caused ‘climate change’. To see Caroline Lucas, the Green

Party MP that I knew when I was in the party in the 1980s, speaking

in support of plans proposed by Cult operative Klaus Schwab

representing the billionaire global elite is a real head-shaker.

Many parties – one master

The party system is another mind-trick and was instigated to change

the nature of the dictatorship by swapping ‘royalty’ for dark suits

that people believed – though now ever less so – represented their

interests. Understanding this trick is to realise that a single force (the

Cult) controls all parties either directly in terms of the major ones or

through manipulation of perception and ideology with others. You

don’t need to manipulate Green parties to demand your

transformation of society in the name of ‘climate change’ when they

are obsessed with the lie that this is essential to ‘save the planet’. You

just give them a platform and away they go serving your interests

while believing they are being environmentally virtuous. America’s

political structure is a perfect blueprint for how the two or multi-

party system is really a one-party state. The Republican Party is

controlled from one step back in the shadows by a group made up of

billionaires and their gofers known as neoconservatives or Neocons.



I have exposed them in fine detail in my books and they were the

driving force behind the policies of the imbecilic presidency of Boy

George Bush which included 9/11 (see The Trigger for a

comprehensive demolition of the official story), the subsequent ‘war

on terror’ (war of terror) and the invasions of Afghanistan and Iraq.

The la�er was a No-Problem-Reaction-Solution based on claims by

Cult operatives, including Bush and British Prime Minister Tony

Blair, about Saddam Hussein’s ‘weapons of mass destruction’ which

did not exist as war criminals Bush and Blair well knew.

Figure 6: Different front people, different parties – same control system.

The Democratic Party has its own ‘Neocon’ group controlling

from the background which I call the ‘Democons’ and here’s the

penny-drop – the Neocons and Democons answer to the same

masters one step further back into the shadows (Fig 6). At that level

of the Cult the Republican and Democrat parties are controlled by

the same people and no ma�er which is in power the Cult is in

power. This is how it works in almost every country and certainly in

Britain with Conservative, Labour, Liberal Democrat and Green

parties now all on the same page whatever the rhetoric may be in

their feeble a�empts to appear different. Neocons operated at the

time of Bush through a think tank called The Project for the New

American Century which in September, 2000, published a document

entitled Rebuilding America’s Defenses: Strategies, Forces, and Resources



For a New Century demanding that America fight ‘multiple,

simultaneous major theatre wars’ as a ‘core mission’ to force regime-

change in countries including Iraq, Libya and Syria. Neocons

arranged for Bush (‘Republican’) and Blair (‘Labour Party’) to front-

up the invasion of Iraq and when they departed the Democons

orchestrated the targeting of Libya and Syria through Barack Obama

(‘Democrat’) and British Prime Minister David Cameron

(‘Conservative Party’). We have ‘different’ parties and ‘different’

people, but the same unfolding script. The more the Cult has seized

the reigns of parties and personnel the more their policies have

transparently pursued the same agenda to the point where the

fascist ‘Covid’ impositions of the Conservative junta of Jackboot

Johnson in Britain were opposed by the Labour Party because they

were not fascist enough. The Labour Party is likened to the US

Democrats while the Conservative Party is akin to a British version

of the Republicans and on both sides of the Atlantic they all speak

the same language and support the direction demanded by the Cult

although some more enthusiastically than others. It’s a similar story

in country a�er country because it’s all centrally controlled. Oh, but

what about Trump? I’ll come to him shortly. Political ‘choice’ in the

‘party’ system goes like this: You vote for Party A and they get into

government. You don’t like what they do so next time you vote for

Party B and they get into government. You don’t like what they do

when it’s pre�y much the same as Party A and why wouldn’t that be

with both controlled by the same force? Given that only two,

sometimes three, parties have any chance of forming a government

to get rid of Party B that you don’t like you have to vote again for

Party A which … you don’t like. This, ladies and gentlemen, is what

they call ‘democracy’ which we are told – wrongly – is a term

interchangeable with ‘freedom’.

The cult of cults

At this point I need to introduce a major expression of the Global

Cult known as Sabbatian-Frankism. Sabbatian is also spelt as

Sabbatean. I will summarise here. I have published major exposés



and detailed background in other works. Sabbatian-Frankism

combines the names of two frauds posing as ‘Jewish’ men, Sabbatai

Zevi (1626-1676), a rabbi, black magician and occultist who

proclaimed he was the Jewish messiah; and Jacob Frank (1726-1791),

the Polish ‘Jew’, black magician and occultist who said he was the

reincarnation of ‘messiah’ Zevi and biblical patriarch Jacob. They

worked across two centuries to establish the Sabbatian-Frankist cult

that plays a major, indeed central, role in the manipulation of human

society by the Global Cult which has its origins much further back in

history than Sabbatai Zevi. I should emphasise two points here in

response to the shrill voices that will scream ‘anti-Semitism’: (1)

Sabbatian-Frankists are NOT Jewish and only pose as such to hide

their cult behind a Jewish façade; and (2) my information about this

cult has come from Jewish sources who have long realised that their

society and community has been infiltrated and taken over by

interloper Sabbatian-Frankists. Infiltration has been the foundation

technique of Sabbatian-Frankism from its official origin in the 17th

century. Zevi’s Sabbatian sect a�racted a massive following

described as the biggest messianic movement in Jewish history,

spreading as far as Africa and Asia, and he promised a return for the

Jews to the ‘Promised Land’ of Israel. Sabbatianism was not Judaism

but an inversion of everything that mainstream Judaism stood for. So

much so that this sinister cult would have a feast day when Judaism

had a fast day and whatever was forbidden in Judaism the

Sabbatians were encouraged and even commanded to do. This

included incest and what would be today called Satanism. Members

were forbidden to marry outside the sect and there was a system of

keeping their children ignorant of what they were part of until they

were old enough to be trusted not to unknowingly reveal anything

to outsiders. The same system is employed to this day by the Global

Cult in general which Sabbatian-Frankism has enormously

influenced and now largely controls.

Zevi and his Sabbatians suffered a setback with the intervention

by the Sultan of the Islamic O�oman Empire in the Middle East and

what is now the Republic of Turkey where Zevi was located. The



Sultan gave him the choice of proving his ‘divinity’, converting to

Islam or facing torture and death. Funnily enough Zevi chose to

convert or at least appear to. Some of his supporters were

disillusioned and dri�ed away, but many did not with 300 families

also converting – only in theory – to Islam. They continued behind

this Islamic smokescreen to follow the goals, rules and rituals of

Sabbatianism and became known as ‘crypto-Jews’ or the ‘Dönmeh’

which means ‘to turn’. This is rather ironic because they didn’t ‘turn’

and instead hid behind a fake Islamic persona. The process of

appearing to be one thing while being very much another would

become the calling card of Sabbatianism especially a�er Zevi’s death

and the arrival of the Satanist Jacob Frank in the 18th century when

the cult became Sabbatian-Frankism and plumbed still new depths

of depravity and infiltration which included – still includes – human

sacrifice and sex with children. Wherever Sabbatians go paedophilia

and Satanism follow and is it really a surprise that Hollywood is so

infested with child abuse and Satanism when it was established by

Sabbatian-Frankists and is still controlled by them? Hollywood has

been one of the prime vehicles for global perceptual programming

and manipulation. How many believe the version of ‘history’

portrayed in movies when it is a travesty and inversion (again) of the

truth? Rabbi Marvin Antelman describes Frankism in his book, To

Eliminate the Opiate, as ‘a movement of complete evil’ while Jewish

professor Gershom Scholem said of Frank in The Messianic Idea in

Judaism: ‘In all his actions [he was] a truly corrupt and degenerate

individual ... one of the most frightening phenomena in the whole of

Jewish history.’ Frank was excommunicated by traditional rabbis, as

was Zevi, but Frank was undeterred and enjoyed vital support from

the House of Rothschild, the infamous banking dynasty whose

inner-core are Sabbatian-Frankists and not Jews. Infiltration of the

Roman Church and Vatican was instigated by Frank with many

Dönmeh ‘turning’ again to convert to Roman Catholicism with a

view to hĳacking the reins of power. This was the ever-repeating

modus operandi and continues to be so. Pose as an advocate of the

religion, culture or country that you want to control and then



manipulate your people into the positions of authority and influence

largely as advisers, administrators and Svengalis for those that

appear to be in power. They did this with Judaism, Christianity

(Christian Zionism is part of this), Islam and other religions and

nations until Sabbatian-Frankism spanned the world as it does

today.

Sabbatian Saudis and the terror network

One expression of the Sabbatian-Frankist Dönmeh within Islam is

the ruling family of Saudi Arabia, the House of Saud, through which

came the vile distortion of Islam known as Wahhabism. This is the

violent creed followed by terrorist groups like Al-Qaeda and ISIS or

Islamic State. Wahhabism is the hand-chopping, head-chopping

‘religion’ of Saudi Arabia which is used to keep the people in a

constant state of fear so the interloper House of Saud can continue to

rule. Al-Qaeda and Islamic State were lavishly funded by the House

of Saud while being created and directed by the Sabbatian-Frankist

network in the United States that operates through the Pentagon,

CIA and the government in general of whichever ‘party’. The front

man for the establishment of Wahhabism in the middle of the 18th

century was a Sabbatian-Frankist ‘crypto-Jew’ posing as Islamic

called Muhammad ibn Abd al-Wahhab. His daughter would marry

the son of Muhammad bin Saud who established the first Saudi state

before his death in 1765 with support from the British Empire. Bin

Saud’s successors would establish modern Saudi Arabia in league

with the British and Americans in 1932 which allowed them to seize

control of Islam’s major shrines in Mecca and Medina. They have

dictated the direction of Sunni Islam ever since while Iran is the

major centre of the Shiite version and here we have the source of at

least the public conflict between them. The Sabbatian network has

used its Wahhabi extremists to carry out Problem-Reaction-Solution

terrorist a�acks in the name of ‘Al-Qaeda’ and ‘Islamic State’ to

justify a devastating ‘war on terror’, ever-increasing surveillance of

the population and to terrify people into compliance. Another

insight of the Renegade Mind is the streetwise understanding that



just because a country, location or people are a�acked doesn’t mean

that those apparently representing that country, location or people

are not behind the a�ackers. O�en they are orchestrating the a�acks

because of the societal changes that can be then justified in the name

of ‘saving the population from terrorists’.

I show in great detail in The Trigger how Sabbatian-Frankists were

the real perpetrators of 9/11 and not ‘19 Arab hĳackers’ who were

blamed for what happened. Observe what was justified in the name

of 9/11 alone in terms of Middle East invasions, mass surveillance

and control that fulfilled the demands of the Project for the New

American Century document published by the Sabbatian Neocons.

What appear to be enemies are on the deep inside players on the

same Sabbatian team. Israel and Arab ‘royal’ dictatorships are all

ruled by Sabbatians and the recent peace agreements between Israel

and Saudi Arabia, the United Arab Emirates (UAE) and others are

only making formal what has always been the case behind the

scenes. Palestinians who have been subjected to grotesque tyranny

since Israel was bombed and terrorised into existence in 1948 have

never stood a chance. Sabbatian-Frankists have controlled Israel (so

the constant theme of violence and war which Sabbatians love) and

they have controlled the Arab countries that Palestinians have

looked to for real support that never comes. ‘Royal families’ of the

Arab world in Saudi Arabia, Bahrain, UAE, etc., are all Sabbatians

with allegiance to the aims of the cult and not what is best for their

Arabic populations. They have stolen the oil and financial resources

from their people by false claims to be ‘royal dynasties’ with a

genetic right to rule and by employing vicious militaries to impose

their will.

Satanic ‘illumination’

The Satanist Jacob Frank formed an alliance in 1773 with two other

Sabbatians, Mayer Amschel Rothschild (1744-1812), founder of the

Rothschild banking dynasty, and Jesuit-educated fraudulent Jew,

Adam Weishaupt, and this led to the formation of the Bavarian

Illuminati, firstly under another name, in 1776. The Illuminati would



be the manipulating force behind the French Revolution (1789-1799)

and was also involved in the American Revolution (1775-1783)

before and a�er the Illuminati’s official creation. Weishaupt would

later become (in public) a Protestant Christian in archetypal

Sabbatian style. I read that his name can be decoded as Adam-Weis-

haupt or ‘the first man to lead those who know’. He wasn’t a leader

in the sense that he was a subordinate, but he did lead those below

him in a crusade of transforming human society that still continues

today. The theme was confirmed as early as 1785 when a horseman

courier called Lanz was reported to be struck by lighting and

extensive Illuminati documents were found in his saddlebags. They

made the link to Weishaupt and detailed the plan for world takeover.

Current events with ‘Covid’ fascism have been in the making for a

very long time. Jacob Frank was jailed for 13 years by the Catholic

Inquisition a�er his arrest in 1760 and on his release he headed for

Frankfurt, Germany, home city and headquarters of the House of

Rothschild where the alliance was struck with Mayer Amschel

Rothschild and Weishaupt. Rothschild arranged for Frank to be

given the title of Baron and he became a wealthy nobleman with a

big following of Jews in Germany, the Austro-Hungarian Empire

and other European countries. Most of them would have believed he

was on their side.

The name ‘Illuminati’ came from the Zohar which is a body of

works in the Jewish mystical ‘bible’ called the Kabbalah. ‘Zohar’ is

the foundation of Sabbatian-Frankist belief and in Hebrew ‘Zohar’

means ‘splendour’, ‘radiance’, ‘illuminated’, and so we have

‘Illuminati’. They claim to be the ‘Illuminated Ones’ from their

knowledge systematically hidden from the human population and

passed on through generations of carefully-chosen initiates in the

global secret society network or Cult. Hidden knowledge includes

an awareness of the Cult agenda for the world and the nature of our

collective reality that I will explore later. Cult ‘illumination’ is

symbolised by the torch held by the Statue of Liberty which was

gi�ed to New York by French Freemasons in Paris who knew exactly

what it represents. ‘Liberty’ symbolises the goddess worshipped in



Babylon as Queen Semiramis or Ishtar. The significance of this will

become clear. Notice again the ubiquitous theme of inversion with

the Statue of ‘Liberty’ really symbolising mass control (Fig 7). A

mirror-image statute stands on an island in the River Seine in Paris

from where New York Liberty originated (Fig 8). A large replica of

the Liberty flame stands on top of the Pont de l’Alma tunnel in Paris

where Princess Diana died in a Cult ritual described in The Biggest

Secret. Lucifer ‘the light bringer’ is related to all this (and much more

as we’ll see) and ‘Lucifer’ is a central figure in Sabbatian-Frankism

and its associated Satanism. Sabbatians reject the Jewish Torah, or

Pentateuch, the ‘five books of Moses’ in the Old Testament known as

Genesis, Exodus, Leviticus, Numbers, and Deuteronomy which are

claimed by Judaism and Christianity to have been dictated by ‘God’

to Moses on Mount Sinai. Sabbatians say these do not apply to them

and they seek to replace them with the Zohar to absorb Judaism and

its followers into their inversion which is an expression of a much

greater global inversion. They want to delete all religions and force

humanity to worship a one-world religion – Sabbatian Satanism that

also includes worship of the Earth goddess. Satanic themes are being

more and more introduced into mainstream society and while

Christianity is currently the foremost target for destruction the

others are planned to follow.

Figure 7: The Cult goddess of Babylon disguised as the Statue of Liberty holding the flame of
Lucifer the ‘light bringer’.



Figure 8: Liberty’s mirror image in Paris where the New York version originated.

Marx brothers

Rabbi Marvin Antelman connects the Illuminati to the Jacobins in To

Eliminate the Opiate and Jacobins were the force behind the French

Revolution. He links both to the Bund der Gerechten, or League of

the Just, which was the network that inflicted communism/Marxism

on the world. Antelman wrote:

The original inner circle of the Bund der Gerechten consisted of born Catholics, Protestants
and Jews [Sabbatian-Frankist infiltrators], and those representatives of respective subdivisions
formulated schemes for the ultimate destruction of their faiths. The heretical Catholics laid
plans which they felt would take a century or more for the ultimate destruction of the church;
the apostate Jews for the ultimate destruction of the Jewish religion.

Sabbatian-created communism connects into this anti-religion

agenda in that communism does not allow for the free practice of

religion. The Sabbatian ‘Bund’ became the International Communist

Party and Communist League and in 1848 ‘Marxism’ was born with

the Communist Manifesto of Sabbatian assets Karl Marx and

Friedrich Engels. It is absolutely no coincidence that Marxism, just a

different name for fascist and other centrally-controlled tyrannies, is

being imposed worldwide as a result of the ‘Covid’ hoax and nor

that Marxist/fascist China was the place where the hoax originated.

The reason for this will become very clear in the chapter ‘Covid: The

calculated catastrophe’. The so-called ‘Woke’ mentality has hĳacked



traditional beliefs of the political le� and replaced them with far-

right make-believe ‘social justice’ be�er known as Marxism. Woke

will, however, be swallowed by its own perceived ‘revolution’ which

is really the work of billionaires and billionaire corporations feigning

being ‘Woke’. Marxism is being touted by Wokers as a replacement

for ‘capitalism’ when we don’t have ‘capitalism’. We have cartelism

in which the market is stitched up by the very Cult billionaires and

corporations bankrolling Woke. Billionaires love Marxism which

keeps the people in servitude while they control from the top.

Terminally naïve Wokers think they are ‘changing the world’ when

it’s the Cult that is doing the changing and when they have played

their vital part and become surplus to requirements they, too, will be

targeted. The Illuminati-Jacobins were behind the period known as

‘The Terror’ in the French Revolution in 1793 and 1794 when Jacobin

Maximillian de Robespierre and his Orwellian ‘Commi�ee of Public

Safety’ killed 17,000 ‘enemies of the Revolution’ who had once been

‘friends of the Revolution’. Karl Marx (1818-1883), whose Sabbatian

creed of Marxism has cost the lives of at least 100 million people, is a

hero once again to Wokers who have been systematically kept

ignorant of real history by their ‘education’ programming. As a

result they now promote a Sabbatian ‘Marxist’ abomination destined

at some point to consume them. Rabbi Antelman, who spent decades

researching the Sabbatian plot, said of the League of the Just and

Karl Marx:

Contrary to popular opinion Karl Marx did not originate the Communist Manifesto. He was
paid for his services by the League of the Just, which was known in its country of origin,
Germany, as the Bund der Geaechteten.

Antelman said the text a�ributed to Marx was the work of other

people and Marx ‘was only repeating what others already said’.

Marx was ‘a hired hack – lackey of the wealthy Illuminists’. Marx

famously said that religion was the ‘opium of the people’ (part of the

Sabbatian plan to demonise religion) and Antelman called his books,

To Eliminate the Opiate. Marx was born Jewish, but his family

converted to Christianity (Sabbatian modus operandi) and he



a�acked Jews, not least in his book, A World Without Jews. In doing

so he supported the Sabbatian plan to destroy traditional Jewishness

and Judaism which we are clearly seeing today with the vindictive

targeting of orthodox Jews by the Sabbatian government of Israel

over ‘Covid’ laws. I don’t follow any religion and it has done much

damage to the world over centuries and acted as a perceptual

straightjacket. Renegade Minds, however, are always asking why

something is being done. It doesn’t ma�er if they agree or disagree

with what is happening – why is it happening is the question. The

‘why?’ can be answered with regard to religion in that religions

create interacting communities of believers when the Cult wants to

dismantle all discourse, unity and interaction (see ‘Covid’

lockdowns) and the ultimate goal is to delete all religions for a one-

world religion of Cult Satanism worshipping their ‘god’ of which

more later. We see the same ‘why?’ with gun control in America. I

don’t have guns and don’t want them, but why is the Cult seeking to

disarm the population at the same time that law enforcement

agencies are armed to their molars and why has every tyrant in

history sought to disarm people before launching the final takeover?

They include Hitler, Stalin, Pol Pot and Mao who followed

confiscation with violent seizing of power. You know it’s a Cult

agenda by the people who immediately race to the microphones to

exploit dead people in multiple shootings. Ultra-Zionist Cult lackey

Senator Chuck Schumer was straight on the case a�er ten people

were killed in Boulder, Colorado in March, 2121. Simple rule … if

Schumer wants it the Cult wants it and the same with his ultra-

Zionist mate the wild-eyed Senator Adam Schiff. At the same time

they were calling for the disarmament of Americans, many of whom

live a long way from a police response, Schumer, Schiff and the rest

of these pampered clowns were si�ing on Capitol Hill behind a

razor-wired security fence protected by thousands of armed troops

in addition to their own armed bodyguards. Mom and pop in an

isolated home? They’re just potential mass shooters.

Zion Mainframe



Sabbatian-Frankists and most importantly the Rothschilds were

behind the creation of ‘Zionism’, a political movement that

demanded a Jewish homeland in Israel as promised by Sabbatai

Zevi. The very symbol of Israel comes from the German meaning of

the name Rothschild. Dynasty founder Mayer Amschel Rothschild

changed the family name from Bauer to Rothschild, or ‘Red-Shield’

in German, in deference to the six-pointed ‘Star of David’ hexagram

displayed on the family’s home in Frankfurt. The symbol later

appeared on the flag of Israel a�er the Rothschilds were centrally

involved in its creation. Hexagrams are not a uniquely Jewish

symbol and are widely used in occult (‘hidden’) networks o�en as a

symbol for Saturn (see my other books for why). Neither are

Zionism and Jewishness interchangeable. Zionism is a political

movement and philosophy and not a ‘race’ or a people. Many Jews

oppose Zionism and many non-Jews, including US President Joe

Biden, call themselves Zionists as does Israel-centric Donald Trump.

America’s support for the Israel government is pre�y much a gimme

with ultra-Zionist billionaires and corporations providing fantastic

and dominant funding for both political parties. Former

Congresswoman Cynthia McKinney has told how she was

approached immediately she ran for office to ‘sign the pledge’ to

Israel and confirm that she would always vote in that country’s best

interests. All American politicians are approached in this way.

Anyone who refuses will get no support or funding from the

enormous and all-powerful Zionist lobby that includes organisations

like mega-lobby group AIPAC, the American Israel Public Affairs

Commi�ee. Trump’s biggest funder was ultra-Zionist casino and

media billionaire Sheldon Adelson while major funders of the

Democratic Party include ultra-Zionist George Soros and ultra-

Zionist financial and media mogul, Haim Saban. Some may reel back

at the suggestion that Soros is an Israel-firster (Sabbatian-controlled

Israel-firster), but Renegade Minds watch the actions not the words

and everywhere Soros donates his billions the Sabbatian agenda

benefits. In the spirit of Sabbatian inversion Soros pledged $1 billion

for a new university network to promote ‘liberal values and tackle

intolerance’. He made the announcement during his annual speech



at the Cult-owned World Economic Forum in Davos, Switzerland, in

January, 2020, a�er his ‘harsh criticism’ of ‘authoritarian rulers’

around the world. You can only laugh at such brazen mendacity.

How he doesn’t laugh is the mystery. Translated from the Orwellian

‘liberal values and tackle intolerance’ means teaching non-white

people to hate white people and for white people to loathe

themselves for being born white. The reason for that will become

clear.

The ‘Anti-Semitism’ fraud

Zionists support the Jewish homeland in the land of Palestine which

has been the Sabbatian-Rothschild goal for so long, but not for the

benefit of Jews. Sabbatians and their global Anti-Semitism Industry

have skewed public and political opinion to equate opposing the

violent extremes of Zionism to be a blanket a�ack and condemnation

of all Jewish people. Sabbatians and their global Anti-Semitism

Industry have skewed public and political opinion to equate

opposing the violent extremes of Zionism to be a blanket a�ack and

condemnation of all Jewish people. This is nothing more than a

Sabbatian protection racket to stop legitimate investigation and

exposure of their agendas and activities. The official definition of

‘anti-Semitism’ has more recently been expanded to include criticism

of Zionism – a political movement – and this was done to further stop

exposure of Sabbatian infiltrators who created Zionism as we know

it today in the 19th century. Renegade Minds will talk about these

subjects when they know the shit that will come their way. People

must decide if they want to know the truth or just cower in the

corner in fear of what others will say. Sabbatians have been trying to

label me as ‘anti-Semitic’ since the 1990s as I have uncovered more

and more about their background and agendas. Useless, gutless,

fraudulent ‘journalists’ then just repeat the smears without question

and on the day I was writing this section a pair of unquestioning

repeaters called Ben Quinn and Archie Bland (how appropriate)

outright called me an ‘anti-Semite’ in the establishment propaganda

sheet, the London Guardian, with no supporting evidence. The



Sabbatian Anti-Semitism Industry said so and who are they to

question that? They wouldn’t dare. Ironically ‘Semitic’ refers to a

group of languages in the Middle East that are almost entirely

Arabic. ‘Anti-Semitism’ becomes ‘anti-Arab’ which if the

consequences of this misunderstanding were not so grave would be

hilarious. Don’t bother telling Quinn and Bland. I don’t want to

confuse them, bless ‘em. One reason I am dubbed ‘anti-Semitic’ is

that I wrote in the 1990s that Jewish operatives (Sabbatians) were

heavily involved in the Russian Revolution when Sabbatians

overthrew the Romanov dynasty. This apparently made me ‘anti-

Semitic’. Oh, really? Here is a section from The Trigger:

British journalist Robert Wilton confirmed these themes in his 1920 book The Last Days of the
Romanovs when he studied official documents from the Russian government to identify the
members of the Bolshevik ruling elite between 1917 and 1919. The Central Committee
included 41 Jews among 62 members; the Council of the People’s Commissars had 17 Jews
out of 22 members; and 458 of the 556 most important Bolshevik positions between 1918 and
1919 were occupied by Jewish people. Only 17 were Russian. Then there were the 23 Jews
among the 36 members of the vicious Cheka Soviet secret police established in 1917 who
would soon appear all across the country.

Professor Robert Service of Oxford University, an expert on 20th century Russian history,
found evidence that [‘Jewish’] Leon Trotsky had sought to make sure that Jews were enrolled
in the Red Army and were disproportionately represented in the Soviet civil bureaucracy that
included the Cheka which performed mass arrests, imprisonment and executions of ‘enemies
of the people’. A US State Department Decimal File (861.00/5339) dated November 13th,
1918, names [Rothschild banking agent in America] Jacob Schiff and a list of ultra-Zionists as
funders of the Russian Revolution leading to claims of a ‘Jewish plot’, but the key point missed
by all is they were not ‘Jews’ – they were Sabbatian-Frankists.

Britain’s Winston Churchill made the same error by mistake or

otherwise. He wrote in a 1920 edition of the Illustrated Sunday Herald

that those behind the Russian revolution were part of a ‘worldwide

conspiracy for the overthrow of civilisation and for the

reconstitution of society on the basis of arrested development, of

envious malevolence, and impossible equality’ (see ‘Woke’ today

because that has been created by the same network). Churchill said

there was no need to exaggerate the part played in the creation of

Bolshevism and in the actual bringing about of the Russian



Revolution ‘by these international and for the most part atheistical

Jews’ [‘atheistical Jews’ = Sabbatians]. Churchill said it is certainly a

very great one and probably outweighs all others: ‘With the notable

exception of Lenin, the majority of the leading figures are Jews.’ He

went on to describe, knowingly or not, the Sabbatian modus

operandi of placing puppet leaders nominally in power while they

control from the background:

Moreover, the principal inspiration and driving power comes from the Jewish leaders. Thus
Tchitcherin, a pure Russian, is eclipsed by his nominal subordinate, Litvinoff, and the
influence of Russians like Bukharin or Lunacharski cannot be compared with the power of
Trotsky, or of Zinovieff, the Dictator of the Red Citadel (Petrograd), or of Krassin or Radek – all
Jews. In the Soviet institutions the predominance of Jews is even more astonishing. And the
prominent, if not indeed the principal, part in the system of terrorism applied by the
Extraordinary Commissions for Combatting Counter-Revolution has been taken by Jews, and
in some notable cases by Jewesses.

What I said about seriously disproportionate involvement in the

Russian Revolution by Jewish ‘revolutionaries’ (Sabbatians) is

provable fact, but truth is no defence against the Sabbatian Anti-

Semitism Industry, its repeater parrots like Quinn and Bland, and

the now breathtaking network of so-called ‘Woke’ ‘anti-hate’ groups

with interlocking leaderships and funding which have the role of

discrediting and silencing anyone who gets too close to exposing the

Sabbatians. We have seen ‘truth is no defence’ confirmed in legal

judgements with the Saskatchewan Human Rights Commission in

Canada decreeing this: ‘Truthful statements can be presented in a

manner that would meet the definition of hate speech, and not all

truthful statements must be free from restriction.’ Most ‘anti-hate’

activists, who are themselves consumed by hatred, are too stupid

and ignorant of the world to know how they are being used. They

are far too far up their own virtue-signalling arses and it’s far too

dark for them to see anything.

The ‘revolution’ game

The background and methods of the ‘Russian’ Revolution are

straight from the Sabbatian playbook seen in the French Revolution



and endless others around the world that appear to start as a

revolution of the people against tyrannical rule and end up with a

regime change to more tyrannical rule overtly or covertly. Wars,

terror a�acks and regime overthrows follow the Sabbatian cult

through history with its agents creating them as Problem-Reaction-

Solutions to remove opposition on the road to world domination.

Sabbatian dots connect the Rothschilds with the Illuminati, Jacobins

of the French Revolution, the ‘Bund’ or League of the Just, the

International Communist Party, Communist League and the

Communist Manifesto of Karl Marx and Friedrich Engels that would

lead to the Rothschild-funded Russian Revolution. The sequence

comes under the heading of ‘creative destruction’ when you advance

to your global goal by continually destroying the status quo to install

a new status quo which you then also destroy. The two world wars

come to mind. With each new status quo you move closer to your

planned outcome. Wars and mass murder are to Sabbatians a

collective blood sacrifice ritual. They are obsessed with death for

many reasons and one is that death is an inversion of life. Satanists

and Sabbatians are obsessed with death and o�en target churches

and churchyards for their rituals. Inversion-obsessed Sabbatians

explain the use of inverted symbolism including the inverted

pentagram and inverted cross. The inversion of the cross has been

related to targeting Christianity, but the cross was a religious symbol

long before Christianity and its inversion is a statement about the

Sabbatian mentality and goals more than any single religion.

Sabbatians operating in Germany were behind the rise of the

occult-obsessed Nazis and the subsequent Jewish exodus from

Germany and Europe to Palestine and the United States a�er World

War Two. The Rothschild dynasty was at the forefront of this both as

political manipulators and by funding the operation. Why would

Sabbatians help to orchestrate the horrors inflicted on Jews by the

Nazis and by Stalin a�er they organised the Russian Revolution?

Sabbatians hate Jews and their religion, that’s why. They pose as

Jews and secure positions of control within Jewish society and play

the ‘anti-Semitism’ card to protect themselves from exposure



through a global network of organisations answering to the

Sabbatian-created-and-controlled globe-spanning intelligence

network that involves a stunning web of military-intelligence

operatives and operations for a tiny country of just nine million.

Among them are Jewish assets who are not Sabbatians but have been

convinced by them that what they are doing is for the good of Israel

and the Jewish community to protect them from what they have

been programmed since childhood to believe is a Jew-hating hostile

world. The Jewish community is just a highly convenient cover to

hide the true nature of Sabbatians. Anyone ge�ing close to exposing

their game is accused by Sabbatian place-people and gofers of ‘anti-

Semitism’ and claiming that all Jews are part of a plot to take over

the world. I am not saying that. I am saying that Sabbatians – the real

Jew-haters – have infiltrated the Jewish community to use them both

as a cover and an ‘anti-Semitic’ defence against exposure. Thus we

have the Anti-Semitism Industry targeted researchers in this way

and most Jewish people think this is justified and genuine. They

don’t know that their ‘Jewish’ leaders and institutions of state,

intelligence and military are not controlled by Jews at all, but cultists

and stooges of Sabbatian-Frankism. I once added my name to a pro-

Jewish freedom petition online and the next time I looked my name

was gone and text had been added to the petition blurb to a�ack me

as an ‘anti-Semite’ such is the scale of perceptual programming.

Moving on America

I tell the story in The Trigger and a chapter called ‘Atlantic Crossing’

how particularly a�er Israel was established the Sabbatians moved

in on the United States and eventually grasped control of

government administration, the political system via both Democrats

and Republicans, the intelligence community like the CIA and

National Security Agency (NSA), the Pentagon and mass media.

Through this seriously compartmentalised network Sabbatians and

their operatives in Mossad, Israeli Defense Forces (IDF) and US

agencies pulled off 9/11 and blamed it on 19 ‘Al-Qaeda hĳackers’

dominated by men from, or connected to, Sabbatian-ruled Saudi



Arabia. The ‘19’ were not even on the planes let alone flew those big

passenger jets into buildings while being largely incompetent at

piloting one-engine light aircra�. ‘Hĳacker’ Hani Hanjour who is

said to have flown American Airlines Flight 77 into the Pentagon

with a turn and manoeuvre most professional pilots said they would

have struggled to do was banned from renting a small plane by

instructors at the Freeway Airport in Bowie, Maryland, just six weeks

earlier on the grounds that he was an incompetent pilot. The Jewish

population of the world is just 0.2 percent with even that almost

entirely concentrated in Israel (75 percent Jewish) and the United

States (around two percent). This two percent and globally 0.2

percent refers to Jewish people and not Sabbatian interlopers who are

a fraction of that fraction. What a sobering thought when you think

of the fantastic influence on world affairs of tiny Israel and that the

Project for the New America Century (PNAC) which laid out the

blueprint in September, 2000, for America’s war on terror and regime

change wars in Iraq, Libya and Syria was founded and dominated by

Sabbatians known as ‘Neocons’. The document conceded that this

plan would not be supported politically or publicly without a major

a�ack on American soil and a Problem-Reaction-Solution excuse to

send troops to war across the Middle East. Sabbatian Neocons said:

... [The] process of transformation ... [war and regime change] ... is likely to be a long one,
absent some catastrophic and catalysing event – like a new Pearl Harbor.

Four months later many of those who produced that document

came to power with their inane puppet George Bush from the long-

time Sabbatian Bush family. They included Sabbatian Dick Cheney

who was officially vice-president, but really de-facto president for

the entirety of the ‘Bush’ government. Nine months a�er the ‘Bush’

inauguration came what Bush called at the time ‘the Pearl Harbor of

the 21st century’ and with typical Sabbatian timing and symbolism

2001 was the 60th anniversary of the a�ack in 1941 by the Japanese

Air Force on Pearl Harbor, Hawaii, which allowed President

Franklin Delano Roosevelt to take the United States into a Sabbatian-



instigated Second World War that he said in his election campaign

that he never would. The evidence is overwhelming that Roosevelt

and his military and intelligence networks knew the a�ack was

coming and did nothing to stop it, but they did make sure that

America’s most essential naval ships were not in Hawaii at the time.

Three thousand Americans died in the Pearl Harbor a�acks as they

did on September 11th. By the 9/11 year of 2001 Sabbatians had

widely infiltrated the US government, military and intelligence

operations and used their compartmentalised assets to pull off the

‘Al-Qaeda’ a�acks. If you read The Trigger it will blow your mind to

see the u�erly staggering concentration of ‘Jewish’ operatives

(Sabbatian infiltrators) in essential positions of political, security,

legal, law enforcement, financial and business power before, during,

and a�er the a�acks to make them happen, carry them out, and then

cover their tracks – and I do mean staggering when you think of that

0.2 percent of the world population and two percent of Americans

which are Jewish while Sabbatian infiltrators are a fraction of that. A

central foundation of the 9/11 conspiracy was the hĳacking of

government, military, Air Force and intelligence computer systems

in real time through ‘back-door’ access made possible by Israeli

(Sabbatian) ‘cyber security’ so�ware. Sabbatian-controlled Israel is

on the way to rivalling Silicon Valley for domination of cyberspace

and is becoming the dominant force in cyber-security which gives

them access to entire computer systems and their passcodes across

the world. Then add to this that Zionists head (officially) Silicon

Valley giants like Google (Larry Page and Sergey Brin), Google-

owned YouTube (Susan Wojcicki), Facebook (Mark Zuckerberg and

Sheryl Sandberg), and Apple (Chairman Arthur D. Levinson), and

that ultra-Zionist hedge fund billionaire Paul Singer has a $1 billion

stake in Twi�er which is only nominally headed by ‘CEO’ pothead

Jack Dorsey. As cable news host Tucker Carlson said of Dorsey:

‘There used to be debate in the medical community whether

dropping a ton of acid had permanent effects and I think that debate

has now ended.’ Carlson made the comment a�er Dorsey told a

hearing on Capitol Hill (if you cut through his bullshit) that he



believed in free speech so long as he got to decide what you can hear

and see. These ‘big names’ of Silicon Valley are only front men and

women for the Global Cult, not least the Sabbatians, who are the true

controllers of these corporations. Does anyone still wonder why

these same people and companies have been ferociously censoring

and banning people (like me) for exposing any aspect of the Cult

agenda and especially the truth about the ‘Covid’ hoax which

Sabbatians have orchestrated?

The Jeffrey Epstein paedophile ring was a Sabbatian operation. He

was officially ‘Jewish’ but he was a Sabbatian and women abused by

the ring have told me about the high number of ‘Jewish’ people

involved. The Epstein horror has Sabbatian wri�en all over it and

matches perfectly their modus operandi and obsession with sex and

ritual. Epstein was running a Sabbatian blackmail ring in which

famous people with political and other influence were provided

with young girls for sex while everything was being filmed and

recorded on hidden cameras and microphones at his New York

house, Caribbean island and other properties. Epstein survivors

have described this surveillance system to me and some have gone

public. Once the famous politician or other figure knew he or she

was on video they tended to do whatever they were told. Here we go

again …when you’ve got them by the balls their hearts and minds

will follow. Sabbatians use this blackmail technique on a wide scale

across the world to entrap politicians and others they need to act as

demanded. Epstein’s private plane, the infamous ‘Lolita Express’,

had many well-known passengers including Bill Clinton while Bill

Gates has flown on an Epstein plane and met with him four years

a�er Epstein had been jailed for paedophilia. They subsequently met

many times at Epstein’s home in New York according to a witness

who was there. Epstein’s infamous side-kick was Ghislaine Maxwell,

daughter of Mossad agent and ultra-Zionist mega-crooked British

businessman, Bob Maxwell, who at one time owned the Daily Mirror

newspaper. Maxwell was murdered at sea on his boat in 1991 by

Sabbatian-controlled Mossad when he became a liability with his



business empire collapsing as a former Mossad operative has

confirmed (see The Trigger).

Money, money, money, funny money …

Before I come to the Sabbatian connection with the last three US

presidents I will lay out the crucial importance to Sabbatians of

controlling banking and finance. Sabbatian Mayer Amschel

Rothschild set out to dominate this arena in his family’s quest for

total global control. What is freedom? It is, in effect, choice. The

more choices you have the freer you are and the fewer your choices

the more you are enslaved. In the global structure created over

centuries by Sabbatians the biggest decider and restrictor of choice is

… money. Across the world if you ask people what they would like

to do with their lives and why they are not doing that they will reply

‘I don’t have the money’. This is the idea. A global elite of multi-

billionaires are described as ‘greedy’ and that is true on one level;

but control of money – who has it and who doesn’t – is not primarily

about greed. It’s about control. Sabbatians have seized ever more

control of finance and sucked the wealth of the world out of the

hands of the population. We talk now, a�er all, about the ‘One-

percent’ and even then the wealthiest are a lot fewer even than that.

This has been made possible by a money scam so outrageous and so

vast it could rightly be called the scam of scams founded on creating

‘money’ out of nothing and ‘loaning’ that with interest to the

population. Money out of nothing is called ‘credit’. Sabbatians have

asserted control over governments and banking ever more

completely through the centuries and secured financial laws that

allow banks to lend hugely more than they have on deposit in a

confidence trick known as fractional reserve lending. Imagine if you

could lend money that doesn’t exist and charge the recipient interest

for doing so. You would end up in jail. Bankers by contrast end up in

mansions, private jets, Malibu and Monaco.

Banks are only required to keep a fraction of their deposits and

wealth in their vaults and they are allowed to lend ‘money’ they

don’t have called ‘credit. Go into a bank for a loan and if you succeed



the banker will not move any real wealth into your account. They

will type into your account the amount of the agreed ‘loan’ – say

£100,000. This is not wealth that really exists; it is non-existent, fresh-

air, created-out-of-nothing ‘credit’ which has never, does not, and

will never exist except in theory. Credit is backed by nothing except

wind and only has buying power because people think that it has

buying power and accept it in return for property, goods and

services. I have described this situation as like those cartoon

characters you see chasing each other and when they run over the

edge of a cliff they keep running forward on fresh air until one of

them looks down, realises what’s happened, and they all crash into

the ravine. The whole foundation of the Sabbatian financial system is

to stop people looking down except for periodic moments when they

want to crash the system (as in 2008 and 2020 ongoing) and reap the

rewards from all the property, businesses and wealth their borrowers

had signed over as ‘collateral’ in return for a ‘loan’ of fresh air. Most

people think that money is somehow created by governments when

it comes into existence from the start as a debt through banks

‘lending’ illusory money called credit. Yes, the very currency of

exchange is a debt from day one issued as an interest-bearing loan.

Why don’t governments create money interest-free and lend it to

their people interest-free? Governments are controlled by Sabbatians

and the financial system is controlled by Sabbatians for whom

interest-free money would be a nightmare come true. Sabbatians

underpin their financial domination through their global network of

central banks, including the privately-owned US Federal Reserve

and Britain’s Bank of England, and this is orchestrated by a

privately-owned central bank coordination body called the Bank for

International Se�lements in Basle, Switzerland, created by the usual

suspects including the Rockefellers and Rothschilds. Central bank

chiefs don’t answer to governments or the people. They answer to

the Bank for International Se�lements or, in other words, the Global

Cult which is dominated today by Sabbatians.

Built-in disaster



There are so many constituent scams within the overall banking

scam. When you take out a loan of thin-air credit only the amount of

that loan is theoretically brought into circulation to add to the

amount in circulation; but you are paying back the principle plus

interest. The additional interest is not created and this means that

with every ‘loan’ there is a shortfall in the money in circulation

between what is borrowed and what has to be paid back. There is

never even close to enough money in circulation to repay all

outstanding public and private debt including interest. Coldly

weaved in the very fabric of the system is the certainty that some

will lose their homes, businesses and possessions to the banking

‘lender’. This is less obvious in times of ‘boom’ when the amount of

money in circulation (and the debt) is expanding through more

people wanting and ge�ing loans. When a downturn comes and the

money supply contracts it becomes painfully obvious that there is

not enough money to service all debt and interest. This is less

obvious in times of ‘boom’ when the amount of money in circulation

(and the debt) is expanding through more people wanting and

ge�ing loans. When a downturn comes and the money supply

contracts and it becomes painfully obvious – as in 2008 and currently

– that there is not enough money to service all debt and interest.

Sabbatian banksters have been leading the human population

through a calculated series of booms (more debt incurred) and busts

(when the debt can’t be repaid and the banks get the debtor’s

tangible wealth in exchange for non-existent ‘credit’). With each

‘bust’ Sabbatian bankers have absorbed more of the world’s tangible

wealth and we end up with the One-percent. Governments are in

bankruptcy levels of debt to the same system and are therefore

owned by a system they do not control. The Federal Reserve,

‘America’s central bank’, is privately-owned and American

presidents only nominally appoint its chairman or woman to

maintain the illusion that it’s an arm of government. It’s not. The

‘Fed’ is a cartel of private banks which handed billions to its

associates and friends a�er the crash of 2008 and has been Sabbatian-

controlled since it was manipulated into being in 1913 through the

covert trickery of Rothschild banking agents Jacob Schiff and Paul



Warburg, and the Sabbatian Rockefeller family. Somehow from a

Jewish population of two-percent and globally 0.2 percent (Sabbatian

interlopers remember are far smaller) ultra-Zionists headed the

Federal Reserve for 31 years between 1987 and 2018 in the form of

Alan Greenspan, Bernard Bernanke and Janet Yellen (now Biden’s

Treasury Secretary) with Yellen’s deputy chairman a Israeli-

American duel citizen and ultra-Zionist Stanley Fischer, a former

governor of the Bank of Israel. Ultra-Zionist Fed chiefs spanned the

presidencies of Ronald Reagan (‘Republican’), Father George Bush

(‘Republican’), Bill Clinton (‘Democrat’), Boy George Bush

(‘Republican’) and Barack Obama (‘Democrat’). We should really

add the pre-Greenspan chairman, Paul Adolph Volcker, ‘appointed’

by Jimmy Carter (‘Democrat’) who ran the Fed between 1979 and

1987 during the Carter and Reagan administrations before

Greenspan took over. Volcker was a long-time associate and business

partner of the Rothschilds. No ma�er what the ‘party’ officially in

power the United States economy was directed by the same force.

Here are members of the Obama, Trump and Biden administrations

and see if you can make out a common theme.

Barack Obama (‘Democrat’)

Ultra-Zionists Robert Rubin, Larry Summers, and Timothy Geithner

ran the US Treasury in the Clinton administration and two of them

reappeared with Obama. Ultra-Zionist Fed chairman Alan

Greenspan had manipulated the crash of 2008 through deregulation

and jumped ship just before the disaster to make way for ultra-

Zionist Bernard Bernanke to hand out trillions to Sabbatian ‘too big

to fail’ banks and businesses, including the ubiquitous ultra-Zionist

Goldman Sachs which has an ongoing staff revolving door operation

between itself and major financial positions in government

worldwide. Obama inherited the fallout of the crash when he took

office in January, 2009, and fortunately he had the support of his

ultra-Zionist White House Chief of Staff Rahm Emmanuel, son of a

terrorist who helped to bomb Israel into being in 1948, and his ultra-

Zionist senior adviser David Axelrod, chief strategist in Obama’s two



successful presidential campaigns. Emmanuel, later mayor of

Chicago and former senior fundraiser and strategist for Bill Clinton,

is an example of the Sabbatian policy a�er Israel was established of

migrating insider families to America so their children would be

born American citizens. ‘Obama’ chose this financial team

throughout his administration to respond to the Sabbatian-instigated

crisis:

Timothy Geithner (ultra-Zionist) Treasury Secretary; Jacob J. Lew,

Treasury Secretary; Larry Summers (ultra-Zionist), director of the

White House National Economic Council; Paul Adolph Volcker

(Rothschild business partner), chairman of the Economic Recovery

Advisory Board; Peter Orszag (ultra-Zionist), director of the Office of

Management and Budget overseeing all government spending;

Penny Pritzker (ultra-Zionist), Commerce Secretary; Jared Bernstein

(ultra-Zionist), chief economist and economic policy adviser to Vice

President Joe Biden; Mary Schapiro (ultra-Zionist), chair of the

Securities and Exchange Commission (SEC); Gary Gensler (ultra-

Zionist), chairman of the Commodity Futures Trading Commission

(CFTC); Sheila Bair (ultra-Zionist), chair of the Federal Deposit

Insurance Corporation (FDIC); Karen Mills (ultra-Zionist), head of

the Small Business Administration (SBA); Kenneth Feinberg (ultra-

Zionist), Special Master for Executive [bail-out] Compensation.

Feinberg would be appointed to oversee compensation (with strings)

to 9/11 victims and families in a campaign to stop them having their

day in court to question the official story. At the same time ultra-

Zionist Bernard Bernanke was chairman of the Federal Reserve and

these are only some of the ultra-Zionists with allegiance to

Sabbatian-controlled Israel in the Obama government. Obama’s

biggest corporate donor was ultra-Zionist Goldman Sachs which had

employed many in his administration.

Donald Trump (‘Republican’)

Trump claimed to be an outsider (he wasn’t) who had come to ‘drain

the swamp’. He embarked on this goal by immediately appointing

ultra-Zionist Steve Mnuchin, a Goldman Sachs employee for 17



years, as his Treasury Secretary. Others included Gary Cohn (ultra-

Zionist), chief operating officer of Goldman Sachs, his first Director

of the National Economic Council and chief economic adviser, who

was later replaced by Larry Kudlow (ultra-Zionist). Trump’s senior

adviser throughout his four years in the White House was his

sinister son-in-law Jared Kushner, a life-long friend of Israel Prime

Minister Benjamin Netanyahu. Kushner is the son of a convicted

crook who was pardoned by Trump in his last days in office. Other

ultra-Zionists in the Trump administration included: Stephen Miller,

Senior Policy Adviser; Avrahm Berkowitz, Deputy Adviser to Trump

and his Senior Adviser Jared Kushner; Ivanka Trump, Adviser to the

President, who converted to Judaism when she married Jared

Kushner; David Friedman, Trump lawyer and Ambassador to Israel;

Jason Greenbla�, Trump Organization executive vice president and

chief legal officer, who was made Special Representative for

International Negotiations and the Israeli-Palestinian Conflict; Rod

Rosenstein, Deputy A�orney General; Elliot Abrams, Special

Representative for Venezuela, then Iran; John Eisenberg, National

Security Council Legal Adviser and Deputy Council to the President

for National Security Affairs; Anne Neuberger, Deputy National

Manager, National Security Agency; Ezra Cohen-Watnick, Acting

Under Secretary of Defense for Intelligence; Elan Carr, Special Envoy

to monitor and combat anti-Semitism; Len Khodorkovsky, Deputy

Special Envoy to monitor and combat anti-Semitism; Reed Cordish,

Assistant to the President, Intragovernmental and Technology

Initiatives. Trump Vice President Mike Pence and Secretary of State

Mike Pompeo, both Christian Zionists, were also vehement

supporters of Israel and its goals and ambitions.

Donald ‘free-speech believer’ Trump pardoned a number of

financial and violent criminals while ignoring calls to pardon Julian

Assange and Edward Snowden whose crimes are revealing highly

relevant information about government manipulation and

corruption and the widespread illegal surveillance of the American

people by US ‘security’ agencies. It’s so good to know that Trump is

on the side of freedom and justice and not mega-criminals with



allegiance to Sabbatian-controlled Israel. These included a pardon

for Israeli spy Jonathan Pollard who was jailed for life in 1987 under

the Espionage Act. Aviem Sella, the Mossad agent who recruited

Pollard, was also pardoned by Trump while Assange sat in jail and

Snowden remained in exile in Russia. Sella had ‘fled’ (was helped to

escape) to Israel in 1987 and was never extradited despite being

charged under the Espionage Act. A Trump White House statement

said that Sella’s clemency had been ‘supported by Benjamin

Netanyahu, Ron Dermer, Israel’s US Ambassador, David Friedman,

US Ambassador to Israel and Miriam Adelson, wife of leading

Trump donor Sheldon Adelson who died shortly before. Other

friends of Jared Kushner were pardoned along with Sholom Weiss

who was believed to be serving the longest-ever white-collar prison

sentence of more than 800 years in 2000. The sentence was

commuted of Ponzi-schemer Eliyahu Weinstein who defrauded Jews

and others out of $200 million. I did mention that Assange and

Snowden were ignored, right? Trump gave Sabbatians almost

everything they asked for in military and political support, moving

the US Embassy from Tel Aviv to Jerusalem with its critical symbolic

and literal implications for Palestinian statehood, and the ‘deal of the

Century’ designed by Jared Kushner and David Friedman which

gave the Sabbatian Israeli government the green light to

substantially expand its already widespread program of building

illegal Jewish-only se�lements in the occupied land of the West

Bank. This made a two-state ‘solution’ impossible by seizing all the

land of a potential Palestinian homeland and that had been the plan

since 1948 and then 1967 when the Arab-controlled Gaza Strip, West

Bank, Sinai Peninsula and Syrian Golan Heights were occupied by

Israel. All the talks about talks and road maps and delays have been

buying time until the West Bank was physically occupied by Israeli

real estate. Trump would have to be a monumentally ill-informed

idiot not to see that this was the plan he was helping to complete.

The Trump administration was in so many ways the Kushner

administration which means the Netanyahu administration which

means the Sabbatian administration. I understand why many

opposing Cult fascism in all its forms gravitated to Trump, but he



was a crucial part of the Sabbatian plan and I will deal with this in

the next chapter.

Joe Biden (‘Democrat’)

A barely cognitive Joe Biden took over the presidency in January,

2021, along with his fellow empty shell, Vice-President Kamala

Harris, as the latest Sabbatian gofers to enter the White House.

Names on the door may have changed and the ‘party’ – the force

behind them remained the same as Zionists were appointed to a

stream of pivotal areas relating to Sabbatian plans and policy. They

included: Janet Yellen, Treasury Secretary, former head of the Federal

Reserve, and still another ultra-Zionist running the US Treasury a�er

Mnuchin (Trump), Lew and Geithner (Obama), and Summers and

Rubin (Clinton); Anthony Blinken, Secretary of State; Wendy

Sherman, Deputy Secretary of State (so that’s ‘Biden’s’ Sabbatian

foreign policy sorted); Jeff Zients, White House coronavirus

coordinator; Rochelle Walensky, head of the Centers for Disease

Control; Rachel Levine, transgender deputy health secretary (that’s

‘Covid’ hoax policy under control); Merrick Garland, A�orney

General; Alejandro Mayorkas, Secretary of Homeland Security; Cass

Sunstein, Homeland Security with responsibility for new

immigration laws; Avril Haines, Director of National Intelligence;

Anne Neuberger, National Security Agency cybersecurity director

(note, cybersecurity); David Cohen, CIA Deputy Director; Ronald

Klain, Biden’s Chief of Staff (see Rahm Emanuel); Eric Lander, a

‘leading geneticist’, Office of Science and Technology Policy director

(see Smart Grid, synthetic biology agenda); Jessica Rosenworcel,

acting head of the Federal Communications Commission (FCC)

which controls Smart Grid technology policy and electromagnetic

communication systems including 5G. How can it be that so many

pivotal positions are held by two-percent of the American

population and 0.2 percent of the world population administration

a�er administration no ma�er who is the president and what is the

party? It’s a coincidence? Of course it’s not and this is why

Sabbatians have built their colossal global web of interlocking ‘anti-



hate’ hate groups to condemn anyone who asks these glaring

questions as an ‘anti-Semite’. The way that Jewish people horrifically

abused in Sabbatian-backed Nazi Germany are exploited to this end

is stomach-turning and disgusting beyond words.

Political fusion

Sabbatian manipulation has reversed the roles of Republicans and

Democrats and the same has happened in Britain with the

Conservative and Labour Parties. Republicans and Conservatives

were always labelled the ‘right’ and Democrats and Labour the ‘le�’,

but look at the policy positions now and the Democrat-Labour ‘le�’

has moved further to the ‘right’ than Republicans and Conservatives

under the banner of ‘Woke’, the Cult-created far-right tyranny.

Where once the Democrat-Labour ‘le�’ defended free speech and

human rights they now seek to delete them and as I said earlier

despite the ‘Covid’ fascism of the Jackboot Johnson Conservative

government in the UK the Labour Party of leader Keir Starmer

demanded even more extreme measures. The Labour Party has been

very publicly absorbed by Sabbatians a�er a political and media

onslaught against the previous leader, the weak and inept Jeremy

Corbyn, over made-up allegations of ‘anti-Semitism’ both by him

and his party. The plan was clear with this ‘anti-Semite’ propaganda

and what was required in response was a swi� and decisive ‘fuck

off’ from Corbyn and a statement to expose the Anti-Semitism

Industry (Sabbatian) a�empt to silence Labour criticism of the Israeli

government (Sabbatians) and purge the party of all dissent against

the extremes of ultra-Zionism (Sabbatians). Instead Corbyn and his

party fell to their knees and appeased the abusers which, by

definition, is impossible. Appeasing one demand leads only to a new

demand to be appeased until takeover is complete. Like I say – ‘fuck

off’ would have been a much more effective policy and I have used it

myself with great effect over the years when Sabbatians are on my

case which is most of the time. I consider that fact a great

compliment, by the way. The outcome of the Labour Party

capitulation is that we now have a Sabbatian-controlled



Conservative Party ‘opposed’ by a Sabbatian-controlled Labour

Party in a one-party Sabbatian state that hurtles towards the

extremes of tyranny (the Sabbatian cult agenda). In America the

situation is the same. Labour’s Keir Starmer spends his days on his

knees with his tongue out pointing to Tel Aviv, or I guess now

Jerusalem, while Boris Johnson has an ‘anti-Semitism czar’ in the

form of former Labour MP John Mann who keeps Starmer company

on his prayer mat.

Sabbatian influence can be seen in Jewish members of the Labour

Party who have been ejected for criticism of Israel including those

from families that suffered in Nazi Germany. Sabbatians despise real

Jewish people and target them even more harshly because it is so

much more difficult to dub them ‘anti-Semitic’ although in their

desperation they do try.



I

CHAPTER THREE

The Pushbacker sting

Until you realize how easy it is for your mind to be manipulated, you

remain the puppet of someone else’s game

Evita Ochel

will use the presidencies of Trump and Biden to show how the

manipulation of the one-party state plays out behind the illusion

of political choice across the world. No two presidencies could – on

the face of it – be more different and apparently at odds in terms of

direction and policy.

A Renegade Mind sees beyond the obvious and focuses on

outcomes and consequences and not image, words and waffle. The

Cult embarked on a campaign to divide America between those who

blindly support its agenda (the mentality known as ‘Woke’) and

those who are pushing back on where the Cult and its Sabbatians

want to go. This presents infinite possibilities for dividing and ruling

the population by se�ing them at war with each other and allows a

perceptual ring fence of demonisation to encircle the Pushbackers in

a modern version of the Li�le Big Horn in 1876 when American

cavalry led by Lieutenant Colonel George Custer were drawn into a

trap, surrounded and killed by Native American tribes defending

their land of thousands of years from being seized by the

government. In this modern version the roles are reversed and it’s

those defending themselves from the Sabbatian government who are

surrounded and the government that’s seeking to destroy them. This

trap was set years ago and to explain how we must return to 2016



and the emergence of Donald Trump as a candidate to be President

of the United States. He set out to overcome the best part of 20 other

candidates in the Republican Party before and during the primaries

and was not considered by many in those early stages to have a

prayer of living in the White House. The Republican Party was said

to have great reservations about Trump and yet somehow he won

the nomination. When you know how American politics works –

politics in general – there is no way that Trump could have become

the party’s candidate unless the Sabbatian-controlled ‘Neocons’ that

run the Republican Party wanted that to happen. We saw the proof

in emails and documents made public by WikiLeaks that the

Democratic Party hierarchy, or Democons, systematically

undermined the campaign of Bernie Sanders to make sure that

Sabbatian gofer Hillary Clinton won the nomination to be their

presidential candidate. If the Democons could do that then the

Neocons in the Republican Party could have derailed Trump in the

same way. But they didn’t and at that stage I began to conclude that

Trump could well be the one chosen to be president. If that was the

case the ‘why’ was pre�y clear to see – the goal of dividing America

between Cult agenda-supporting Wokers and Pushbackers who

gravitated to Trump because he was telling them what they wanted

to hear. His constituency of support had been increasingly ignored

and voiceless for decades and profoundly through the eight years of

Sabbatian puppet Barack Obama. Now here was someone speaking

their language of pulling back from the incessant globalisation of

political and economic power, the exporting of American jobs to

China and elsewhere by ‘American’ (Sabbatian) corporations, the

deletion of free speech, and the mass immigration policies that had

further devastated job opportunities for the urban working class of

all races and the once American heartlands of the Midwest.

Beware the forked tongue

Those people collectively sighed with relief that at last a political

leader was apparently on their side, but another trait of the

Renegade Mind is that you look even harder at people telling you



what you want to hear than those who are telling you otherwise.

Obviously as I said earlier people wish what they want to hear to be

true and genuine and they are much more likely to believe that than

someone saying what they don’t want to here and don’t want to be

true. Sales people are taught to be skilled in eliciting by calculated

questioning what their customers want to hear and repeating that

back to them as their own opinion to get their targets to like and

trust them. Assets of the Cult are also sales people in the sense of

selling perception. To read Cult manipulation you have to play the

long and expanded game and not fall for the Vaudeville show of

party politics. Both American parties are vehicles for the Cult and

they exploit them in different ways depending on what the agenda

requires at that moment. Trump and the Republicans were used to

be the focus of dividing America and isolating Pushbackers to open

the way for a Biden presidency to become the most extreme in

American history by advancing the full-blown Woke (Cult) agenda

with the aim of destroying and silencing Pushbackers now labelled

Nazi Trump supporters and white supremacists.

Sabbatians wanted Trump in office for the reasons described by

ultra-Zionist Saul Alinsky (1909-1972) who was promoting the Woke

philosophy through ‘community organising’ long before anyone had

heard of it. In those days it still went by its traditional name of

Marxism. The reason for the manipulated Trump phenomenon was

laid out in Alinsky’s 1971 book, Rules for Radicals, which was his

blueprint for overthrowing democratic and other regimes and

replacing them with Sabbatian Marxism. Not surprisingly his to-do

list was evident in the Sabbatian French and Russian ‘Revolutions’

and that in China which will become very relevant in the next

chapter about the ‘Covid’ hoax. Among Alinsky’s followers have

been the deeply corrupt Barack Obama, House Speaker Nancy Pelosi

and Hillary Clinton who described him as a ‘hero’. All three are

Sabbatian stooges with Pelosi personifying the arrogant corrupt

idiocy that so widely fronts up for the Cult inner core. Predictably as

a Sabbatian advocate of the ‘light-bringer’ Alinsky features Lucifer

on the dedication page of his book as the original radical who gained



his own kingdom (‘Earth’ as we shall see). One of Alinsky’s golden

radical rules was to pick an individual and focus all a�ention, hatred

and blame on them and not to target faceless bureaucracies and

corporations. Rules for Radicals is really a Sabbatian handbook with

its contents repeatedly employed all over the world for centuries and

why wouldn’t Sabbatians bring to power their designer-villain to be

used as the individual on which all a�ention, hatred and blame was

bestowed? This is what they did and the only question for me is how

much Trump knew that and how much he was manipulated. A bit of

both, I suspect. This was Alinsky’s Trump technique from a man

who died in 1972. The technique has spanned history:

Pick the target, freeze it, personalize it, polarize it. Don’t try to attack abstract corporations or
bureaucracies. Identify a responsible individual. Ignore attempts to shift or spread the blame.

From the moment Trump came to illusory power everything was

about him. It wasn’t about Republican policy or opinion, but all

about Trump. Everything he did was presented in negative,

derogatory and abusive terms by the Sabbatian-dominated media

led by Cult operations such as CNN, MSNBC, The New York Times

and the Jeff Bezos-owned Washington Post – ‘Pick the target, freeze it,

personalize it, polarize it.’ Trump was turned into a demon to be

vilified by those who hated him and a demi-god loved by those who

worshipped him. This, in turn, had his supporters, too, presented as

equally demonic in preparation for the punchline later down the line

when Biden was about to take office. It was here’s a Trump, there’s a

Trump, everywhere a Trump, Trump. Virtually every news story or

happening was filtered through the lens of ‘The Donald’. You loved

him or hated him and which one you chose was said to define you as

Satan’s spawn or a paragon of virtue. Even supporting some Trump

policies or statements and not others was enough for an assault on

your character. No shades of grey were or are allowed. Everything is

black and white (literally and figuratively). A Californian I knew had

her head u�erly scrambled by her hatred for Trump while telling

people they should love each other. She was so totally consumed by



Trump Derangement Syndrome as it became to be known that this

glaring contradiction would never have occurred to her. By

definition anyone who criticised Trump or praised his opponents

was a hero and this lady described Joe Biden as ‘a kind, honest

gentleman’ when he’s a provable liar, mega-crook and vicious piece

of work to boot. Sabbatians had indeed divided America using

Trump as the fall-guy and all along the clock was ticking on the

consequences for his supporters.

In hock to his masters

Trump gave Sabbatians via Israel almost everything they wanted in

his four years. Ask and you shall receive was the dynamic between

himself and Benjamin Netanyahu orchestrated by Trump’s ultra-

Zionist son-in-law Jared Kushner, his ultra-Zionist Ambassador to

Israel, David Friedman, and ultra-Zionist ‘Israel adviser’, Jason

Greenbla�. The last two were central to the running and protecting

from collapse of his business empire, the Trump Organisation, and

colossal business failures made him forever beholding to Sabbatian

networks that bailed him out. By the start of the 1990s Trump owed

$4 billion to banks that he couldn’t pay and almost $1billion of that

was down to him personally and not his companies. This mega-

disaster was the result of building two new casinos in Atlantic City

and buying the enormous Taj Mahal operation which led to

crippling debt payments. He had borrowed fantastic sums from 72

banks with major Sabbatian connections and although the scale of

debt should have had him living in a tent alongside the highway

they never foreclosed. A plan was devised to li� Trump from the

mire by BT Securities Corporation and Rothschild Inc. and the case

was handled by Wilber Ross who had worked for the Rothschilds for

27 years. Ross would be named US Commerce Secretary a�er

Trump’s election. Another crucial figure in saving Trump was ultra-

Zionist ‘investor’ Carl Icahn who bought the Taj Mahal casino. Icahn

was made special economic adviser on financial regulation in the

Trump administration. He didn’t stay long but still managed to find

time to make a tidy sum of a reported $31.3 million when he sold his



holdings affected by the price of steel three days before Trump

imposed a 235 percent tariff on steel imports. What amazing bits of

luck these people have. Trump and Sabbatian operatives have long

had a close association and his mentor and legal adviser from the

early 1970s until 1986 was the dark and genetically corrupt ultra-

Zionist Roy Cohn who was chief counsel to Senator Joseph

McCarthy’s ‘communist’ witch-hunt in the 1950s. Esquire magazine

published an article about Cohn with the headline ‘Don’t mess with

Roy Cohn’. He was described as the most feared lawyer in New York

and ‘a ruthless master of dirty tricks ... [with] ... more than one Mafia

Don on speed dial’. Cohn’s influence, contacts, support and

protection made Trump a front man for Sabbatians in New York

with their connections to one of Cohn’s many criminal employers,

the ‘Russian’ Sabbatian Mafia. Israel-centric media mogul Rupert

Murdoch was introduced to Trump by Cohn and they started a long

friendship. Cohn died in 1986 weeks a�er being disbarred for

unethical conduct by the Appellate Division of the New York State

Supreme Court. The wheels of justice do indeed run slow given the

length of Cohn’s crooked career.

QAnon-sense

We are asked to believe that Donald Trump with his fundamental

connections to Sabbatian networks and operatives has been leading

the fight to stop the Sabbatian agenda for the fascistic control of

America and the world. Sure he has. A man entrapped during his

years in the White House by Sabbatian operatives and whose biggest

financial donor was casino billionaire Sheldon Adelson who was

Sabbatian to his DNA?? Oh, do come on. Trump has been used to

divide America and isolate Pushbackers on the Cult agenda under

the heading of ‘Trump supporters’, ‘insurrectionists’ and ‘white

supremacists’. The US Intelligence/Mossad Psyop or psychological

operation known as QAnon emerged during the Trump years as a

central pillar in the Sabbatian campaign to lead Pushbackers into the

trap set by those that wished to destroy them. I knew from the start

that QAnon was a scam because I had seen the same scenario many



times before over 30 years under different names and I had wri�en

about one in particular in the books. ‘Not again’ was my reaction

when QAnon came to the fore. The same script is pulled out every

few years and a new name added to the le�erhead. The story always

takes the same form: ‘Insiders’ or ‘the good guys’ in the government-

intelligence-military ‘Deep State’ apparatus were going to instigate

mass arrests of the ‘bad guys’ which would include the Rockefellers,

Rothschilds, Barack Obama, Hillary Clinton, George Soros, etc., etc.

Dates are given for when the ‘good guys’ are going to move in, but

the dates pass without incident and new dates are given which pass

without incident. The central message to Pushbackers in each case is

that they don’t have to do anything because there is ‘a plan’ and it is

all going to be sorted by the ‘good guys’ on the inside. ‘Trust the

plan’ was a QAnon mantra when the only plan was to misdirect

Pushbackers into pu�ing their trust in a Psyop they believed to be

real. Beware, beware, those who tell you what you want to hear and

always check it out. Right up to Biden’s inauguration QAnon was

still claiming that ‘the Storm’ was coming and Trump would stay on

as president when Biden and his cronies were arrested and jailed. It

was never going to happen and of course it didn’t, but what did

happen as a result provided that punchline to the Sabbatian

Trump/QAnon Psyop.

On January 6th, 2021, a very big crowd of Trump supporters

gathered in the National Mall in Washington DC down from the

Capitol Building to protest at what they believed to be widespread

corruption and vote fraud that stopped Trump being re-elected for a

second term as president in November, 2020. I say as someone that

does not support Trump or Biden that the evidence is clear that

major vote-fixing went on to favour Biden, a man with cognitive

problems so advanced he can o�en hardly string a sentence together

without reading the words wri�en for him on the Teleprompter.

Glaring ballot discrepancies included serious questions about

electronic voting machines that make vote rigging a comparative

cinch and hundreds of thousands of paper votes that suddenly

appeared during already advanced vote counts and virtually all of



them for Biden. Early Trump leads in crucial swing states suddenly

began to close and disappear. The pandemic hoax was used as the

excuse to issue almost limitless numbers of mail-in ballots with no

checks to establish that the recipients were still alive or lived at that

address. They were sent to streams of people who had not even

asked for them. Private organisations were employed to gather these

ballots and who knows what they did with them before they turned

up at the counts. The American election system has been

manipulated over decades to become a sick joke with more holes

than a Swiss cheese for the express purpose of dictating the results.

Then there was the criminal manipulation of information by

Sabbatian tech giants like Facebook, Twi�er and Google-owned

YouTube which deleted pro-Trump, anti-Biden accounts and posts

while everything in support of Biden was le� alone. Sabbatians

wanted Biden to win because a�er the dividing of America it was

time for full-on Woke and every aspect of the Cult agenda to be

unleashed.

Hunter gatherer

Extreme Silicon Valley bias included blocking information by the

New York Post exposing a Biden scandal that should have ended his

bid for president in the final weeks of the campaign. Hunter Biden,

his monumentally corrupt son, is reported to have sent a laptop to

be repaired at a local store and failed to return for it. Time passed

until the laptop became the property of the store for non-payment of

the bill. When the owner saw what was on the hard drive he gave a

copy to the FBI who did nothing even though it confirmed

widespread corruption in which the Joe Biden family were using his

political position, especially when he was vice president to Obama,

to make multiple millions in countries around the world and most

notably Ukraine and China. Hunter Biden’s one-time business

partner Tony Bobulinski went public when the story broke in the

New York Post to confirm the corruption he saw and that Joe Biden

not only knew what was going on he also profited from the spoils.

Millions were handed over by a Chinese company with close



connections – like all major businesses in China – to the Chinese

communist party of President Xi Jinping. Joe Biden even boasted at a

meeting of the Cult’s World Economic Forum that as vice president

he had ordered the government of Ukraine to fire a prosecutor. What

he didn’t mention was that the same man just happened to be

investigating an energy company which was part of Hunter Biden’s

corrupt portfolio. The company was paying him big bucks for no

other reason than the influence his father had. Overnight Biden’s

presidential campaign should have been over given that he had lied

publicly about not knowing what his son was doing. Instead almost

the entire Sabbatian-owned mainstream media and Sabbatian-

owned Silicon Valley suppressed circulation of the story. This alone

went a mighty way to rigging the election of 2020. Cult assets like

Mark Zuckerberg at Facebook also spent hundreds of millions to be

used in support of Biden and vote ‘administration’.

The Cult had used Trump as the focus to divide America and was

now desperate to bring in moronic, pliable, corrupt Biden to

complete the double-whammy. No way were they going to let li�le

things like the will of the people thwart their plan. Silicon Valley

widely censored claims that the election was rigged because it was

rigged. For the same reason anyone claiming it was rigged was

denounced as a ‘white supremacist’ including the pathetically few

Republican politicians willing to say so. Right across the media

where the claim was mentioned it was described as a ‘false claim’

even though these excuses for ‘journalists’ would have done no

research into the subject whatsoever. Trump won seven million more

votes than any si�ing president had ever achieved while somehow a

cognitively-challenged soon to be 78-year-old who was hidden away

from the public for most of the campaign managed to win more

votes than any presidential candidate in history. It makes no sense.

You only had to see election rallies for both candidates to witness the

enthusiasm for Trump and the apathy for Biden. Tens of thousands

would a�end Trump events while Biden was speaking in empty car

parks with o�en only television crews a�ending and framing their

shots to hide the fact that no one was there. It was pathetic to see



footage come to light of Biden standing at a podium making

speeches only to TV crews and party fixers while reading the words

wri�en for him on massive Teleprompter screens. So, yes, those

protestors on January 6th had a point about election rigging, but

some were about to walk into a trap laid for them in Washington by

the Cult Deep State and its QAnon Psyop. This was the Capitol Hill

riot ludicrously dubbed an ‘insurrection’.

The spider and the fly

Renegade Minds know there are not two ‘sides’ in politics, only one

side, the Cult, working through all ‘sides’. It’s a stage show, a puppet

show, to direct the perceptions of the population into focusing on

diversions like parties and candidates while missing the puppeteers

with their hands holding all the strings. The Capitol Hill

‘insurrection’ brings us back to the Li�le Big Horn. Having created

two distinct opposing groupings – Woke and Pushbackers – the trap

was about to be sprung. Pushbackers were to be encircled and

isolated by associating them all in the public mind with Trump and

then labelling Trump as some sort of Confederate leader. I knew

immediately that the Capitol riot was a set-up because of two things.

One was how easy the rioters got into the building with virtually no

credible resistance and secondly I could see – as with the ‘Covid’

hoax in the West at the start of 2020 – how the Cult could exploit the

situation to move its agenda forward with great speed. My

experience of Cult techniques and activities over more than 30 years

has showed me that while they do exploit situations they haven’t

themselves created this never happens with events of fundamental

agenda significance. Every time major events giving cultists the

excuse to rapidly advance their plan you find they are manipulated

into being for the specific reason of providing that excuse – Problem-

Reaction-Solution. Only a tiny minority of the huge crowd of

Washington protestors sought to gain entry to the Capitol by

smashing windows and breaching doors. That didn’t ma�er. The

whole crowd and all Pushbackers, even if they did not support

Trump, were going to be lumped together as dangerous



insurrectionists and conspiracy theorists. The la�er term came into

widespread use through a CIA memo in the 1960s aimed at

discrediting those questioning the nonsensical official story of the

Kennedy assassination and it subsequently became widely

employed by the media. It’s still being used by inept ‘journalists’

with no idea of its origin to discredit anyone questioning anything

that authority claims to be true. When you are perpetrating a

conspiracy you need to discredit the very word itself even though

the dictionary definition of conspiracy is merely ‘the activity of

secretly planning with other people to do something bad or illegal‘

and ‘a general agreement to keep silent about a subject for the

purpose of keeping it secret’. On that basis there are conspiracies

almost wherever you look. For obvious reasons the Cult and its

lapdog media have to claim there are no conspiracies even though

the word appears in state laws as with conspiracy to defraud, to

murder, and to corrupt public morals.

Agent provocateurs are widely used by the Cult Deep State to

manipulate genuine people into acting in ways that suit the desired

outcome. By genuine in this case I mean protestors genuinely

supporting Trump and claims that the election was stolen. In among

them, however, were agents of the state wearing the garb of Trump

supporters and QAnon to pump-prime the Capital riot which some

genuine Trump supporters naively fell for. I described the situation

as ‘Come into my parlour said the spider to the fly’. Leaflets

appeared through the Woke paramilitary arm Antifa, the anti-fascist

fascists, calling on supporters to turn up in Washington looking like

Trump supporters even though they hated him. Some of those

arrested for breaching the Capitol Building were sourced to Antifa

and its stable mate Black Lives Ma�er. Both organisations are funded

by Cult billionaires and corporations. One man charged for the riot

was according to his lawyer a former FBI agent who had held top

secret security clearance for 40 years. A�orney Thomas Plofchan said

of his client, 66-year-old Thomas Edward Caldwell:

He has held a Top Secret Security Clearance since 1979 and has undergone multiple Special
Background Investigations in support of his clearances. After retiring from the Navy, he



worked as a section chief for the Federal Bureau of Investigation from 2009-2010 as a GS-12
[mid-level employee].

He also formed and operated a consulting firm performing work, often classified, for U.S
government customers including the US. Drug Enforcement Agency, Department of Housing
and Urban Development, the US Coast Guard, and the US Army Personnel Command.

A judge later released Caldwell pending trial in the absence of

evidence about a conspiracy or that he tried to force his way into the

building. The New York Post reported a ‘law enforcement source‘ as

saying that ‘at least two known Antifa members were spo�ed’ on

camera among Trump supporters during the riot while one of the

rioters arrested was John Earle Sullivan, a seriously extreme Black

Lives Ma�er Trump-hater from Utah who was previously arrested

and charged in July, 2020, over a BLM-Antifa riot in which drivers

were threatened and one was shot. Sullivan is the founder of Utah-

based Insurgence USA which is an affiliate of the Cult-created-and-

funded Black Lives Ma�er movement. Footage appeared and was

then deleted by Twi�er of Trump supporters calling out Antifa

infiltrators and a group was filmed changing into pro-Trump

clothing before the riot. Security at the building was pathetic – as

planned. Colonel Leroy Fletcher Prouty, a man with long experience

in covert operations working with the US security apparatus, once

described the tell-tale sign to identify who is involved in an

assassination. He said:

No one has to direct an assassination – it happens. The active role is played secretly by
permitting it to happen. This is the greatest single clue. Who has the power to call off or
reduce the usual security precautions?

This principle applies to many other situations and certainly to the

Capitol riot of January 6th, 2021.

The sting

With such a big and potentially angry crowd known to be gathering

near the Capitol the security apparatus would have had a major

police detail to defend the building with National Guard troops on



standby given the strength of feeling among people arriving from all

over America encouraged by the QAnon Psyop and statements by

Donald Trump. Instead Capitol Police ‘security’ was flimsy, weak,

and easily breached. The same number of officers was deployed as

on a regular day and that is a blatant red flag. They were not staffed

or equipped for a possible riot that had been an obvious possibility

in the circumstances. No protective and effective fencing worth the

name was put in place and there were no contingency plans. The

whole thing was basically a case of standing aside and waving

people in. Once inside police mostly backed off apart from one

Capitol police officer who ridiculously shot dead unarmed Air Force

veteran protestor Ashli Babbi� without a warning as she climbed

through a broken window. The ‘investigation’ refused to name or

charge the officer a�er what must surely be considered a murder in

the circumstances. They just li�ed a carpet and swept. The story was

endlessly repeated about five people dying in the ‘armed

insurrection’ when there was no report of rioters using weapons.

Apart from Babbi� the other four died from a heart a�ack, strokes

and apparently a drug overdose. Capitol police officer Brian Sicknick

was reported to have died a�er being bludgeoned with a fire

extinguisher when he was alive a�er the riot was over and died later

of what the Washington Medical Examiner’s Office said was a stroke.

Sicknick had no external injuries. The lies were delivered like rapid

fire. There was a narrative to build with incessant repetition of the lie

until the lie became the accepted ‘everybody knows that’ truth. The

‘Big Lie’ technique of Nazi Propaganda Minister Joseph Goebbels is

constantly used by the Cult which was behind the Nazis and is

today behind the ‘Covid’ and ‘climate change’ hoaxes. Goebbels

said:

If you tell a lie big enough and keep repeating it, people will eventually come to believe it.
The lie can be maintained only for such time as the State can shield the people from the
political, economic and/or military consequences of the lie. It thus becomes vitally important
for the State to use all of its powers to repress dissent, for the truth is the mortal enemy of the
lie, and thus by extension, the truth is the greatest enemy of the State.



Most protestors had a free run of the Capitol Building. This

allowed pictures to be taken of rioters in iconic parts of the building

including the Senate chamber which could be used as propaganda

images against all Pushbackers. One Congresswoman described the

scene as ‘the worst kind of non-security anybody could ever

imagine’. Well, the first part was true, but someone obviously did

imagine it and made sure it happened. Some photographs most

widely circulated featured people wearing QAnon symbols and now

the Psyop would be used to dub all QAnon followers with the

ubiquitous fit-all label of ‘white supremacist’ and ‘insurrectionists’.

When a Muslim extremist called Noah Green drove his car at two

police officers at the Capitol Building killing one in April, 2021, there

was no such political and media hysteria. They were just

disappointed he wasn’t white.

The witch-hunt

Government prosecutor Michael Sherwin, an aggressive, dark-eyed,

professional Ro�weiler led the ‘investigation’ and to call it over the

top would be to understate reality a thousand fold. Hundreds were

tracked down and arrested for the crime of having the wrong

political views and people were jailed who had done nothing more

than walk in the building, commi�ed no violence or damage to

property, took a few pictures and le�. They were labelled a ‘threat to

the Republic’ while Biden sat in the White House signing executive

orders wri�en for him that were dismantling ‘the Republic’. Even

when judges ruled that a mother and son should not be in jail the

government kept them there. Some of those arrested have been

badly beaten by prison guards in Washington and lawyers for one

man said he suffered a fractured skull and was made blind in one

eye. Meanwhile a woman is shot dead for no reason by a Capitol

Police officer and we are not allowed to know who he is never mind

what has happened to him although that will be nothing. The Cult’s

QAnon/Trump sting to identify and isolate Pushbackers and then

target them on the road to crushing and deleting them was a

resounding success. You would have thought the Russians had



invaded the building at gunpoint and lined up senators for a firing

squad to see the political and media reaction. Congresswoman

Alexandria Ocasio-Cortez is a child in a woman’s body, a terrible-

twos, me, me, me, Woker narcissist of such proportions that words

have no meaning. She said she thought she was going to die when

‘insurrectionists’ banged on her office door. It turned out she wasn’t

even in the Capitol Building when the riot was happening and the

‘banging’ was a Capitol Police officer. She referred to herself as a

‘survivor’ which is an insult to all those true survivors of violent and

sexual abuse while she lives her pampered and privileged life

talking drivel for a living. Her Woke colleague and fellow mega-

narcissist Rashida Tlaib broke down describing the devastating

effect on her, too, of not being in the building when the rioters were

there. Ocasio-Cortez and Tlaib are members of a fully-Woke group

of Congresswomen known as ‘The Squad’ along with Ilhan Omar

and Ayanna Pressley. The Squad from what I can see can be

identified by its vehement anti-white racism, anti-white men agenda,

and, as always in these cases, the absence of brain cells on active

duty.

The usual suspects were on the riot case immediately in the form

of Democrat ultra-Zionist senators and operatives Chuck Schumer

and Adam Schiff demanding that Trump be impeached for ‘his part

in the insurrection’. The same pair of prats had led the failed

impeachment of Trump over the invented ‘Russia collusion’

nonsense which claimed Russia had helped Trump win the 2016

election. I didn’t realise that Tel Aviv had been relocated just outside

Moscow. I must find an up-to-date map. The Russia hoax was a

Sabbatian operation to keep Trump occupied and impotent and to

stop any rapport with Russia which the Cult wants to retain as a

perceptual enemy to be pulled out at will. Puppet Biden began

a�acking Russia when he came to office as the Cult seeks more

upheaval, division and war across the world. A two-year stage show

‘Russia collusion inquiry’ headed by the not-very-bright former 9/11

FBI chief Robert Mueller, with support from 19 lawyers, 40 FBI

agents plus intelligence analysts, forensic accountants and other



staff, devoured tens of millions of dollars and found no evidence of

Russia collusion which a ten-year-old could have told them on day

one. Now the same moronic Schumer and Schiff wanted a second

impeachment of Trump over the Capitol ‘insurrection’ (riot) which

the arrested development of Schumer called another ‘Pearl Harbor’

while others compared it with 9/11 in which 3,000 died and, in the

case of CNN, with the Rwandan genocide in the 1990s in which an

estimated 500,000 to 600,000 were murdered, between 250, 000 and

500,000 women were raped, and populations of whole towns were

hacked to death with machetes. To make those comparisons purely

for Cult political reasons is beyond insulting to those that suffered

and lost their lives and confirms yet again the callous inhumanity

that we are dealing with. Schumer is a monumental idiot and so is

Schiff, but they serve the Cult agenda and do whatever they’re told

so they get looked a�er. Talking of idiots – another inane man who

spanned the Russia and Capitol impeachment a�empts was Senator

Eric Swalwell who had the nerve to accuse Trump of collusion with

the Russians while sleeping with a Chinese spy called Christine Fang

or ‘Fang Fang’ which is straight out of a Bond film no doubt starring

Klaus Schwab as the bloke living on a secret island and controlling

laser weapons positioned in space and pointing at world capitals.

Fang Fang plays the part of Bond’s infiltrator girlfriend which I’m

sure she would enjoy rather more than sharing a bed with the

brainless Swalwell, lying back and thinking of China. The FBI

eventually warned Swalwell about Fang Fang which gave her time

to escape back to the Chinese dictatorship. How very thoughtful of

them. The second Trump impeachment also failed and hardly

surprising when an impeachment is supposed to remove a si�ing

president and by the time it happened Trump was no longer

president. These people are running your country America, well,

officially anyway. Terrifying isn’t it?

Outcomes tell the story - always

The outcome of all this – and it’s the outcome on which Renegade

Minds focus, not the words – was that a vicious, hysterical and



obviously pre-planned assault was launched on Pushbackers to

censor, silence and discredit them and even targeted their right to

earn a living. They have since been condemned as ‘domestic

terrorists’ that need to be treated like Al-Qaeda and Islamic State.

‘Domestic terrorists’ is a label the Cult has been trying to make stick

since the period of the Oklahoma bombing in 1995 which was

blamed on ‘far-right domestic terrorists’. If you read The Trigger you

will see that the bombing was clearly a Problem-Reaction-Solution

carried out by the Deep State during a Bill Clinton administration so

corrupt that no dictionary definition of the term would even nearly

suffice. Nearly 30, 000 troops were deployed from all over America

to the empty streets of Washington for Biden’s inauguration. Ten

thousand of them stayed on with the pretext of protecting the capital

from insurrectionists when it was more psychological programming

to normalise the use of the military in domestic law enforcement in

support of the Cult plan for a police-military state. Biden’s fascist

administration began a purge of ‘wrong-thinkers’ in the military

which means anyone that is not on board with Woke. The Capitol

Building was surrounded by a fence with razor wire and the Land of

the Free was further symbolically and literally dismantled. The circle

was completed with the installation of Biden and the exploitation of

the QAnon Psyop.

America had never been so divided since the civil war of the 19th

century, Pushbackers were isolated and dubbed terrorists and now,

as was always going to happen, the Cult immediately set about

deleting what li�le was le� of freedom and transforming American

society through a swish of the hand of the most controlled

‘president’ in American history leading (officially at least) the most

extreme regime since the country was declared an independent state

on July 4th, 1776. Biden issued undebated, dictatorial executive

orders almost by the hour in his opening days in office across the

whole spectrum of the Cult wish-list including diluting controls on

the border with Mexico allowing thousands of migrants to illegally

enter the United States to transform the demographics of America

and import an election-changing number of perceived Democrat



voters. Then there were Biden deportation amnesties for the already

illegally resident (estimated to be as high as 20 or even 30 million). A

bill before Congress awarded American citizenship to anyone who

could prove they had worked in agriculture for just 180 days in the

previous two years as ‘Big Ag’ secured its slave labour long-term.

There were the plans to add new states to the union such as Puerto

Rico and making Washington DC a state. They are all parts of a plan

to ensure that the Cult-owned Woke Democrats would be

permanently in power.

Border – what border?

I have exposed in detail in other books how mass immigration into

the United States and Europe is the work of Cult networks fuelled by

the tens of billions spent to this and other ends by George Soros and

his global Open Society (open borders) Foundations. The impact can

be seen in America alone where the population has increased by 100

million in li�le more than 30 years mostly through immigration. I

wrote in The Answer that the plan was to have so many people

crossing the southern border that the numbers become unstoppable

and we are now there under Cult-owned Biden. El Salvador in

Central America puts the scale of what is happening into context. A

third of the population now lives in the United States, much of it

illegally, and many more are on the way. The methodology is to

crush Central and South American countries economically and

spread violence through machete-wielding psychopathic gangs like

MS-13 based in El Salvador and now operating in many American

cities. Biden-imposed lax security at the southern border means that

it is all but open. He said before his ‘election’ that he wanted to see a

surge towards the border if he became president and that was the

green light for people to do just that a�er election day to create the

human disaster that followed for both America and the migrants.

When that surge came the imbecilic Alexandria Ocasio-Cortez said it

wasn’t a ‘surge’ because they are ‘children, not insurgents’ and the

term ‘surge’ (used by Biden) was a claim of ‘white supremacists’.



This disingenuous lady may one day enter the realm of the most

basic intelligence, but it won’t be any time soon.

Sabbatians and the Cult are in the process of destroying America

by importing violent people and gangs in among the genuine to

terrorise American cities and by overwhelming services that cannot

cope with the sheer volume of new arrivals. Something similar is

happening in Europe as Western society in general is targeted for

demographic and cultural transformation and upheaval. The plan

demands violence and crime to create an environment of

intimidation, fear and division and Soros has been funding the

election of district a�orneys across America who then stop

prosecuting many crimes, reduce sentences for violent crimes and

free as many violent criminals as they can. Sabbatians are creating

the chaos from which order – their order – can respond in a classic

Problem-Reaction-Solution. A Freemasonic moto says ‘Ordo Ab

Chao’ (Order out of Chaos) and this is why the Cult is constantly

creating chaos to impose a new ‘order’. Here you have the reason

the Cult is constantly creating chaos. The ‘Covid’ hoax can be seen

with those entering the United States by plane being forced to take a

‘Covid’ test while migrants flooding through southern border

processing facilities do not. Nothing is put in the way of mass

migration and if that means ignoring the government’s own ‘Covid’

rules then so be it. They know it’s all bullshit anyway. Any pushback

on this is denounced as ‘racist’ by Wokers and Sabbatian fronts like

the ultra-Zionist Anti-Defamation League headed by the appalling

Jonathan Greenbla� which at the same time argues that Israel should

not give citizenship and voting rights to more Palestinian Arabs or

the ‘Jewish population’ (in truth the Sabbatian network) will lose

control of the country.

Society-changing numbers

Biden’s masters have declared that countries like El Salvador are so

dangerous that their people must be allowed into the United States

for humanitarian reasons when there are fewer murders in large

parts of many Central American countries than in US cities like



Baltimore. That is not to say Central America cannot be a dangerous

place and Cult-controlled American governments have been making

it so since way back, along with the dismantling of economies, in a

long-term plan to drive people north into the United States. Parts of

Central America are very dangerous, but in other areas the story is

being greatly exaggerated to justify relaxing immigration criteria.

Migrants are being offered free healthcare and education in the

United States as another incentive to head for the border and there is

no requirement to be financially independent before you can enter to

prevent the resources of America being drained. You can’t blame

migrants for seeking what they believe will be a be�er life, but they

are being played by the Cult for dark and nefarious ends. The

numbers since Biden took office are huge. In February, 2021, more

than 100,000 people were known to have tried to enter the US

illegally through the southern border (it was 34,000 in the same

month in 2020) and in March it was 170,000 – a 418 percent increase

on March, 2020. These numbers are only known people, not the ones

who get in unseen. The true figure for migrants illegally crossing the

border in a single month was estimated by one congressman at

250,000 and that number will only rise under Biden’s current policy.

Gangs of murdering drug-running thugs that control the Mexican

side of the border demand money – thousands of dollars – to let

migrants cross the Rio Grande into America. At the same time gun

ba�les are breaking out on the border several times a week between

rival Mexican drug gangs (which now operate globally) who are

equipped with sophisticated military-grade weapons, grenades and

armoured vehicles. While the Capitol Building was being ‘protected’

from a non-existent ‘threat’ by thousands of troops, and others were

still deployed at the time in the Cult Neocon war in Afghanistan, the

southern border of America was le� to its fate. This is not

incompetence, it is cold calculation.

By March, 2021, there were 17,000 unaccompanied children held at

border facilities and many of them are ensnared by people traffickers

for paedophile rings and raped on their journey north to America.

This is not conjecture – this is fact. Many of those designated



children are in reality teenage boys or older. Meanwhile Wokers

posture their self-purity for encouraging poor and tragic people to

come to America and face this nightmare both on the journey and at

the border with the disgusting figure of House Speaker Nancy Pelosi

giving disingenuous speeches about caring for migrants. The

woman’s evil. Wokers condemned Trump for having children in

cages at the border (so did Obama, Shhhh), but now they are sleeping

on the floor without access to a shower with one border facility 729

percent over capacity. The Biden insanity even proposed flying

migrants from the southern border to the northern border with

Canada for ‘processing’. The whole shambles is being overseen by

ultra-Zionist Secretary of Homeland Security, the moronic liar

Alejandro Mayorkas, who banned news cameras at border facilities

to stop Americans seeing what was happening. Mayorkas said there

was not a ban on news crews; it was just that they were not allowed

to film. Alongside him at Homeland Security is another ultra-Zionist

Cass Sunstein appointed by Biden to oversee new immigration laws.

Sunstein despises conspiracy researchers to the point where he

suggests they should be banned or taxed for having such views. The

man is not bonkers or anything. He’s perfectly well-adjusted, but

adjusted to what is the question. Criticise what is happening and

you are a ‘white supremacist’ when earlier non-white immigrants

also oppose the numbers which effect their lives and opportunities.

Black people in poor areas are particularly damaged by uncontrolled

immigration and the increased competition for work opportunities

with those who will work for less. They are also losing voting power

as Hispanics become more dominant in former black areas. It’s a

downward spiral for them while the billionaires behind the policy

drone on about how much they care about black people and

‘racism’. None of this is about compassion for migrants or black

people – that’s just wind and air. Migrants are instead being

mercilessly exploited to transform America while the countries they

leave are losing their future and the same is true in Europe. Mass

immigration may now be the work of Woke Democrats, but it can be

traced back to the 1986 Immigration Reform and Control Act (it



wasn’t) signed into law by Republican hero President Ronald

Reagan which gave amnesty to millions living in the United States

illegally and other incentives for people to head for the southern

border. Here we have the one-party state at work again.

Save me syndrome

Almost every aspect of what I have been exposing as the Cult

agenda was on display in even the first days of ‘Biden’ with silencing

of Pushbackers at the forefront of everything. A Renegade Mind will

view the Trump years and QAnon in a very different light to their

supporters and advocates as the dots are connected. The

QAnon/Trump Psyop has given the Cult all it was looking for. We

may not know how much, or li�le, that Trump realised he was being

used, but that’s a side issue. This pincer movement produced the

desired outcome of dividing America and having Pushbackers

isolated. To turn this around we have to look at new routes to

empowerment which do not include handing our power to other

people and groups through what I will call the ‘Save Me Syndrome’

– ‘I want someone else to do it so that I don’t have to’. We have seen

this at work throughout human history and the QAnon/Trump

Psyop is only the latest incarnation alongside all the others. Religion

is an obvious expression of this when people look to a ‘god’ or priest

to save them or tell them how to be saved and then there are ‘save

me’ politicians like Trump. Politics is a diversion and not a ‘saviour’.

It is a means to block positive change, not make it possible.

Save Me Syndrome always comes with the same repeating theme

of handing your power to whom or what you believe will save you

while your real ‘saviour’ stares back from the mirror every morning.

Renegade Minds are constantly vigilant in this regard and always

asking the question ‘What can I do?’ rather than ‘What can someone

else do for me?’ Gandhi was right when he said: ‘You must be the

change you want to see in the world.’ We are indeed the people we

have been waiting for. We are presented with a constant ra� of

reasons to concede that power to others and forget where the real

power is. Humanity has the numbers and the Cult does not. It has to



use diversion and division to target the unstoppable power that

comes from unity. Religions, governments, politicians, corporations,

media, QAnon, are all different manifestations of this power-

diversion and dilution. Refusing to give your power to governments

and instead handing it to Trump and QAnon is not to take a new

direction, but merely to recycle the old one with new names on the

posters. I will explore this phenomenon as we proceed and how to

break the cycles and recycles that got us here through the mists of

repeating perception and so repeating history.

For now we shall turn to the most potent example in the entire

human story of the consequences that follow when you give your

power away. I am talking, of course, of the ‘Covid’ hoax.
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CHAPTER FOUR

‘Covid’: Calculated catastrophe

Facts are threatening to those invested in fraud

DaShanne Stokes

e can easily unravel the real reason for the ‘Covid pandemic’

hoax by employing the Renegade Mind methodology that I

have outlined this far. We’ll start by comparing the long-planned

Cult outcome with the ‘Covid pandemic’ outcome. Know the

outcome and you’ll see the journey.

I have highlighted the plan for the Hunger Games Society which

has been in my books for so many years with the very few

controlling the very many through ongoing dependency. To create

this dependency it is essential to destroy independent livelihoods,

businesses and employment to make the population reliant on the

state (the Cult) for even the basics of life through a guaranteed

pi�ance income. While independence of income remained these Cult

ambitions would be thwarted. With this knowledge it was easy to

see where the ‘pandemic’ hoax was going once talk of ‘lockdowns’

began and the closing of all but perceived ‘essential’ businesses to

‘save’ us from an alleged ‘deadly virus’. Cult corporations like

Amazon and Walmart were naturally considered ‘essential’ while

mom and pop shops and stores had their doors closed by fascist

decree. As a result with every new lockdown and new regulation

more small and medium, even large businesses not owned by the

Cult, went to the wall while Cult giants and their frontmen and

women grew financially fa�er by the second. Mom and pop were



denied an income and the right to earn a living and the wealth of

people like Jeff Bezos (Amazon), Mark Zuckerberg (Facebook) and

Sergei Brin and Larry Page (Google/Alphabet) have reached record

levels. The Cult was increasing its own power through further

dramatic concentrations of wealth while the competition was being

destroyed and brought into a state of dependency. Lockdowns have

been instigated to secure that very end and were never anything to

do with health. My brother Paul spent 45 years building up a bus

repair business, but lockdowns meant buses were running at a

fraction of normal levels for months on end. Similar stories can told

in their hundreds of millions worldwide. Efforts of a lifetime coldly

destroyed by Cult multi-billionaires and their lackeys in government

and law enforcement who continued to earn their living from the

taxation of the people while denying the right of the same people to

earn theirs. How different it would have been if those making and

enforcing these decisions had to face the same financial hardships of

those they affected, but they never do.

Gates of Hell

Behind it all in the full knowledge of what he is doing and why is

the psychopathic figure of Cult operative Bill Gates. His puppet

Tedros at the World Health Organization declared ‘Covid’ a

pandemic in March, 2020. The WHO had changed the definition of a

‘pandemic’ in 2009 just a month before declaring the ‘swine flu

pandemic’ which would not have been so under the previous

definition. The same applies to ‘Covid’. The definition had

included… ‘an infection by an infectious agent, occurring

simultaneously in different countries, with a significant mortality

rate relative to the proportion of the population infected’. The new

definition removed the need for ‘significant mortality’. The

‘pandemic’ has been fraudulent even down to the definition, but

Gates demanded economy-destroying lockdowns, school closures,

social distancing, mandatory masks, a ‘vaccination’ for every man,

woman and child on the planet and severe consequences and

restrictions for those that refused. Who gave him this power? The



Cult did which he serves like a li�le boy in short trousers doing

what his daddy tells him. He and his psychopathic missus even

smiled when they said that much worse was to come (what they

knew was planned to come). Gates responded in the ma�er-of-fact

way of all psychopaths to a question about the effect on the world

economy of what he was doing:

Well, it won’t go to zero but it will shrink. Global GDP is probably going to take the biggest
hit ever [Gates was smiling as he said this] … in my lifetime this will be the greatest economic
hit. But you don’t have a choice. People act as if you have a choice. People don’t feel like
going to the stadium when they might get infected … People are deeply affected by seeing
these stats, by knowing they could be part of the transmission chain, old people, their parents
and grandparents, could be affected by this, and so you don’t get to say ignore what is going
on here.

There will be the ability to open up, particularly in rich countries, if things are done well over
the next few months, but for the world at large normalcy only returns when we have largely
vaccinated the entire population.

The man has no compassion or empathy. How could he when he’s

a psychopath like all Cult players? My own view is that even beyond

that he is very seriously mentally ill. Look in his eyes and you can

see this along with his crazy flailing arms. You don’t do what he has

done to the world population since the start of 2020 unless you are

mentally ill and at the most extreme end of psychopathic. You

especially don’t do it when to you know, as we shall see, that cases

and deaths from ‘Covid’ are fakery and a product of monumental

figure massaging. ‘These stats’ that Gates referred to are based on a

‘test’ that’s not testing for the ‘virus’ as he has known all along. He

made his fortune with big Cult support as an infamously ruthless

so�ware salesman and now buys global control of ‘health’ (death)

policy without the population he affects having any say. It’s a

breathtaking outrage. Gates talked about people being deeply

affected by fear of ‘Covid’ when that was because of him and his

global network lying to them minute-by-minute supported by a

lying media that he seriously influences and funds to the tune of

hundreds of millions. He’s handed big sums to media operations

including the BBC, NBC, Al Jazeera, Univision, PBS NewsHour,



ProPublica, National Journal, The Guardian, The Financial Times, The

Atlantic, Texas Tribune, USA Today publisher Ganne�, Washington

Monthly, Le Monde, Center for Investigative Reporting, Pulitzer

Center on Crisis Reporting, National Press Foundation, International

Center for Journalists, Solutions Journalism Network, the Poynter

Institute for Media Studies, and many more. Gates is everywhere in

the ‘Covid’ hoax and the man must go to prison – or a mental facility

– for the rest of his life and his money distributed to those he has

taken such enormous psychopathic pleasure in crushing.

The Muscle

The Hunger Games global structure demands a police-military state

– a fusion of the two into one force – which viciously imposes the

will of the Cult on the population and protects the Cult from public

rebellion. In that regard, too, the ‘Covid’ hoax just keeps on giving.

O�en unlawful, ridiculous and contradictory ‘Covid’ rules and

regulations have been policed across the world by moronic

automatons and psychopaths made faceless by face-nappy masks

and acting like the Nazi SS and fascist blackshirts and brownshirts of

Hitler and Mussolini. The smallest departure from the rules decreed

by the psychos in government and their clueless gofers were jumped

upon by the face-nappy fascists. Brutality against public protestors

soon became commonplace even on girls, women and old people as

the brave men with the batons – the Face-Nappies as I call them –

broke up peaceful protests and handed out fines like confe�i to

people who couldn’t earn a living let alone pay hundreds of pounds

for what was once an accepted human right. Robot Face-Nappies of

No�ingham police in the English East Midlands fined one group

£11,000 for a�ending a child’s birthday party. For decades I charted

the transformation of law enforcement as genuine, decent officers

were replaced with psychopaths and the brain dead who would

happily and brutally do whatever their masters told them. Now they

were let loose on the public and I would emphasise the point that

none of this just happened. The step-by-step change in the dynamic

between police and public was orchestrated from the shadows by



those who knew where this was all going and the same with the

perceptual reframing of those in all levels of authority and official

administration through ‘training courses’ by organisations such as

Common Purpose which was created in the late 1980s and given a

massive boost in Blair era Britain until it became a global

phenomenon. Supposed public ‘servants’ began to view the

population as the enemy and the same was true of the police. This

was the start of the explosion of behaviour manipulation

organisations and networks preparing for the all-war on the human

psyche unleashed with the dawn of 2020. I will go into more detail

about this later in the book because it is a core part of what is

happening.

Police desecrated beauty spots to deter people gathering and

arrested women for walking in the countryside alone ‘too far’ from

their homes. We had arrogant, clueless sergeants in the Isle of Wight

police where I live posting on Facebook what they insisted the

population must do or else. A schoolmaster sergeant called Radford

looked young enough for me to ask if his mother knew he was out,

but he was posting what he expected people to do while a Sergeant

Wilkinson boasted about fining lads for meeting in a McDonald’s car

park where they went to get a lockdown takeaway. Wilkinson added

that he had even cancelled their order. What a pair of prats these

people are and yet they have increasingly become the norm among

Jackboot Johnson’s Yellowshirts once known as the British police.

This was the theme all over the world with police savagery common

during lockdown protests in the United States, the Netherlands, and

the fascist state of Victoria in Australia under its tyrannical and

again moronic premier Daniel Andrews. Amazing how tyrannical

and moronic tend to work as a team and the same combination

could be seen across America as arrogant, narcissistic Woke

governors and mayors such as Gavin Newsom (California), Andrew

Cuomo (New York), Gretchen Whitmer (Michigan), Lori Lightfoot

(Chicago) and Eric Garce�i (Los Angeles) did their Nazi and Stalin

impressions with the full support of the compliant brutality of their

enforcers in uniform as they arrested small business owners defying



fascist shutdown orders and took them to jail in ankle shackles and

handcuffs. This happened to bistro owner Marlena Pavlos-Hackney

in Gretchen Whitmer’s fascist state of Michigan when police arrived

to enforce an order by a state-owned judge for ‘pu�ing the

community at risk’ at a time when other states like Texas were

dropping restrictions and migrants were pouring across the

southern border without any ‘Covid’ questions at all. I’m sure there

are many officers appalled by what they are ordered to do, but not

nearly enough of them. If they were truly appalled they would not

do it. As the months passed every opportunity was taken to have the

military involved to make their presence on the streets ever more

familiar and ‘normal’ for the longer-term goal of police-military

fusion.

Another crucial element to the Hunger Games enforcement

network has been encouraging the public to report neighbours and

others for ‘breaking the lockdown rules’. The group faced with

£11,000 in fines at the child’s birthday party would have been

dobbed-in by a neighbour with a brain the size of a pea. The

technique was most famously employed by the Stasi secret police in

communist East Germany who had public informants placed

throughout the population. A police chief in the UK says his force

doesn’t need to carry out ‘Covid’ patrols when they are flooded with

so many calls from the public reporting other people for visiting the

beach. Dorset police chief James Vaughan said people were so

enthusiastic about snitching on their fellow humans they were now

operating as an auxiliary arm of the police: ‘We are still ge�ing

around 400 reports a week from the public, so we will respond to

reports …We won’t need to be doing hotspot patrols because people

are very quick to pick the phone up and tell us.’ Vaughan didn’t say

that this is a pillar of all tyrannies of whatever complexion and the

means to hugely extend the reach of enforcement while spreading

distrust among the people and making them wary of doing anything

that might get them reported. Those narcissistic Isle of Wight

sergeants Radford and Wilkinson never fail to add a link to their

Facebook posts where the public can inform on their fellow slaves.



Neither would be self-aware enough to realise they were imitating

the Stasi which they might well never have heard of. Government

psychologists that I will expose later laid out a policy to turn

communities against each other in the same way.

A coincidence? Yep, and I can knit fog

I knew from the start of the alleged pandemic that this was a Cult

operation. It presented limitless potential to rapidly advance the Cult

agenda and exploit manipulated fear to demand that every man,

woman and child on the planet was ‘vaccinated’ in a process never

used on humans before which infuses self-replicating synthetic

material into human cells. Remember the plan to transform the

human body from a biological to a synthetic biological state. I’ll deal

with the ‘vaccine’ (that’s not actually a vaccine) when I focus on the

genetic agenda. Enough to say here that mass global ‘vaccination’

justified by this ‘new virus’ set alarms ringing a�er 30 years of

tracking these people and their methods. The ‘Covid’ hoax officially

beginning in China was also a big red flag for reasons I will be

explaining. The agenda potential was so enormous that I could

dismiss any idea that the ‘virus’ appeared naturally. Major

happenings with major agenda implications never occur without

Cult involvement in making them happen. My questions were

twofold in early 2020 as the media began its campaign to induce

global fear and hysteria: Was this alleged infectious agent released

on purpose by the Cult or did it even exist at all? I then did what I

always do in these situations. I sat, observed and waited to see

where the evidence and information would take me. By March and

early April synchronicity was strongly – and ever more so since then

– pointing me in the direction of there is no ‘virus’. I went public on

that with derision even from swathes of the alternative media that

voiced a scenario that the Chinese government released the ‘virus’ in

league with Deep State elements in the United States from a top-

level bio-lab in Wuhan where the ‘virus’ is said to have first

appeared. I looked at that possibility, but I didn’t buy it for several

reasons. Deaths from the ‘virus’ did not in any way match what they



would have been with a ‘deadly bioweapon’ and it is much more

effective if you sell the illusion of an infectious agent rather than

having a real one unless you can control through injection who has it

and who doesn’t. Otherwise you lose control of events. A made-up

‘virus’ gives you a blank sheet of paper on which you can make it do

whatever you like and have any symptoms or mutant ‘variants’ you

choose to add while a real infectious agent would limit you to what

it actually does. A phantom disease allows you to have endless

ludicrous ‘studies’ on the ‘Covid’ dollar to widen the perceived

impact by inventing ever more ‘at risk’ groups including one study

which said those who walk slowly may be almost four times more

likely to die from the ‘virus’. People are in psychiatric wards for less.

A real ‘deadly bioweapon’ can take out people in the hierarchy

that are not part of the Cult, but essential to its operation. Obviously

they don’t want that. Releasing a real disease means you

immediately lose control of it. Releasing an illusory one means you

don’t. Again it’s vital that people are extra careful when dealing with

what they want to hear. A bioweapon unleashed from a Chinese

laboratory in collusion with the American Deep State may fit a

conspiracy narrative, but is it true? Would it not be far more effective

to use the excuse of a ‘virus’ to justify the real bioweapon – the

‘vaccine’? That way your disease agent does not have to be

transmi�ed and arrives directly through a syringe. I saw a French

virologist Luc Montagnier quoted in the alternative media as saying

he had discovered that the alleged ‘new’ severe acute respiratory

syndrome coronavirus , or SARS-CoV-2, was made artificially and

included elements of the human immunodeficiency ‘virus’ (HIV)

and a parasite that causes malaria. SARS-CoV-2 is alleged to trigger

an alleged illness called Covid-19. I remembered Montagnier’s name

from my research years before into claims that an HIV ‘retrovirus’

causes AIDs – claims that were demolished by Berkeley virologist

Peter Duesberg who showed that no one had ever proved that HIV

causes acquired immunodeficiency syndrome or AIDS. Claims that

become accepted as fact, publicly and medically, with no proof

whatsoever are an ever-recurring story that profoundly applies to



‘Covid’. Nevertheless, despite the lack of proof, Montagnier’s team

at the Pasteur Institute in Paris had a long dispute with American

researcher Robert Gallo over which of them discovered and isolated

the HIV ‘virus’ and with no evidence found it to cause AIDS. You will

see later that there is also no evidence that any ‘virus’ causes any

disease or that there is even such a thing as a ‘virus’ in the way it is

said to exist. The claim to have ‘isolated’ the HIV ‘virus’ will be

presented in its real context as we come to the shocking story – and

it is a story – of SARS-CoV-2 and so will Montagnier’s assertion that

he identified the full SARS-CoV-2 genome.

Hoax in the making

We can pick up the ‘Covid’ story in 2010 and the publication by the

Rockefeller Foundation of a document called ‘Scenarios for the

Future of Technology and International Development’. The inner

circle of the Rockefeller family has been serving the Cult since John

D. Rockefeller (1839-1937) made his fortune with Standard Oil. It is

less well known that the same Rockefeller – the Bill Gates of his day

– was responsible for establishing what is now referred to as ‘Big

Pharma’, the global network of pharmaceutical companies that make

outrageous profits dispensing scalpel and drug ‘medicine’ and are

obsessed with pumping vaccines in ever-increasing number into as

many human arms and backsides as possible. John D. Rockefeller

was the driving force behind the creation of the ‘education’ system

in the United States and elsewhere specifically designed to program

the perceptions of generations therea�er. The Rockefeller family

donated exceptionally valuable land in New York for the United

Nations building and were central in establishing the World Health

Organization in 1948 as an agency of the UN which was created

from the start as a Trojan horse and stalking horse for world

government. Now enter Bill Gates. His family and the Rockefellers

have long been extremely close and I have seen genealogy which

claims that if you go back far enough the two families fuse into the

same bloodline. Gates has said that the Bill and Melinda Gates

Foundation was inspired by the Rockefeller Foundation and why not



when both are serving the same Cult? Major tax-exempt foundations

are overwhelmingly criminal enterprises in which Cult assets fund

the Cult agenda in the guise of ‘philanthropy’ while avoiding tax in

the process. Cult operatives can become mega-rich in their role of

front men and women for the psychopaths at the inner core and

they, too, have to be psychopaths to knowingly serve such evil. Part

of the deal is that a big percentage of the wealth gleaned from

representing the Cult has to be spent advancing the ambitions of the

Cult and hence you have the Rockefeller Foundation, Bill and

Melinda Gates Foundation (and so many more) and people like

George Soros with his global Open Society Foundations spending

their billions in pursuit of global Cult control. Gates is a global

public face of the Cult with his interventions in world affairs

including Big Tech influence; a central role in the ‘Covid’ and

‘vaccine’ scam; promotion of the climate change shakedown;

manipulation of education; geoengineering of the skies; and his

food-control agenda as the biggest owner of farmland in America,

his GMO promotion and through other means. As one writer said:

‘Gates monopolizes or wields disproportionate influence over the

tech industry, global health and vaccines, agriculture and food policy

(including biopiracy and fake food), weather modification and other

climate technologies, surveillance, education and media.’ The almost

limitless wealth secured through Microso� and other not-allowed-

to-fail ventures (including vaccines) has been ploughed into a long,

long list of Cult projects designed to enslave the entire human race.

Gates and the Rockefellers have been working as one unit with the

Rockefeller-established World Health Organization leading global

‘Covid’ policy controlled by Gates through his mouth-piece Tedros.

Gates became the WHO’s biggest funder when Trump announced

that the American government would cease its donations, but Biden

immediately said he would restore the money when he took office in

January, 2021. The Gates Foundation (the Cult) owns through

limitless funding the world health system and the major players

across the globe in the ‘Covid’ hoax.



Okay, with that background we return to that Rockefeller

Foundation document of 2010 headed ‘Scenarios for the Future of

Technology and International Development’ and its ‘imaginary’

epidemic of a virulent and deadly influenza strain which infected 20

percent of the global population and killed eight million in seven

months. The Rockefeller scenario was that the epidemic destroyed

economies, closed shops, offices and other businesses and led to

governments imposing fierce rules and restrictions that included

mandatory wearing of face masks and body-temperature checks to

enter communal spaces like railway stations and supermarkets. The

document predicted that even a�er the height of the Rockefeller-

envisaged epidemic the authoritarian rule would continue to deal

with further pandemics, transnational terrorism, environmental

crises and rising poverty. Now you may think that the Rockefellers

are our modern-day seers or alternatively, and rather more likely,

that they well knew what was planned a few years further on.

Fascism had to be imposed, you see, to ‘protect citizens from risk

and exposure’. The Rockefeller scenario document said:

During the pandemic, national leaders around the world flexed their authority and imposed
airtight rules and restrictions, from the mandatory wearing of face masks to body-temperature
checks at the entries to communal spaces like train stations and supermarkets. Even after the
pandemic faded, this more authoritarian control and oversight of citizens and their activities
stuck and even intensified. In order to protect themselves from the spread of increasingly
global problems – from pandemics and transnational terrorism to environmental crises and
rising poverty – leaders around the world took a firmer grip on power.

At first, the notion of a more controlled world gained wide acceptance and approval. Citizens
willingly gave up some of their sovereignty – and their privacy – to more paternalistic states in
exchange for greater safety and stability. Citizens were more tolerant, and even eager, for top-
down direction and oversight, and national leaders had more latitude to impose order in the
ways they saw fit.

In developed countries, this heightened oversight took many forms: biometric IDs for all
citizens, for example, and tighter regulation of key industries whose stability was deemed vital
to national interests. In many developed countries, enforced cooperation with a suite of new
regulations and agreements slowly but steadily restored both order and, importantly,
economic growth.



There we have the prophetic Rockefellers in 2010 and three years

later came their paper for the Global Health Summit in Beĳing,

China, when government representatives, the private sector,

international organisations and groups met to discuss the next 100

years of ‘global health’. The Rockefeller Foundation-funded paper

was called ‘Dreaming the Future of Health for the Next 100 Years

and more prophecy ensued as it described a dystopian future: ‘The

abundance of data, digitally tracking and linking people may mean

the ‘death of privacy’ and may replace physical interaction with

transient, virtual connection, generating isolation and raising

questions of how values are shaped in virtual networks.’ Next in the

‘Covid’ hoax preparation sequence came a ‘table top’ simulation in

2018 for another ‘imaginary’ pandemic of a disease called Clade X

which was said to kill 900 million people. The exercise was

organised by the Gates-funded Johns Hopkins University’s Center

for Health Security in the United States and this is the very same

university that has been compiling the disgustingly and

systematically erroneous global figures for ‘Covid’ cases and deaths.

Similar Johns Hopkins health crisis scenarios have included the Dark

Winter exercise in 2001 and Atlantic Storm in 2005.

Nostradamus 201

For sheer predictive genius look no further prophecy-watchers than

the Bill Gates-funded Event 201 held only six weeks before the

‘coronavirus pandemic’ is supposed to have broken out in China

and Event 201 was based on a scenario of a global ‘coronavirus

pandemic’. Melinda Gates, the great man’s missus, told the BBC that

he had ‘prepared for years’ for a coronavirus pandemic which told

us what we already knew. Nostradamugates had predicted in a TED

talk in 2015 that a pandemic was coming that would kill a lot of

people and demolish the world economy. My god, the man is a

machine – possibly even literally. Now here he was only weeks

before the real thing funding just such a simulated scenario and

involving his friends and associates at Johns Hopkins, the World

Economic Forum Cult-front of Klaus Schwab, the United Nations,



Johnson & Johnson, major banks, and officials from China and the

Centers for Disease Control in the United States. What synchronicity

– Johns Hopkins would go on to compile the fraudulent ‘Covid’

figures, the World Economic Forum and Schwab would push the

‘Great Reset’ in response to ‘Covid’, the Centers for Disease Control

would be at the forefront of ‘Covid’ policy in the United States,

Johnson & Johnson would produce a ‘Covid vaccine’, and

everything would officially start just weeks later in China. Spooky,

eh? They were even accurate in creating a simulation of a ‘virus’

pandemic because the ‘real thing’ would also be a simulation. Event

201 was not an exercise preparing for something that might happen;

it was a rehearsal for what those in control knew was going to

happen and very shortly. Hours of this simulation were posted on

the Internet and the various themes and responses mirrored what

would soon be imposed to transform human society. News stories

were inserted and what they said would be commonplace a few

weeks later with still more prophecy perfection. Much discussion

focused on the need to deal with misinformation and the ‘anti-vax

movement’ which is exactly what happened when the ‘virus’ arrived

– was said to have arrived – in the West.

Cult-owned social media banned criticism and exposure of the

official ‘virus’ narrative and when I said there was no ‘virus’ in early

April, 2020, I was banned by one platform a�er another including

YouTube, Facebook and later Twi�er. The mainstream broadcast

media in Britain was in effect banned from interviewing me by the

Tony-Blair-created government broadcasting censor Ofcom headed

by career government bureaucrat Melanie Dawes who was

appointed just as the ‘virus’ hoax was about to play out in January,

2020. At the same time the Ickonic media platform was using Vimeo,

another ultra-Zionist-owned operation, while our own player was

being created and they deleted in an instant hundreds of videos,

documentaries, series and shows to confirm their unbelievable

vindictiveness. We had copies, of course, and they had to be restored

one by one when our player was ready. These people have no class.

Sabbatian Facebook promised free advertisements for the Gates-



controlled World Health Organization narrative while deleting ‘false

claims and conspiracy theories’ to stop ‘misinformation’ about the

alleged coronavirus. All these responses could be seen just a short

while earlier in the scenarios of Event 201. Extreme censorship was

absolutely crucial for the Cult because the official story was so

ridiculous and unsupportable by the evidence that it could never

survive open debate and the free-flow of information and opinion. If

you can’t win a debate then don’t have one is the Cult’s approach

throughout history. Facebook’s li�le boy front man – front boy –

Mark Zuckerberg equated ‘credible and accurate information’ with

official sources and exposing their lies with ‘misinformation’.

Silencing those that can see

The censorship dynamic of Event 201 is now the norm with an army

of narrative-supporting ‘fact-checker’ organisations whose entire

reason for being is to tell the public that official narratives are true

and those exposing them are lying. One of the most appalling of

these ‘fact-checkers’ is called NewsGuard founded by ultra-Zionist

Americans Gordon Crovitz and Steven Brill. Crovitz is a former

publisher of The Wall Street Journal, former Executive Vice President

of Dow Jones, a member of the Council on Foreign Relations (CFR),

and on the board of the American Association of Rhodes Scholars.

The CFR and Rhodes Scholarships, named a�er Rothschild agent

Cecil Rhodes who plundered the gold and diamonds of South Africa

for his masters and the Cult, have featured widely in my books.

NewsGuard don’t seem to like me for some reason – I really can’t

think why – and they have done all they can to have me censored

and discredited which is, to quote an old British politician, like being

savaged by a dead sheep. They are, however, like all in the

censorship network, very well connected and funded by

organisations themselves funded by, or connected to, Bill Gates. As

you would expect with anything associated with Gates NewsGuard

has an offshoot called HealthGuard which ‘fights online health care

hoaxes’. How very kind. Somehow the NewsGuard European

Managing Director Anna-Sophie Harling, a remarkably young-



looking woman with no broadcasting experience and li�le hands-on

work in journalism, has somehow secured a position on the ‘Content

Board’ of UK government broadcast censor Ofcom. An executive of

an organisation seeking to discredit dissidents of the official

narratives is making decisions for the government broadcast

‘regulator’ about content?? Another appalling ‘fact-checker’ is Full

Fact funded by George Soros and global censors Google and

Facebook.

It’s amazing how many activists in the ‘fact-checking’, ‘anti-hate’,

arena turn up in government-related positions – people like UK

Labour Party activist Imran Ahmed who heads the Center for

Countering Digital Hate founded by people like Morgan

McSweeney, now chief of staff to the Labour Party’s hapless and

useless ‘leader’ Keir Starmer. Digital Hate – which is what it really is

– uses the American spelling of Center to betray its connection to a

transatlantic network of similar organisations which in 2020

shapeshi�ed from a�acking people for ‘hate’ to a�acking them for

questioning the ‘Covid’ hoax and the dangers of the ‘Covid vaccine’.

It’s just a coincidence, you understand. This is one of Imran Ahmed’s

hysterical statements: ‘I would go beyond calling anti-vaxxers

conspiracy theorists to say they are an extremist group that pose a

national security risk.’ No one could ever accuse this prat of

understatement and he’s including in that those parents who are

now against vaccines a�er their children were damaged for life or

killed by them. He’s such a nice man. Ahmed does the rounds of the

Woke media ge�ing so�-ball questions from spineless ‘journalists’

who never ask what right he has to campaign to destroy the freedom

of speech of others while he demands it for himself. There also

seems to be an overrepresentation in Ofcom of people connected to

the narrative-worshipping BBC. This incredible global network of

narrative-support was super-vital when the ‘Covid’ hoax was played

in the light of the mega-whopper lies that have to be defended from

the spotlight cast by the most basic intelligence.

Setting the scene



The Cult plays the long game and proceeds step-by-step ensuring

that everything is in place before major cards are played and they

don’t come any bigger than the ‘Covid’ hoax. The psychopaths can’t

handle events where the outcome isn’t certain and as li�le as

possible – preferably nothing – is le� to chance. Politicians,

government and medical officials who would follow direction were

brought to illusory power in advance by the Cult web whether on

the national stage or others like state governors and mayors of

America. For decades the dynamic between officialdom, law

enforcement and the public was changed from one of service to one

of control and dictatorship. Behaviour manipulation networks

established within government were waiting to impose the coming

‘Covid’ rules and regulations specifically designed to subdue and

rewire the psyche of the people in the guise of protecting health.

These included in the UK the Behavioural Insights Team part-owned

by the British government Cabinet Office; the Scientific Pandemic

Insights Group on Behaviours (SPI-B); and a whole web of

intelligence and military groups seeking to direct the conversation

on social media and control the narrative. Among them are the

cyberwarfare (on the people) 77th Brigade of the British military

which is also coordinated through the Cabinet Office as civilian and

military leadership continues to combine in what they call the

Fusion Doctrine. The 77th Brigade is a British equivalent of the

infamous Israeli (Sabbatian) military cyberwarfare and Internet

manipulation operation Unit 8200 which I expose at length in The

Trigger. Also carefully in place were the medical and science advisers

to government – many on the payroll past or present of Bill Gates –

and a whole alternative structure of unelected government stood by

to take control when elected parliaments were effectively closed

down once the ‘Covid’ card was slammed on the table. The structure

I have described here and so much more was installed in every

major country through the Cult networks. The top-down control

hierarchy looks like this: The Cult – Cult-owned Gates – the World

Health Organization and Tedros – Gates-funded or controlled chief

medical officers and science ‘advisers’ (dictators) in each country –



political ‘leaders’– law enforcement – The People. Through this

simple global communication and enforcement structure the policy

of the Cult could be imposed on virtually the entire human

population so long as they acquiesced to the fascism. With

everything in place it was time for the bu�on to be pressed in late

2019/early 2020.

These were the prime goals the Cult had to secure for its will to

prevail:

1) Locking down economies, closing all but designated ‘essential’ businesses (Cult-owned

corporations were ‘essential’), and pu�ing the population under house arrest was an

imperative to destroy independent income and employment and ensure dependency on the

Cult-controlled state in the Hunger Games Society. Lockdowns had to be established as the

global blueprint from the start to respond to the ‘virus’ and followed by pre�y much the

entire world.

2) The global population had to be terrified into believing in a deadly ‘virus’ that didn’t

actually exist so they would unquestioningly obey authority in the belief that authority

must know how best to protect them and their families. So�ware salesman Gates would

suddenly morph into the world’s health expert and be promoted as such by the Cult-owned

media.

3) A method of testing that wasn’t testing for the ‘virus’, but was only claimed to be, had to

be in place to provide the illusion of ‘cases’ and subsequent ‘deaths’ that had a very

different cause to the ‘Covid-19’ that would be scribbled on the death certificate.

4) Because there was no ‘virus’ and the great majority testing positive with a test not testing

for the ‘virus’ would have no symptoms of anything the lie had to be sold that people

without symptoms (without the ‘virus’) could still pass it on to others. This was crucial to

justify for the first time quarantining – house arresting – healthy people. Without this the

economy-destroying lockdown of everybody could not have been credibly sold.

5) The ‘saviour’ had to be seen as a vaccine which beyond evil drug companies were

working like angels of mercy to develop as quickly as possible, with all corners cut, to save

the day. The public must absolutely not know that the ‘vaccine’ had nothing to do with a

‘virus’ or that the contents were ready and waiting with a very different motive long before

the ‘Covid’ card was even li�ed from the pack.

I said in March, 2020, that the ‘vaccine’ would have been created

way ahead of the ‘Covid’ hoax which justified its use and the

following December an article in the New York Intelligencer

magazine said the Moderna ‘vaccine’ had been ‘designed’ by



January, 2020. This was ‘before China had even acknowledged that

the disease could be transmi�ed from human to human, more than a

week before the first confirmed coronavirus case in the United

States’. The article said that by the time the first American death was

announced a month later ‘the vaccine had already been

manufactured and shipped to the National Institutes of Health for

the beginning of its Phase I clinical trial’. The ‘vaccine’ was actually

‘designed’ long before that although even with this timescale you

would expect the article to ask how on earth it could have been done

that quickly. Instead it asked why the ‘vaccine’ had not been rolled

out then and not months later. Journalism in the mainstream is truly

dead. I am going to detail in the next chapter why the ‘virus’ has

never existed and how a hoax on that scale was possible, but first the

foundation on which the Big Lie of ‘Covid’ was built.

The test that doesn’t test

Fraudulent ‘testing’ is the bo�om line of the whole ‘Covid’ hoax and

was the means by which a ‘virus’ that did not exist appeared to exist.

They could only achieve this magic trick by using a test not testing

for the ‘virus’. To use a test that was testing for the ‘virus’ would

mean that every test would come back negative given there was no

‘virus’. They chose to exploit something called the RT-PCR test

invented by American biochemist Kary Mullis in the 1980s who said

publicly that his PCR test … cannot detect infectious disease. Yes, the

‘test’ used worldwide to detect infectious ‘Covid’ to produce all the

illusory ‘cases’ and ‘deaths’ compiled by Johns Hopkins and others

cannot detect infectious disease. This fact came from the mouth of the

man who invented PCR and was awarded the Nobel Prize in

Chemistry in 1993 for doing so. Sadly, and incredibly conveniently

for the Cult, Mullis died in August, 2019, at the age of 74 just before

his test would be fraudulently used to unleash fascism on the world.

He was said to have died from pneumonia which was an irony in

itself. A few months later he would have had ‘Covid-19’ on his death

certificate. I say the timing of his death was convenient because had

he lived Mullis, a brilliant, honest and decent man, would have been



vociferously speaking out against the use of his test to detect ‘Covid’

when it was never designed, or able, to do that. I know that to be

true given that Mullis made the same point when his test was used

to ‘detect’ – not detect – HIV. He had been seriously critical of the

Gallo/Montagnier claim to have isolated the HIV ‘virus’ and shown

it to cause AIDS for which Mullis said there was no evidence. AIDS

is actually not a disease but a series of diseases from which people

die all the time. When they die from those same diseases a�er a

positive ‘test’ for HIV then AIDS goes on their death certificate. I

think I’ve heard that before somewhere. Countries instigated a

policy with ‘Covid’ that anyone who tested positive with a test not

testing for the ‘virus’ and died of any other cause within 28 days and

even longer ‘Covid-19’ had to go on the death certificate. Cases have

come from the test that can’t test for infectious disease and the

deaths are those who have died of anything a�er testing positive

with a test not testing for the ‘virus’. I’ll have much more later about

the death certificate scandal.

Mullis was deeply dismissive of the now US ‘Covid’ star Anthony

Fauci who he said was a liar who didn’t know anything about

anything – ‘and I would say that to his face – nothing.’ He said of

Fauci: ‘The man thinks he can take a blood sample, put it in an

electron microscope and if it’s got a virus in there you’ll know it – he

doesn’t understand electron microscopy and he doesn’t understand

medicine and shouldn’t be in a position like he’s in.’ That position,

terrifyingly, has made him the decider of ‘Covid’ fascism policy on

behalf of the Cult in his role as director since 1984 of the National

Institute of Allergy and Infectious Diseases (NIAID) while his record

of being wrong is laughable; but being wrong, so long as it’s the right

kind of wrong, is why the Cult loves him. He’ll say anything the Cult

tells him to say. Fauci was made Chief Medical Adviser to the

President immediately Biden took office. Biden was installed in the

White House by Cult manipulation and one of his first decisions was

to elevate Fauci to a position of even more control. This is a

coincidence? Yes, and I identify as a flamenco dancer called Lola.

How does such an incompetent criminal like Fauci remain in that



pivotal position in American health since the 1980s? When you serve

the Cult it looks a�er you until you are surplus to requirements.

Kary Mullis said prophetically of Fauci and his like: ‘Those guys

have an agenda and it’s not an agenda we would like them to have

… they make their own rules, they change them when they want to,

and Tony Fauci does not mind going on television in front of the

people who pay his salary and lie directly into the camera.’ Fauci has

done that almost daily since the ‘Covid’ hoax began. Lying is in

Fauci’s DNA. To make the situation crystal clear about the PCR test

this is a direct quote from its inventor Kary Mullis:

It [the PCR test] doesn’t tell you that you’re sick and doesn’t tell you that the thing you ended
up with was really going to hurt you ...’

Ask yourself why governments and medical systems the world over

have been using this very test to decide who is ‘infected’ with the

SARS-CoV-2 ‘virus’ and the alleged disease it allegedly causes,

‘Covid-19’. The answer to that question will tell you what has been

going on. By the way, here’s a li�le show-stopper – the ‘new’ SARS-

CoV-2 ‘virus’ was ‘identified’ as such right from the start using … the

PCR test not testing for the ‘virus’. If you are new to this and find that

shocking then stick around. I have hardly started yet. Even worse,

other ‘tests’, like the ‘Lateral Flow Device’ (LFD), are considered so

useless that they have to be confirmed by the PCR test! Leaked emails

wri�en by Ben Dyson, adviser to UK ‘Health’ Secretary Ma�

Hancock, said they were ‘dangerously unreliable’. Dyson, executive

director of strategy at the Department of Health, wrote: ‘As of today,

someone who gets a positive LFD result in (say) London has at best a

25 per cent chance of it being a true positive, but if it is a self-

reported test potentially as low as 10 per cent (on an optimistic

assumption about specificity) or as low as 2 per cent (on a more

pessimistic assumption).’ These are the ‘tests’ that schoolchildren

and the public are being urged to have twice a week or more and

have to isolate if they get a positive. Each fake positive goes in the

statistics as a ‘case’ no ma�er how ludicrously inaccurate and the



‘cases’ drive lockdown, masks and the pressure to ‘vaccinate’. The

government said in response to the email leak that the ‘tests’ were

accurate which confirmed yet again what shocking bloody liars they

are. The real false positive rate is 100 percent as we’ll see. In another

‘you couldn’t make it up’ the UK government agreed to pay £2.8

billion to California’s Innova Medical Group to supply the irrelevant

lateral flow tests. The company’s primary test-making centre is in

China. Innova Medical Group, established in March, 2020, is owned

by Pasaca Capital Inc, chaired by Chinese-American millionaire

Charles Huang who was born in Wuhan.

How it works – and how it doesn’t

The RT-PCR test, known by its full title of Polymerase chain reaction,

is used across the world to make millions, even billions, of copies of

a DNA/RNA genetic information sample. The process is called

‘amplification’ and means that a tiny sample of genetic material is

amplified to bring out the detailed content. I stress that it is not

testing for an infectious disease. It is simply amplifying a sample of

genetic material. In the words of Kary Mullis: ‘PCR is … just a

process that’s used to make a whole lot of something out of

something.’ To emphasise the point companies that make the PCR

tests circulated around the world to ‘test’ for ‘Covid’ warn on the

box that it can’t be used to detect ‘Covid’ or infectious disease and is

for research purposes only. It’s okay, rest for a minute and you’ll be

fine. This is the test that produces the ‘cases’ and ‘deaths’ that have

been used to destroy human society. All those global and national

medical and scientific ‘experts’ demanding this destruction to ‘save

us’ KNOW that the test is not testing for the ‘virus’ and the cases and

deaths they claim to be real are an almost unimaginable fraud. Every

one of them and so many others including politicians and

psychopaths like Gates and Tedros must be brought before

Nuremburg-type trials and jailed for the rest of their lives. The more

the genetic sample is amplified by PCR the more elements of that

material become sensitive to the test and by that I don’t mean

sensitive for a ‘virus’ but for elements of the genetic material which



is naturally in the body or relates to remnants of old conditions of

various kinds lying dormant and causing no disease. Once the

amplification of the PCR reaches a certain level everyone will test

positive. So much of the material has been made sensitive to the test

that everyone will have some part of it in their body. Even lying

criminals like Fauci have said that once PCR amplifications pass 35

cycles everything will be a false positive that cannot be trusted for

the reasons I have described. I say, like many proper doctors and

scientists, that 100 percent of the ‘positives’ are false, but let’s just go

with Fauci for a moment.

He says that any amplification over 35 cycles will produce false

positives and yet the US Centers for Disease Control (CDC) and

Food and Drug Administration (FDA) have recommended up to 40

cycles and the National Health Service (NHS) in Britain admi�ed in

an internal document for staff that it was using 45 cycles of

amplification. A long list of other countries has been doing the same

and at least one ‘testing’ laboratory has been using 50 cycles. Have

you ever heard a doctor, medical ‘expert’ or the media ask what level

of amplification has been used to claim a ‘positive’. The ‘test’ comes

back ‘positive’ and so you have the ‘virus’, end of story. Now we can

see how the government in Tanzania could send off samples from a

goat and a pawpaw fruit under human names and both came back

positive for ‘Covid-19’. Tanzania president John Magufuli mocked

the ‘Covid’ hysteria, the PCR test and masks and refused to import

the DNA-manipulating ‘vaccine’. The Cult hated him and an article

sponsored by the Bill Gates Foundation appeared in the London

Guardian in February, 2021, headed ‘It’s time for Africa to rein in

Tanzania’s anti-vaxxer president’. Well, ‘reined in’ he shortly was.

Magufuli appeared in good health, but then, in March, 2021, he was

dead at 61 from ‘heart failure’. He was replaced by Samia Hassan

Suhulu who is connected to Klaus Schwab’s World Economic Forum

and she immediately reversed Magufuli’s ‘Covid’ policy. A sample of

cola tested positive for ‘Covid’ with the PCR test in Germany while

American actress and singer-songwriter Erykah Badu tested positive

in one nostril and negative in the other. Footballer Ronaldo called



the PCR test ‘bullshit’ a�er testing positive three times and being

forced to quarantine and miss matches when there was nothing

wrong with him. The mantra from Tedros at the World Health

Organization and national governments (same thing) has been test,

test, test. They know that the more tests they can generate the more

fake ‘cases’ they have which go on to become ‘deaths’ in ways I am

coming to. The UK government has its Operation Moonshot planned

to test multiple millions every day in workplaces and schools with

free tests for everyone to use twice a week at home in line with the

Cult plan from the start to make testing part of life. A government

advertisement for an ‘Interim Head of Asymptomatic Testing

Communication’ said the job included responsibility for delivering a

‘communications strategy’ (propaganda) ‘to support the expansion

of asymptomatic testing that ‘normalises testing as part of everyday life’.

More tests means more fake ‘cases’, ‘deaths’ and fascism. I have

heard of, and from, many people who booked a test, couldn’t turn

up, and yet got a positive result through the post for a test they’d

never even had. The whole thing is crazy, but for the Cult there’s

method in the madness. Controlling and manipulating the level of

amplification of the test means the authorities can control whenever

they want the number of apparent ‘cases’ and ‘deaths’. If they want

to justify more fascist lockdown and destruction of livelihoods they

keep the amplification high. If they want to give the illusion that

lockdowns and the ‘vaccine’ are working then they lower the

amplification and ‘cases’ and ‘deaths’ will appear to fall. In January,

2021, the Cult-owned World Health Organization suddenly warned

laboratories about over-amplification of the test and to lower the

threshold. Suddenly headlines began appearing such as: ‘Why ARE

“Covid” cases plummeting?’ This was just when the vaccine rollout

was underway and I had predicted months before they would make

cases appear to fall through amplification tampering when the

‘vaccine’ came. These people are so predictable.

Cow vaccines?



The question must be asked of what is on the test swabs being poked

far up the nose of the population to the base of the brain? A nasal

swab punctured one woman’s brain and caused it to leak fluid. Most

of these procedures are being done by people with li�le training or

medical knowledge. Dr Lorraine Day, former orthopaedic trauma

surgeon and Chief of Orthopaedic Surgery at San Francisco General

Hospital, says the tests are really a ‘vaccine’. Cows have long been

vaccinated this way. She points out that masks have to cover the nose

and the mouth where it is claimed the ‘virus’ exists in saliva. Why

then don’t they take saliva from the mouth as they do with a DNA

test instead of pushing a long swab up the nose towards the brain?

The ethmoid bone separates the nasal cavity from the brain and

within that bone is the cribriform plate. Dr Day says that when the

swab is pushed up against this plate and twisted the procedure is

‘depositing things back there’. She claims that among these ‘things’

are nanoparticles that can enter the brain. Researchers have noted

that a team at the Gates-funded Johns Hopkins have designed tiny,

star-shaped micro-devices that can latch onto intestinal mucosa and

release drugs into the body. Mucosa is the thin skin that covers the

inside surface of parts of the body such as the nose and mouth and

produces mucus to protect them. The Johns Hopkins micro-devices

are called ‘theragrippers’ and were ‘inspired’ by a parasitic worm

that digs its sharp teeth into a host’s intestines. Nasal swabs are also

coated in the sterilisation agent ethylene oxide. The US National

Cancer Institute posts this explanation on its website:

At room temperature, ethylene oxide is a flammable colorless gas with a sweet odor. It is used
primarily to produce other chemicals, including antifreeze. In smaller amounts, ethylene
oxide is used as a pesticide and a sterilizing agent. The ability of ethylene oxide to damage
DNA makes it an effective sterilizing agent but also accounts for its cancer-causing activity.

The Institute mentions lymphoma and leukaemia as cancers most

frequently reported to be associated with occupational exposure to

ethylene oxide along with stomach and breast cancers. How does

anyone think this is going to work out with the constant testing



regime being inflicted on adults and children at home and at school

that will accumulate in the body anything that’s on the swab?

Doctors know best

It is vital for people to realise that ‘hero’ doctors ‘know’ only what

the Big Pharma-dominated medical authorities tell them to ‘know’

and if they refuse to ‘know’ what they are told to ‘know’ they are out

the door. They are mostly not physicians or healers, but repeaters of

the official narrative – or else. I have seen alleged professional

doctors on British television make shocking statements that we are

supposed to take seriously. One called ‘Dr’ Amir Khan, who is

actually telling patients how to respond to illness, said that men

could take the birth pill to ‘help slow down the effects of Covid-19’.

In March, 2021, another ridiculous ‘Covid study’ by an American

doctor proposed injecting men with the female sex hormone

progesterone as a ‘Covid’ treatment. British doctor Nighat Arif told

the BBC that face coverings were now going to be part of ongoing

normal. Yes, the vaccine protects you, she said (evidence?) … but the

way to deal with viruses in the community was always going to

come down to hand washing, face covering and keeping a physical

distance. That’s not what we were told before the ‘vaccine’ was

circulating. Arif said she couldn’t imagine ever again going on the

underground or in a li� without a mask. I was just thanking my

good luck that she was not my doctor when she said – in March,

2021 – that if ‘we are behaving and we are doing all the right things’

she thought we could ‘have our nearest and dearest around us at

home … around Christmas and New Year! Her patronising delivery

was the usual school teacher talking to six-year-olds as she repeated

every government talking point and probably believed them all. If

we have learned anything from the ‘Covid’ experience surely it must

be that humanity’s perception of doctors needs a fundamental

rethink. NHS ‘doctor’ Sara Kayat told her television audience that

the ‘Covid vaccine’ would ‘100 percent prevent hospitalisation and

death’. Not even Big Pharma claimed that. We have to stop taking

‘experts’ at their word without question when so many of them are



clueless and only repeating the party line on which their careers

depend. That is not to say there are not brilliants doctors – there are

and I have spoken to many of them since all this began – but you

won’t see them in the mainstream media or quoted by the

psychopaths and yes-people in government.

Remember the name – Christian Drosten

German virologist Christian Drosten, Director of Charité Institute of

Virology in Berlin, became a national star a�er the pandemic hoax

began. He was feted on television and advised the German

government on ‘Covid’ policy. Most importantly to the wider world

Drosten led a group that produced the ‘Covid’ testing protocol for

the PCR test. What a remarkable feat given the PCR cannot test for

infectious disease and even more so when you think that Drosten

said that his method of testing for SARS-CoV-2 was developed

‘without having virus material available’. He developed a test for a

‘virus’ that he didn’t have and had never seen. Let that sink in as you

survey the global devastation that came from what he did. The

whole catastrophe of Drosten’s ‘test’ was based on the alleged

genetic sequence published by Chinese scientists on the Internet. We

will see in the next chapter that this alleged ‘genetic sequence’ has

never been produced by China or anyone and cannot be when there

is no SARS-CoV-2. Drosten, however, doesn’t seem to let li�le details

like that get in the way. He was the lead author with Victor Corman

from the same Charité Hospital of the paper ‘Detection of 2019 novel

coronavirus (2019-nCoV) by real-time PCR‘ published in a magazine

called Eurosurveillance. This became known as the Corman-Drosten

paper. In November, 2020, with human society devastated by the

effects of the Corman-Drosten test baloney, the protocol was publicly

challenged by 22 international scientists and independent

researchers from Europe, the United States, and Japan. Among them

were senior molecular geneticists, biochemists, immunologists, and

microbiologists. They produced a document headed ‘External peer

review of the RTPCR test to detect SARS-Cov-2 Reveals 10 Major

Flaws At The Molecular and Methodological Level: Consequences



•

•

•

•

•

•

For False-Positive Results’. The flaws in the Corman-Drosten test

included the following:

 

The test is non-specific because of erroneous design

Results are enormously variable

The test is unable to discriminate between the whole ‘virus’ and

viral fragments

It doesn’t have positive or negative controls

The test lacks a standard operating procedure

It is unsupported by proper peer view

 

The scientists said the PCR ‘Covid’ testing protocol was not

founded on science and they demanded the Corman-Drosten paper

be retracted by Eurosurveillance. They said all present and previous

Covid deaths, cases, and ‘infection rates’ should be subject to a

massive retroactive inquiry. Lockdowns and travel restrictions

should be reviewed and relaxed and those diagnosed through PCR

to have ‘Covid-19’ should not be forced to isolate. Dr Kevin Corbe�,

a health researcher and nurse educator with a long academic career

producing a stream of peer-reviewed publications at many UK

universities, made the same point about the PCR test debacle. He

said of the scientists’ conclusions: ‘Every scientific rationale for the

development of that test has been totally destroyed by this paper. It’s

like Hiroshima/Nagasaki to the Covid test.’ He said that China

hadn’t given them an isolated ‘virus’ when Drosten developed the

test. Instead they had developed the test from a sequence in a gene

bank.’ Put another way … they made it up! The scientists were

supported in this contention by a Portuguese appeals court which

ruled in November, 2020, that PCR tests are unreliable and it is

unlawful to quarantine people based solely on a PCR test. The point

about China not providing an isolated virus must be true when the

‘virus’ has never been isolated to this day and the consequences of

that will become clear. Drosten and company produced this useless

‘protocol’ right on cue in January, 2020, just as the ‘virus’ was said to



be moving westward and it somehow managed to successfully pass

a peer-review in 24 hours. In other words there was no peer-review

for a test that would be used to decide who had ‘Covid’ and who

didn’t across the world. The Cult-created, Gates-controlled World

Health Organization immediately recommended all its nearly 200

member countries to use the Drosten PCR protocol to detect ‘cases’

and ‘deaths’. The sting was underway and it continues to this day.

So who is this Christian Drosten that produced the means through

which death, destruction and economic catastrophe would be

justified? His education background, including his doctoral thesis,

would appear to be somewhat shrouded in mystery and his track

record is dire as with another essential player in the ‘Covid’ hoax,

the Gates-funded Professor Neil Ferguson at the Gates-funded

Imperial College in London of whom more shortly. Drosten

predicted in 2003 that the alleged original SARS ‘virus’ (SARS-1’)

was an epidemic that could have serious effects on economies and an

effective vaccine would take at least two years to produce. Drosten’s

answer to every alleged ‘outbreak’ is a vaccine which you won’t be

shocked to know. What followed were just 774 official deaths

worldwide and none in Germany where there were only nine cases.

That is even if you believe there ever was a SARS ‘virus’ when the

evidence is zilch and I will expand on this in the next chapter.

Drosten claims to be co-discoverer of ‘SARS-1’ and developed a test

for it in 2003. He was screaming warnings about ‘swine flu’ in 2009

and how it was a widespread infection far more severe than any

dangers from a vaccine could be and people should get vaccinated. It

would be helpful for Drosten’s vocal chords if he simply recorded

the words ‘the virus is deadly and you need to get vaccinated’ and

copies could be handed out whenever the latest made-up threat

comes along. Drosten’s swine flu epidemic never happened, but Big

Pharma didn’t mind with governments spending hundreds of

millions on vaccines that hardly anyone bothered to use and many

who did wished they hadn’t. A study in 2010 revealed that the risk

of dying from swine flu, or H1N1, was no higher than that of the

annual seasonal flu which is what at least most of ‘it’ really was as in



the case of ‘Covid-19’. A media investigation into Drosten asked

how with such a record of inaccuracy he could be the government

adviser on these issues. The answer to that question is the same with

Drosten, Ferguson and Fauci – they keep on giving the authorities

the ‘conclusions’ and ‘advice’ they want to hear. Drosten certainly

produced the goods for them in January, 2020, with his PCR protocol

garbage and provided the foundation of what German internal

medicine specialist Dr Claus Köhnlein, co-author of Virus Mania,

called the ‘test pandemic’. The 22 scientists in the Eurosurveillance

challenge called out conflicts of interest within the Drosten ‘protocol’

group and with good reason. Olfert Landt, a regular co-author of

Drosten ‘studies’, owns the biotech company TIB Molbiol

Syntheselabor GmbH in Berlin which manufactures and sells the

tests that Drosten and his mates come up with. They have done this

with SARS, Enterotoxigenic E. coli (ETEC), MERS, Zika ‘virus’,

yellow fever, and now ‘Covid’. Landt told the Berliner Zeitung

newspaper:

The testing, design and development came from the Charité [Drosten and Corman]. We
simply implemented it immediately in the form of a kit. And if we don’t have the virus, which
originally only existed in Wuhan, we can make a synthetic gene to simulate the genome of the
virus. That’s what we did very quickly.

This is more confirmation that the Drosten test was designed

without access to the ‘virus’ and only a synthetic simulation which is

what SARS-CoV-2 really is – a computer-generated synthetic fiction.

It’s quite an enterprise they have going here. A Drosten team decides

what the test for something should be and Landt’s biotech company

flogs it to governments and medical systems across the world. His

company must have made an absolute fortune since the ‘Covid’ hoax

began. Dr Reiner Fuellmich, a prominent German consumer

protection trial lawyer in Germany and California, is on Drosten’s

case and that of Tedros at the World Health Organization for crimes

against humanity with a class-action lawsuit being prepared in the

United States and other legal action in Germany.



Why China?

Scamming the world with a ‘virus’ that doesn’t exist would seem

impossible on the face of it, but not if you have control of the

relatively few people that make policy decisions and the great

majority of the global media. Remember it’s not about changing

‘real’ reality it’s about controlling perception of reality. You don’t have

to make something happen you only have make people believe that

it’s happening. Renegade Minds understand this and are therefore

much harder to swindle. ‘Covid-19’ is not a ‘real’ ‘virus’. It’s a mind

virus, like a computer virus, which has infected the minds, not the

bodies, of billions. It all started, publically at least, in China and that

alone is of central significance. The Cult was behind the revolution

led by its asset Mao Zedong, or Chairman Mao, which established

the People’s Republic of China on October 1st, 1949. It should have

been called The Cult’s Republic of China, but the name had to reflect

the recurring illusion that vicious dictatorships are run by and for

the people (see all the ‘Democratic Republics’ controlled by tyrants).

In the same way we have the ‘Biden’ Democratic Republic of

America officially ruled by a puppet tyrant (at least temporarily) on

behalf of Cult tyrants. The creation of Mao’s merciless

communist/fascist dictatorship was part of a frenzy of activity by the

Cult at the conclusion of World War Two which, like the First World

War, it had instigated through its assets in Germany, Britain, France,

the United States and elsewhere. Israel was formed in 1948; the

Soviet Union expanded its ‘Iron Curtain’ control, influence and

military power with the Warsaw Pact communist alliance in 1955;

the United Nations was formed in 1945 as a Cult precursor to world

government; and a long list of world bodies would be established

including the World Health Organization (1948), World Trade

Organization (1948 under another name until 1995), International

Monetary Fund (1945) and World Bank (1944). Human society was

redrawn and hugely centralised in the global Problem-Reaction-

Solution that was World War Two. All these changes were

significant. Israel would become the headquarters of the Sabbatians



and the revolution in China would prepare the ground and control

system for the events of 2019/2020.

Renegade Minds know there are no borders except for public

consumption. The Cult is a seamless, borderless global entity and to

understand the game we need to put aside labels like borders,

nations, countries, communism, fascism and democracy. These

delude the population into believing that countries are ruled within

their borders by a government of whatever shade when these are

mere agencies of a global power. America’s illusion of democracy

and China’s communism/fascism are subsidiaries – vehicles – for the

same agenda. We may hear about conflict and competition between

America and China and on the lower levels that will be true; but at

the Cult level they are branches of the same company in the way of

the McDonald’s example I gave earlier. I have tracked in the books

over the years support by US governments of both parties for

Chinese Communist Party infiltration of American society through

allowing the sale of land, even military facilities, and the acquisition

of American business and university influence. All this is

underpinned by the infamous stealing of intellectual property and

technological know-how. Cult-owned Silicon Valley corporations

waive their fraudulent ‘morality’ to do business with human-rights-

free China; Cult-controlled Disney has become China’s PR

department; and China in effect owns ‘American’ sports such as

basketball which depends for much of its income on Chinese

audiences. As a result any sports player, coach or official speaking

out against China’s horrific human rights record is immediately

condemned or fired by the China-worshipping National Basketball

Association. One of the first acts of China-controlled Biden was to

issue an executive order telling federal agencies to stop making

references to the ‘virus’ by the ‘geographic location of its origin’.

Long-time Congressman Jerry Nadler warned that criticising China,

America’s biggest rival, leads to hate crimes against Asian people in

the United States. So shut up you bigot. China is fast closing in on

Israel as a country that must not be criticised which is apt, really,

given that Sabbatians control them both. The two countries have



developed close economic, military, technological and strategic ties

which include involvement in China’s ‘Silk Road’ transport and

economic initiative to connect China with Europe. Israel was the first

country in the Middle East to recognise the establishment of Mao’s

tyranny in 1950 months a�er it was established.

Project Wuhan – the ‘Covid’ Psyop

I emphasise again that the Cult plays the long game and what is

happening to the world today is the result of centuries of calculated

manipulation following a script to take control step-by-step of every

aspect of human society. I will discuss later the common force

behind all this that has spanned those centuries and thousands of

years if the truth be told. Instigating the Mao revolution in China in

1949 with a 2020 ‘pandemic’ in mind is not only how they work – the

71 years between them is really quite short by the Cult’s standards of

manipulation preparation. The reason for the Cult’s Chinese

revolution was to create a fiercely-controlled environment within

which an extreme structure for human control could be incubated to

eventually be unleashed across the world. We have seen this happen

since the ‘pandemic’ emerged from China with the Chinese control-

structure founded on AI technology and tyrannical enforcement

sweep across the West. Until the moment when the Cult went for

broke in the West and put its fascism on public display Western

governments had to pay some lip-service to freedom and democracy

to not alert too many people to the tyranny-in-the-making. Freedoms

were more subtly eroded and power centralised with covert

government structures put in place waiting for the arrival of 2020

when that smokescreen of ‘freedom’ could be dispensed with. The

West was not able to move towards tyranny before 2020 anything

like as fast as China which was created as a tyranny and had no

limits on how fast it could construct the Cult’s blueprint for global

control. When the time came to impose that structure on the world it

was the same Cult-owned Chinese communist/fascist government

that provided the excuse – the ‘Covid pandemic’. It was absolutely

crucial to the Cult plan for the Chinese response to the ‘pandemic’ –



draconian lockdowns of the entire population – to become the

blueprint that Western countries would follow to destroy the

livelihoods and freedom of their people. This is why the Cult-

owned, Gates-owned, WHO Director-General Tedros said early on:

The Chinese government is to be congratulated for the extraordinary measures it has taken to
contain the outbreak. China is actually setting a new standard for outbreak response and it is
not an exaggeration.

Forbes magazine said of China: ‘… those measures protected untold

millions from ge�ing the disease’. The Rockefeller Foundation

‘epidemic scenario’ document in 2010 said ‘prophetically’:

However, a few countries did fare better – China in particular. The Chinese government’s
quick imposition and enforcement of mandatory quarantine for all citizens, as well as its
instant and near-hermetic sealing off of all borders, saved millions of lives, stopping the spread
of the virus far earlier than in other countries and enabling a swifter post-pandemic recovery.

Once again – spooky.

The first official story was the ‘bat theory’ or rather the bat

diversion. The source of the ‘virus outbreak’ we were told was a

‘‘wet market’ in Wuhan where bats and other animals are bought

and eaten in horrifically unhygienic conditions. Then another story

emerged through the alternative media that the ‘virus’ had been

released on purpose or by accident from a BSL-4 (biosafety level 4)

laboratory in Wuhan not far from the wet market. The lab was

reported to create and work with lethal concoctions and

bioweapons. Biosafety level 4 is the highest in the World Health

Organization system of safety and containment. Renegade Minds are

aware of what I call designer manipulation. The ideal for the Cult is

for people to buy its prime narrative which in the opening salvoes of

the ‘pandemic’ was the wet market story. It knows, however, that

there is now a considerable worldwide alternative media of

researchers sceptical of anything governments say and they are o�en

given a version of events in a form they can perceive as credible

while misdirecting them from the real truth. In this case let them



think that the conspiracy involved is a ‘bioweapon virus’ released

from the Wuhan lab to keep them from the real conspiracy – there is

no ‘virus’. The WHO’s current position on the source of the outbreak

at the time of writing appears to be: ‘We haven’t got a clue, mate.’

This is a good position to maintain mystery and bewilderment. The

inner circle will know where the ‘virus’ came from – nowhere. The

bo�om line was to ensure the public believed there was a ‘virus’ and

it didn’t much ma�er if they thought it was natural or had been

released from a lab. The belief that there was a ‘deadly virus’ was all

that was needed to trigger global panic and fear. The population was

terrified into handing their power to authority and doing what they

were told. They had to or they were ‘all gonna die’.

In March, 2020, information began to come my way from real

doctors and scientists and my own additional research which had

my intuition screaming: ‘Yes, that’s it! There is no virus.’ The

‘bioweapon’ was not the ‘virus’; it was the ‘vaccine’ already being

talked about that would be the bioweapon. My conclusion was

further enhanced by happenings in Wuhan. The ‘virus’ was said to

be sweeping the city and news footage circulated of people

collapsing in the street (which they’ve never done in the West with

the same ‘virus’). The Chinese government was building ‘new

hospitals’ in a ma�er of ten days to ‘cope with demand’ such was the

virulent nature of the ‘virus’. Yet in what seemed like no time the

‘new hospitals’ closed – even if they even opened – and China

declared itself ‘virus-free’. It was back to business as usual. This was

more propaganda to promote the Chinese draconian lockdowns in

the West as the way to ‘beat the virus’. Trouble was that we

subsequently had lockdown a�er lockdown, but never business as

usual. As the people of the West and most of the rest of the world

were caught in an ever-worsening spiral of lockdown, social

distancing, masks, isolated old people, families forced apart, and

livelihood destruction, it was party-time in Wuhan. Pictures

emerged of thousands of people enjoying pool parties and concerts.

It made no sense until you realised there never was a ‘virus’ and the



whole thing was a Cult set-up to transform human society out of one

its major global strongholds – China.

How is it possible to deceive virtually the entire world population

into believing there is a deadly virus when there is not even a ‘virus’

let alone a deadly one? It’s nothing like as difficult as you would

think and that’s clearly true because it happened.

Postscript: See end of book Postscript for more on the ‘Wuhan lab

virus release’ story which the authorities and media were pushing

heavily in the summer of 2021 to divert a�ention from the truth that

the ‘Covid virus’ is pure invention.
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CHAPTER FIVE

There is no ‘virus’

You can fool some of the people all of the time, and all of the people

some of the time, but you cannot fool all of the people all of the time

Abraham Lincoln

he greatest form of mind control is repetition. The more you

repeat the same mantra of alleged ‘facts’ the more will accept

them to be true. It becomes an ‘everyone knows that, mate’. If you

can also censor any other version or alternative to your alleged

‘facts’ you are pre�y much home and cooking.

By the start of 2020 the Cult owned the global mainstream media

almost in its entirety to spew out its ‘Covid’ propaganda and ignore

or discredit any other information and view. Cult-owned social

media platforms in Cult-owned Silicon Valley were poised and

ready to unleash a campaign of ferocious censorship to obliterate all

but the official narrative. To complete the circle many demands for

censorship by Silicon Valley were led by the mainstream media as

‘journalists’ became full-out enforcers for the Cult both as

propagandists and censors. Part of this has been the influx of young

people straight out of university who have become ‘journalists’ in

significant positions. They have no experience and a headful of

programmed perceptions from their years at school and university at

a time when today’s young are the most perceptually-targeted

generations in known human history given the insidious impact of

technology. They enter the media perceptually prepared and ready

to repeat the narratives of the system that programmed them to



repeat its narratives. The BBC has a truly pathetic ‘specialist

disinformation reporter’ called Marianna Spring who fits this bill

perfectly. She is clueless about the world, how it works and what is

really going on. Her role is to discredit anyone doing the job that a

proper journalist would do and system-serving hacks like Spring

wouldn’t dare to do or even see the need to do. They are too busy

licking the arse of authority which can never be wrong and, in the

case of the BBC propaganda programme, Panorama, contacting

payments systems such as PayPal to have a donations page taken

down for a film company making documentaries questioning

vaccines. Even the BBC soap opera EastEnders included a

disgracefully biased scene in which an inarticulate white working

class woman was made to look foolish for questioning the ‘vaccine’

while a well-spoken black man and Asian woman promoted the

government narrative. It ticked every BBC box and the fact that the

black and minority community was resisting the ‘vaccine’ had

nothing to do with the way the scene was wri�en. The BBC has

become a disgusting tyrannical propaganda and censorship

operation that should be defunded and disbanded and a free media

take its place with a brief to stop censorship instead of demanding it.

A BBC ‘interview’ with Gates goes something like: ‘Mr Gates, sir, if I

can call you sir, would you like to tell our audience why you are

such a great man, a wonderful humanitarian philanthropist, and

why you should absolutely be allowed as a so�ware salesman to

decide health policy for approaching eight billion people? Thank

you, sir, please sir.’ Propaganda programming has been incessant

and merciless and when all you hear is the same story from the

media, repeated by those around you who have only heard the same

story, is it any wonder that people on a grand scale believe absolute

mendacious garbage to be true? You are about to see, too, why this

level of information control is necessary when the official ‘Covid’

narrative is so nonsensical and unsupportable by the evidence.

Structure of Deceit



The pyramid structure through which the ‘Covid’ hoax has been

manifested is very simple and has to be to work. As few people as

possible have to be involved with full knowledge of what they are

doing – and why – or the real story would get out. At the top of the

pyramid are the inner core of the Cult which controls Bill Gates who,

in turn, controls the World Health Organization through his pivotal

funding and his puppet Director-General mouthpiece, Tedros.

Before he was appointed Tedros was chair of the Gates-founded

Global Fund to ‘fight against AIDS, tuberculosis and malaria’, a

board member of the Gates-funded ‘vaccine alliance’ GAVI, and on

the board of another Gates-funded organisation. Gates owns him

and picked him for a specific reason – Tedros is a crook and worse.

‘Dr’ Tedros (he’s not a medical doctor, the first WHO chief not to be)

was a member of the tyrannical Marxist government of Ethiopia for

decades with all its human rights abuses. He has faced allegations of

corruption and misappropriation of funds and was exposed three

times for covering up cholera epidemics while Ethiopia’s health

minister. Tedros appointed the mass-murdering genocidal

Zimbabwe dictator Robert Mugabe as a WHO goodwill ambassador

for public health which, as with Tedros, is like appointing a

psychopath to run a peace and love campaign. The move was so

ridiculous that he had to drop Mugabe in the face of widespread

condemnation. American economist David Steinman, a Nobel peace

prize nominee, lodged a complaint with the International Criminal

Court in The Hague over alleged genocide by Tedros when he was

Ethiopia’s foreign minister. Steinman says Tedros was a ‘crucial

decision maker’ who directed the actions of Ethiopia’s security forces

from 2013 to 2015 and one of three officials in charge when those

security services embarked on the ‘killing’ and ‘torturing’ of

Ethiopians. You can see where Tedros is coming from and it’s

sobering to think that he has been the vehicle for Gates and the Cult

to direct the global response to ‘Covid’. Think about that. A

psychopathic Cult dictates to psychopath Gates who dictates to

psychopath Tedros who dictates how countries of the world must

respond to a ‘Covid virus’ never scientifically shown to exist. At the

same time psychopathic Cult-owned Silicon Valley information



giants like Google, YouTube, Facebook and Twi�er announced very

early on that they would give the Cult/Gates/Tedros/WHO version

of the narrative free advertising and censor those who challenged

their intelligence-insulting, mendacious story.

The next layer in the global ‘medical’ structure below the Cult,

Gates and Tedros are the chief medical officers and science ‘advisers’

in each of the WHO member countries which means virtually all of

them. Medical officers and arbiters of science (they’re not) then take

the WHO policy and recommended responses and impose them on

their country’s population while the political ‘leaders’ say they are

deciding policy (they’re clearly not) by ‘following the science’ on the

advice of the ‘experts’ – the same medical officers and science

‘advisers’ (dictators). In this way with the rarest of exceptions the

entire world followed the same policy of lockdown, people

distancing, masks and ‘vaccines’ dictated by the psychopathic Cult,

psychopathic Gates and psychopathic Tedros who we are supposed

to believe give a damn about the health of the world population they

are seeking to enslave. That, amazingly, is all there is to it in terms of

crucial decision-making. Medical staff in each country then follow

like sheep the dictates of the shepherds at the top of the national

medical hierarchies – chief medical officers and science ‘advisers’

who themselves follow like sheep the shepherds of the World Health

Organization and the Cult. Shepherds at the national level o�en

have major funding and other connections to Gates and his Bill and

Melinda Gates Foundation which carefully hands out money like

confe�i at a wedding to control the entire global medical system

from the WHO down.

Follow the money

Christopher Whi�y, Chief Medical Adviser to the UK Government at

the centre of ‘virus’ policy, a senior adviser to the government’s

Scientific Advisory Group for Emergencies (SAGE), and Executive

Board member of the World Health Organization, was gi�ed a grant

of $40 million by the Bill and Melinda Gates Foundation for malaria

research in Africa. The BBC described the unelected Whi�y as ‘the



official who will probably have the greatest impact on our everyday

lives of any individual policymaker in modern times’ and so it

turned out. What Gates and Tedros have said Whi�y has done like

his equivalents around the world. Patrick Vallance, co-chair of SAGE

and the government’s Chief Scientific Adviser, is a former executive

of Big Pharma giant GlaxoSmithKline with its fundamental financial

and business connections to Bill Gates. In September, 2020, it was

revealed that Vallance owned a deferred bonus of shares in

GlaxoSmithKline worth £600,000 while the company was

‘developing’ a ‘Covid vaccine’. Move along now – nothing to see

here – what could possibly be wrong with that? Imperial College in

London, a major player in ‘Covid’ policy in Britain and elsewhere

with its ‘Covid-19’ Response Team, is funded by Gates and has big

connections to China while the now infamous Professor Neil

Ferguson, the useless ‘computer modeller’ at Imperial College is also

funded by Gates. Ferguson delivered the dramatically inaccurate

excuse for the first lockdowns (much more in the next chapter). The

Institute for Health Metrics and Evaluation (IHME) in the United

States, another source of outrageously false ‘Covid’ computer

models to justify lockdowns, is bankrolled by Gates who is a

vehement promotor of lockdowns. America’s version of Whi�y and

Vallance, the again now infamous Anthony Fauci, has connections to

‘Covid vaccine’ maker Moderna as does Bill Gates through funding

from the Bill and Melinda Gates Foundation. Fauci is director of the

National Institute of Allergy and Infectious Diseases (NIAID), a

major recipient of Gates money, and they are very close. Deborah

Birx who was appointed White House Coronavirus Response

Coordinator in February, 2020, is yet another with ties to Gates.

Everywhere you look at the different elements around the world

behind the coordination and decision making of the ‘Covid’ hoax

there is Bill Gates and his money. They include the World Health

Organization; Centers for Disease Control (CDC) in the United

States; National Institutes of Health (NIH) of Anthony Fauci;

Imperial College and Neil Ferguson; the London School of Hygiene

where Chris Whi�y worked; Regulatory agencies like the UK

Medicines & Healthcare products Regulatory Agency (MHRA)



which gave emergency approval for ‘Covid vaccines’; Wellcome

Trust; GAVI, the Vaccine Alliance; the Coalition for Epidemic

Preparedness Innovations (CEPI); Johns Hopkins University which

has compiled the false ‘Covid’ figures; and the World Economic

Forum. A Nationalfile.com article said:

Gates has a lot of pull in the medical world, he has a multi-million dollar relationship with Dr.
Fauci, and Fauci originally took the Gates line supporting vaccines and casting doubt on [the
drug hydroxychloroquine]. Coronavirus response team member Dr. Deborah Birx, appointed
by former president Obama to serve as United States Global AIDS Coordinator, also sits on the
board of a group that has received billions from Gates’ foundation, and Birx reportedly used a
disputed Bill Gates-funded model for the White House’s Coronavirus effort. Gates is a big
proponent for a population lockdown scenario for the Coronavirus outbreak.

Another funder of Moderna is the Defense Advanced Research

Projects Agency (DARPA), the technology-development arm of the

Pentagon and one of the most sinister organisations on earth.

DARPA had a major role with the CIA covert technology-funding

operation In-Q-Tel in the development of Google and social media

which is now at the centre of global censorship. Fauci and Gates are

extremely close and openly admit to talking regularly about ‘Covid’

policy, but then why wouldn’t Gates have a seat at every national

‘Covid’ table a�er his Foundation commi�ed $1.75 billion to the

‘fight against Covid-19’. When passed through our Orwellian

Translation Unit this means that he has bought and paid for the Cult-

driven ‘Covid’ response worldwide. Research the major ‘Covid’

response personnel in your own country and you will find the same

Gates funding and other connections again and again. Medical and

science chiefs following World Health Organization ‘policy’ sit atop

a medical hierarchy in their country of administrators, doctors and

nursing staff. These ‘subordinates’ are told they must work and

behave in accordance with the policy delivered from the ‘top’ of the

national ‘health’ pyramid which is largely the policy delivered by

the WHO which is the policy delivered by Gates and the Cult. The

whole ‘Covid’ narrative has been imposed on medical staff by a

climate of fear although great numbers don’t even need that to

comply. They do so through breathtaking levels of ignorance and

http://nationalfile.com/


include doctors who go through life simply repeating what Big

Pharma and their hierarchical masters tell them to say and believe.

No wonder Big Pharma ‘medicine’ is one of the biggest killers on

Planet Earth.

The same top-down system of intimidation operates with regard

to the Cult Big Pharma cartel which also dictates policy through

national and global medical systems in this way. The Cult and Big

Pharma agendas are the same because the former controls and owns

the la�er. ‘Health’ administrators, doctors, and nursing staff are told

to support and parrot the dictated policy or they will face

consequences which can include being fired. How sad it’s been to see

medical staff meekly repeating and imposing Cult policy without

question and most of those who can see through the deceit are only

willing to speak anonymously off the record. They know what will

happen if their identity is known. This has le� the courageous few to

expose the lies about the ‘virus’, face masks, overwhelmed hospitals

that aren’t, and the dangers of the ‘vaccine’ that isn’t a vaccine. When

these medical professionals and scientists, some renowned in their

field, have taken to the Internet to expose the truth their articles,

comments and videos have been deleted by Cult-owned Facebook,

Twi�er and YouTube. What a real head-shaker to see YouTube

videos with leading world scientists and highly qualified medical

specialists with an added link underneath to the notorious Cult

propaganda website Wikipedia to find the ‘facts’ about the same

subject.

HIV – the ‘Covid’ trial-run

I’ll give you an example of the consequences for health and truth

that come from censorship and unquestioning belief in official

narratives. The story was told by PCR inventor Kary Mullis in his

book Dancing Naked in the Mind Field. He said that in 1984 he

accepted as just another scientific fact that Luc Montagnier of

France’s Pasteur Institute and Robert Gallo of America’s National

Institutes of Health had independently discovered that a ‘retrovirus’

dubbed HIV (human immunodeficiency virus) caused AIDS. They



were, a�er all, Mullis writes, specialists in retroviruses. This is how

the medical and science pyramids work. Something is announced or

assumed and then becomes an everybody-knows-that purely through

repetition of the assumption as if it is fact. Complete crap becomes

accepted truth with no supporting evidence and only repetition of

the crap. This is how a ‘virus’ that doesn’t exist became the ‘virus’

that changed the world. The HIV-AIDS fairy story became a multi-

billion pound industry and the media poured out propaganda

terrifying the world about the deadly HIV ‘virus’ that caused the

lethal AIDS. By then Mullis was working at a lab in Santa Monica,

California, to detect retroviruses with his PCR test in blood

donations received by the Red Cross. In doing so he asked a

virologist where he could find a reference for HIV being the cause of

AIDS. ‘You don’t need a reference,’ the virologist said … ‘Everybody

knows it.’ Mullis said he wanted to quote a reference in the report he

was doing and he said he felt a li�le funny about not knowing the

source of such an important discovery when everyone else seemed

to. The virologist suggested he cite a report by the Centers for

Disease Control and Prevention (CDC) on morbidity and mortality.

Mullis read the report, but it only said that an organism had been

identified and did not say how. The report did not identify the

original scientific work. Physicians, however, assumed (key recurring

theme) that if the CDC was convinced that HIV caused AIDS then

proof must exist. Mullis continues:

I did computer searches. Neither Montagnier, Gallo, nor anyone else had published papers
describing experiments which led to the conclusion that HIV probably caused AIDS. I read
the papers in Science for which they had become well known as AIDS doctors, but all they
had said there was that they had found evidence of a past infection by something which was
probably HIV in some AIDS patients.

They found antibodies. Antibodies to viruses had always been considered evidence of past
disease, not present disease. Antibodies signaled that the virus had been defeated. The patient
had saved himself. There was no indication in these papers that this virus caused a disease.
They didn’t show that everybody with the antibodies had the disease. In fact they found some
healthy people with antibodies.



Mullis asked why their work had been published if Montagnier

and Gallo hadn’t really found this evidence, and why had they been

fighting so hard to get credit for the discovery? He says he was

hesitant to write ‘HIV is the probable cause of AIDS’ until he found

published evidence to support that. ‘Tens of thousands of scientists

and researchers were spending billions of dollars a year doing

research based on this idea,’ Mullis writes. ‘The reason had to be

there somewhere; otherwise these people would not have allowed

their research to se�le into one narrow channel of investigation.’ He

said he lectured about PCR at numerous meetings where people

were always talking about HIV and he asked them how they knew

that HIV was the cause of AIDS:

Everyone said something. Everyone had the answer at home, in the office, in some drawer.
They all knew, and they would send me the papers as soon as they got back. But I never got
any papers. Nobody ever sent me the news about how AIDS was caused by HIV.

Eventually Mullis was able to ask Montagnier himself about the

reference proof when he lectured in San Diego at the grand opening

of the University of California AIDS Research Center. Mullis says

this was the last time he would ask his question without showing

anger. Montagnier said he should reference the CDC report. ‘I read

it’, Mullis said, and it didn’t answer the question. ‘If Montagnier

didn’t know the answer who the hell did?’ Then one night Mullis

was driving when an interview came on National Public Radio with

Peter Duesberg, a prominent virologist at Berkeley and a California

Scientist of the Year. Mullis says he finally understood why he could

not find references that connected HIV to AIDS – there weren’t any!

No one had ever proved that HIV causes AIDS even though it had

spawned a multi-billion pound global industry and the media was

repeating this as fact every day in their articles and broadcasts

terrifying the shit out of people about AIDS and giving the

impression that a positive test for HIV (see ‘Covid’) was a death

sentence. Duesberg was a threat to the AIDS gravy train and the

agenda that underpinned it. He was therefore abused and castigated

a�er he told the Proceedings of the National Academy of Sciences



there was no good evidence implicating the new ‘virus’. Editors

rejected his manuscripts and his research funds were deleted. Mullis

points out that the CDC has defined AIDS as one of more than 30

diseases if accompanied by a positive result on a test that detects

antibodies to HIV; but those same diseases are not defined as AIDS

cases when antibodies are not detected:

If an HIV-positive woman develops uterine cancer, for example, she is considered to have
AIDS. If she is not HIV positive, she simply has uterine cancer. An HIV-positive man with
tuberculosis has AIDS; if he tests negative he simply has tuberculosis. If he lives in Kenya or
Colombia, where the test for HIV antibodies is too expensive, he is simply presumed to have
the antibodies and therefore AIDS, and therefore he can be treated in the World Health
Organization’s clinic. It’s the only medical help available in some places. And it’s free,
because the countries that support WHO are worried about AIDS.

Mullis accuses the CDC of continually adding new diseases (see ever

more ‘Covid symptoms’) to the grand AIDS definition and of

virtually doctoring the books to make it appear as if the disease

continued to spread. He cites how in 1993 the CDC enormously

broadened its AIDS definition and county health authorities were

delighted because they received $2,500 per year from the Federal

government for every reported AIDS case. Ladies and gentlemen, I

have just described, via Kary Mullis, the ‘Covid pandemic’ of 2020

and beyond. Every element is the same and it’s been pulled off in the

same way by the same networks.

The ‘Covid virus’ exists? Okay – prove it. Er … still waiting

What Kary Mullis described with regard to ‘HIV’ has been repeated

with ‘Covid’. A claim is made that a new, or ‘novel’, infection has

been found and the entire medical system of the world repeats that

as fact exactly as they did with HIV and AIDS. No one in the

mainstream asks rather relevant questions such as ‘How do you

know?’ and ‘Where is your proof?’ The SARS-Cov-2 ‘virus’ and the

‘Covid-19 disease’ became an overnight ‘everybody-knows-that’.

The origin could be debated and mulled over, but what you could

not suggest was that ‘SARS-Cov-2’ didn’t exist. That would be



ridiculous. ‘Everybody knows’ the ‘virus’ exists. Well, I didn’t for

one along with American proper doctors like Andrew Kaufman and

Tom Cowan and long-time American proper journalist Jon

Rappaport. We dared to pursue the obvious and simple question:

‘Where’s the evidence?’ The overwhelming majority in medicine,

journalism and the general public did not think to ask that. A�er all,

everyone knew there was a new ‘virus’. Everyone was saying so and I

heard it on the BBC. Some would eventually argue that the ‘deadly

virus’ was nothing like as deadly as claimed, but few would venture

into the realms of its very existence. Had they done so they would

have found that the evidence for that claim had gone AWOL as with

HIV causes AIDS. In fact, not even that. For something to go AWOL

it has to exist in the first place and scientific proof for a ‘SARS-Cov-2’

can be filed under nothing, nowhere and zilch.

Dr Andrew Kaufman is a board-certified forensic psychiatrist in

New York State, a Doctor of Medicine and former Assistant

Professor and Medical Director of Psychiatry at SUNY Upstate

Medical University, and Medical Instructor of Hematology and

Oncology at the Medical School of South Carolina. He also studied

biology at the Massachuse�s Institute of Technology (MIT) and

trained in Psychiatry at Duke University. Kaufman is retired from

allopathic medicine, but remains a consultant and educator on

natural healing, I saw a video of his very early on in the ‘Covid’ hoax

in which he questioned claims about the ‘virus’ in the absence of any

supporting evidence and with plenty pointing the other way. I did

everything I could to circulate his work which I felt was asking the

pivotal questions that needed an answer. I can recommend an

excellent pull-together interview he did with the website The Last

Vagabond entitled Dr Andrew Kaufman: Virus Isolation, Terrain Theory

and Covid-19 and his website is andrewkaufmanmd.com. Kaufman is

not only a forensic psychiatrist; he is forensic in all that he does. He

always reads original scientific papers, experiments and studies

instead of second-third-fourth-hand reports about the ‘virus’ in the

media which are repeating the repeated repetition of the narrative.

When he did so with the original Chinese ‘virus’ papers Kaufman

http://andrewkaufmanmd.com/


realised that there was no evidence of a ‘SARS-Cov-2’. They had

never – from the start – shown it to exist and every repeat of this

claim worldwide was based on the accepted existence of proof that

was nowhere to be found – see Kary Mullis and HIV. Here we go

again.

Let’s postulate

Kaufman discovered that the Chinese authorities immediately

concluded that the cause of an illness that broke out among about

200 initial patients in Wuhan was a ‘new virus’ when there were no

grounds to make that conclusion. The alleged ‘virus’ was not

isolated from other genetic material in their samples and then shown

through a system known as Koch’s postulates to be the causative

agent of the illness. The world was told that the SARS-Cov-2 ‘virus’

caused a disease they called ‘Covid-19’ which had ‘flu-like’

symptoms and could lead to respiratory problems and pneumonia.

If it wasn’t so tragic it would almost be funny. ‘Flu-like’ symptoms’?

Pneumonia? Respiratory disease? What in CHINA and particularly in

Wuhan, one of the most polluted cities in the world with a resulting

epidemic of respiratory disease?? Three hundred thousand people

get pneumonia in China every year and there are nearly a billion

cases worldwide of ‘flu-like symptoms’. These have a whole range of

causes – including pollution in Wuhan – but no other possibility was

credibly considered in late 2019 when the world was told there was a

new and deadly ‘virus’. The global prevalence of pneumonia and

‘flu-like systems’ gave the Cult networks unlimited potential to re-

diagnose these other causes as the mythical ‘Covid-19’ and that is

what they did from the very start. Kaufman revealed how Chinese

medical and science authorities (all subordinates to the Cult-owned

communist government) took genetic material from the lungs of

only a few of the first patients. The material contained their own

cells, bacteria, fungi and other microorganisms living in their bodies.

The only way you could prove the existence of the ‘virus’ and its

responsibility for the alleged ‘Covid-19’ was to isolate the virus from

all the other material – a process also known as ‘purification’ – and



then follow the postulates sequence developed in the late 19th

century by German physician and bacteriologist Robert Koch which

became the ‘gold standard’ for connecting an alleged causation

agent to a disease:

1. The microorganism (bacteria, fungus, virus, etc.) must be present in every case of the

disease and all patients must have the same symptoms. It must also not be present in healthy

individuals.

2. The microorganism must be isolated from the host with the disease. If the microorganism

is a bacteria or fungus it must be grown in a pure culture. If it is a virus, it must be purified

(i.e. containing no other material except the virus particles) from a clinical sample.

3. The specific disease, with all of its characteristics, must be reproduced when the

infectious agent (the purified virus or a pure culture of bacteria or fungi) is inoculated into a

healthy, susceptible host.

4. The microorganism must be recoverable from the experimentally infected host as in step

2.

Not one of these criteria has been met in the case of ‘SARS-Cov-2’ and

‘Covid-19’. Not ONE. EVER. Robert Koch refers to bacteria and not

viruses. What are called ‘viral particles’ are so minute (hence masks

are useless by any definition) that they could only be seen a�er the

invention of the electron microscope in the 1930s and can still only

be observed through that means. American bacteriologist and

virologist Thomas Milton Rivers, the so-called ‘Father of Modern

Virology’ who was very significantly director of the Rockefeller

Institute for Medical Research in the 1930s, developed a less

stringent version of Koch’s postulates to identify ‘virus’ causation

known as ‘Rivers criteria’. ‘Covid’ did not pass that process either.

Some even doubt whether any ‘virus’ can be isolated from other

particles containing genetic material in the Koch method. Freedom

of Information requests in many countries asking for scientific proof

that the ‘Covid virus’ has been purified and isolated and shown to

exist have all come back with a ‘we don’t have that’ and when this

happened with a request to the UK Department of Health they

added this comment:



However, outside of the scope of the [Freedom of Information Act] and on a discretionary
basis, the following information has been advised to us, which may be of interest. Most
infectious diseases are caused by viruses, bacteria or fungi. Some bacteria or fungi have the
capacity to grow on their own in isolation, for example in colonies on a petri dish. Viruses are
different in that they are what we call ‘obligate pathogens’ – that is, they cannot survive or
reproduce without infecting a host ...

… For some diseases, it is possible to establish causation between a microorganism and a
disease by isolating the pathogen from a patient, growing it in pure culture and reintroducing
it to a healthy organism. These are known as ‘Koch’s postulates’ and were developed in 1882.
However, as our understanding of disease and different disease-causing agents has advanced,
these are no longer the method for determining causation [Andrew Kaufman asks why in that
case are there two published articles falsely claiming to satisfy Koch’s postulates].

It has long been known that viral diseases cannot be identified in this way as viruses cannot
be grown in ‘pure culture’. When a patient is tested for a viral illness, this is normally done by
looking for the presence of antigens, or viral genetic code in a host with molecular biology
techniques [Kaufman asks how you could know the origin of these chemicals without having
a pure culture for comparison].

For the record ‘antigens’ are defined so:

Invading microorganisms have antigens on their surface that the human body can recognise as
being foreign – meaning not belonging to it. When the body recognises a foreign antigen,
lymphocytes (white blood cells) produce antibodies, which are complementary in shape to
the antigen.

Notwithstanding that this is open to question in relation to ‘SARS-

Cov-2’ the presence of ‘antibodies’ can have many causes and they

are found in people that are perfectly well. Kary Mullis said:

‘Antibodies … had always been considered evidence of past disease,

not present disease.’

‘Covid’ really is a computer ‘virus’

Where the UK Department of Health statement says ‘viruses’ are

now ‘diagnosed’ through a ‘viral genetic code in a host with

molecular biology techniques’, they mean … the PCR test which its

inventor said cannot test for infectious disease. They have no

credible method of connecting a ‘virus’ to a disease and we will see

that there is no scientific proof that any ‘virus’ causes any disease or

there is any such thing as a ‘virus’ in the way that it is described.

Tenacious Canadian researcher Christine Massey and her team made



some 40 Freedom of Information requests to national public health

agencies in different countries asking for proof that SARS-CoV-2 has

been isolated and not one of them could supply that information.

Massey said of her request in Canada: ‘Freedom of Information

reveals Public Health Agency of Canada has no record of ‘SARS-

COV-2’ isolation performed by anyone, anywhere, ever.’ If you

accept the comment from the UK Department of Health it’s because

they can’t isolate a ‘virus’. Even so many ‘science’ papers claimed to

have isolated the ‘Covid virus’ until they were questioned and had

to admit they hadn’t. A reply from the Robert Koch Institute in

Germany was typical: ‘I am not aware of a paper which purified

isolated SARS-CoV-2.’ So what the hell was Christian Drosten and

his gang using to design the ‘Covid’ testing protocol that has

produced all the illusory Covid’ cases and ‘Covid’ deaths when the

head of the Chinese version of the CDC admi�ed there was a

problem right from the start in that the ‘virus’ had never been

isolated/purified? Breathe deeply: What they are calling ‘Covid’ is

actually created by a computer program i.e. they made it up – er, that’s

it. They took lung fluid, with many sources of genetic material, from

one single person alleged to be infected with Covid-19 by a PCR test

which they claimed, without clear evidence, contained a ‘virus’. They

used several computer programs to create a model of a theoretical

virus genome sequence from more than fi�y-six million small

sequences of RNA, each of an unknown source, assembling them

like a puzzle with no known solution. The computer filled in the

gaps with sequences from bits in the gene bank to make it look like a

bat SARS-like coronavirus! A wave of the magic wand and poof, an

in silico (computer-generated) genome, a scientific fantasy, was

created. UK health researcher Dr Kevin Corbe� made the same point

with this analogy:

… It’s like giving you a few bones and saying that’s your fish. It could be any fish. Not even a
skeleton. Here’s a few fragments of bones. That’s your fish … It’s all from gene bank and the
bits of the virus sequence that weren’t there they made up.

They synthetically created them to fill in the blanks. That’s what genetics is; it’s a code. So it’s
ABBBCCDDD and you’re missing some what you think is EEE so you put it in. It’s all



synthetic. You just manufacture the bits that are missing. This is the end result of the
geneticization of virology. This is basically a computer virus.

Further confirmation came in an email exchange between British

citizen journalist Frances Leader and the government’s Medicines &

Healthcare Products Regulatory Agency (the Gates-funded MHRA)

which gave emergency permission for untested ‘Covid vaccines’ to

be used. The agency admi�ed that the ‘vaccine’ is not based on an

isolated ‘virus’, but comes from a computer-generated model. Frances

Leader was naturally banned from Cult-owned fascist Twi�er for

making this exchange public. The process of creating computer-

generated alleged ‘viruses’ is called ‘in silico’ or ‘in silicon’ –

computer chips – and the term ‘in silico’ is believed to originate with

biological experiments using only a computer in 1989. ‘Vaccines’

involved with ‘Covid’ are also produced ‘in silico’ or by computer

not a natural process. If the original ‘virus’ is nothing more than a

made-up computer model how can there be ‘new variants’ of

something that never existed in the first place? They are not new

‘variants’; they are new computer models only minutely different to

the original program and designed to further terrify the population

into having the ‘vaccine’ and submi�ing to fascism. You want a ‘new

variant’? Click, click, enter – there you go. Tell the medical

profession that you have discovered a ‘South African variant’, ‘UK

variants’ or a ‘Brazilian variant’ and in the usual HIV-causes-AIDS

manner they will unquestioningly repeat it with no evidence

whatsoever to support these claims. They will go on television and

warn about the dangers of ‘new variants’ while doing nothing more

than repeating what they have been told to be true and knowing that

any deviation from that would be career suicide. Big-time insiders

will know it’s a hoax, but much of the medical community is clueless

about the way they are being played and themselves play the public

without even being aware they are doing so. What an interesting

‘coincidence’ that AstraZeneca and Oxford University were

conducting ‘Covid vaccine trials’ in the three countries – the UK,

South Africa and Brazil – where the first three ‘variants’ were

claimed to have ‘broken out’.



Here’s your ‘virus’ – it’s a unicorn

Dr Andrew Kaufman presented a brilliant analysis describing how

the ‘virus’ was imagined into fake existence when he dissected an

article published by Nature and wri�en by 19 authors detailing

alleged ‘sequencing of a complete viral genome’ of the ‘new SARS-

CoV-2 virus’. This computer-modelled in silico genome was used as a

template for all subsequent genome sequencing experiments that

resulted in the so-called variants which he said now number more

than 6,000. The fake genome was constructed from more than 56

million individual short strands of RNA. Those li�le pieces were

assembled into longer pieces by finding areas of overlapping

sequences. The computer programs created over two million

possible combinations from which the authors simply chose the

longest one. They then compared this to a ‘bat virus’ and the

computer ‘alignment’ rearranged the sequence and filled in the gaps!

They called this computer-generated abomination the ‘complete

genome’. Dr Tom Cowan, a fellow medical author and collaborator

with Kaufman, said such computer-generation constitutes scientific

fraud and he makes this superb analogy:

Here is an equivalency: A group of researchers claim to have found a unicorn because they
found a piece of a hoof, a hair from a tail, and a snippet of a horn. They then add that
information into a computer and program it to re-create the unicorn, and they then claim this
computer re-creation is the real unicorn. Of course, they had never actually seen a unicorn so
could not possibly have examined its genetic makeup to compare their samples with the
actual unicorn’s hair, hooves and horn.

The researchers claim they decided which is the real genome of SARS-CoV-2 by ‘consensus’,
sort of like a vote. Again, different computer programs will come up with different versions of
the imaginary ‘unicorn’, so they come together as a group and decide which is the real
imaginary unicorn.

This is how the ‘virus’ that has transformed the world was brought

into fraudulent ‘existence’. Extraordinary, yes, but as the Nazis said

the bigger the lie the more will believe it. Cowan, however, wasn’t

finished and he went on to identify what he called the real

blockbuster in the paper. He quotes this section from a paper wri�en



by virologists and published by the CDC and then explains what it

means:

Therefore, we examined the capacity of SARS-CoV-2 to infect and replicate in several
common primate and human cell lines, including human adenocarcinoma cells (A549),
human liver cells (HUH 7.0), and human embryonic kidney cells (HEK-293T). In addition to
Vero E6 and Vero CCL81 cells. ... Each cell line was inoculated at high multiplicity of
infection and examined 24h post-infection.

No CPE was observed in any of the cell lines except in Vero cells, which grew to greater than
10 to the 7th power at 24 h post-infection. In contrast, HUH 7.0 and 293T showed only
modest viral replication, and A549 cells were incompatible with SARS CoV-2 infection.

Cowan explains that when virologists a�empt to prove infection

they have three possible ‘hosts’ or models on which they can test.

The first was humans. Exposure to humans was generally not done

for ethical reasons and has never been done with SARS-CoV-2 or any

coronavirus. The second possible host was animals. Cowan said that

forge�ing for a moment that they never actually use purified virus

when exposing animals they do use solutions that they claim contain

the virus. Exposure to animals has been done with SARS-CoV-2 in

an experiment involving mice and this is what they found: None of

the wild (normal) mice got sick. In a group of genetically-modified

mice, a statistically insignificant number lost weight and had slightly

bristled fur, but they experienced nothing like the illness called

‘Covid-19’. Cowan said the third method – the one they mostly rely

on – is to inoculate solutions they say contain the virus onto a variety

of tissue cultures. This process had never been shown to kill tissue

unless the sample material was starved of nutrients and poisoned as

part of the process. Yes, incredibly, in tissue experiments designed to

show the ‘virus’ is responsible for killing the tissue they starve the

tissue of nutrients and add toxic drugs including antibiotics and they

do not have control studies to see if it’s the starvation and poisoning

that is degrading the tissue rather than the ‘virus’ they allege to be in

there somewhere. You want me to pinch you? Yep, I understand.

Tom Cowan said this about the whole nonsensical farce as he

explains what that quote from the CDC paper really means:



The shocking thing about the above quote is that using their own methods, the virologists
found that solutions containing SARS-CoV-2 – even in high amounts – were NOT, I repeat
NOT, infective to any of the three human tissue cultures they tested. In plain English, this
means they proved, on their terms, that this ‘new coronavirus’ is not infectious to human
beings. It is ONLY infective to monkey kidney cells, and only then when you add two potent
drugs (gentamicin and amphotericin), known to be toxic to kidneys, to the mix.

My friends, read this again and again. These virologists, published by the CDC, performed a
clear proof, on their terms, showing that the SARS-CoV-2 virus is harmless to human beings.
That is the only possible conclusion, but, unfortunately, this result is not even mentioned in
their conclusion. They simply say they can provide virus stocks cultured only on monkey Vero
cells, thanks for coming.

Cowan concluded: ‘If people really understood how this “science”

was done, I would hope they would storm the gates and demand

honesty, transparency and truth.’ Dr Michael Yeadon, former Vice

President and Chief Scientific Adviser at drug giant Pfizer has been a

vocal critic of the ‘Covid vaccine’ and its potential for multiple harm.

He said in an interview in April, 2021, that ‘not one [vaccine] has the

virus. He was asked why vaccines normally using a ‘dead’ version of

a disease to activate the immune system were not used for ‘Covid’

and instead we had the synthetic methods of the ‘mRNA Covid

vaccine’. Yeadon said that to do the former ‘you’d have to have some

of [the virus] wouldn’t you?’ He added: ‘No-one’s got any –

seriously.’ Yeadon said that surely they couldn’t have fooled the

whole world for a year without having a virus, ‘but oddly enough

ask around – no one’s got it’. He didn’t know why with all the ‘great

labs’ around the world that the virus had not been isolated – ‘Maybe

they’ve been too busy running bad PCR tests and vaccines that

people don’t need.’ What is today called ‘science’ is not ‘science’ at

all. Science is no longer what is, but whatever people can be

manipulated to believe that it is. Real science has been hĳacked by the

Cult to dispense and produce the ‘expert scientists’ and contentions

that suit the agenda of the Cult. How big-time this has happened

with the ‘Covid’ hoax which is entirely based on fake science

delivered by fake ‘scientists’ and fake ‘doctors’. The human-caused

climate change hoax is also entirely based on fake science delivered

by fake ‘scientists’ and fake ‘climate experts’. In both cases real



scientists, climate experts and doctors have their views suppressed

and deleted by the Cult-owned science establishment, media and

Silicon Valley. This is the ‘science’ that politicians claim to be

‘following’ and a common denominator of ‘Covid’ and climate are

Cult psychopaths Bill Gates and his mate Klaus Schwab at the Gates-

funded World Economic Forum. But, don’t worry, it’s all just a

coincidence and absolutely nothing to worry about. Zzzzzzzz.

What is a ‘virus’ REALLY?

Dr Tom Cowan is one of many contesting the very existence of

viruses let alone that they cause disease. This is understandable

when there is no scientific evidence for a disease-causing ‘virus’.

German virologist Dr Stefan Lanka won a landmark case in 2017 in

the German Supreme Court over his contention that there is no such

thing as a measles virus. He had offered a big prize for anyone who

could prove there is and Lanka won his case when someone sought

to claim the money. There is currently a prize of more than 225,000

euros on offer from an Isolate Truth Fund for anyone who can prove

the isolation of SARS-CoV-2 and its genetic substance. Lanka wrote

in an article headed ‘The Misconception Called Virus’ that scientists

think a ‘virus’ is causing tissue to become diseased and degraded

when in fact it is the processes they are using which do that – not a

‘virus’. Lanka has done an important job in making this point clear

as Cowan did in his analysis of the CDC paper. Lanka says that all

claims about viruses as disease-causing pathogens are wrong and

based on ‘easily recognisable, understandable and verifiable

misinterpretations.’ Scientists believed they were working with

‘viruses’ in their laboratories when they were really working with

‘typical particles of specific dying tissues or cells …’ Lanka said that

the tissue decaying process claimed to be caused by a ‘virus’ still

happens when no alleged ‘virus’ is involved. It’s the process that does

the damage and not a ‘virus’. The genetic sample is deprived of

nutrients, removed from its energy supply through removal from

the body and then doused in toxic antibiotics to remove any bacteria.

He confirms again that establishment scientists do not (pinch me)



conduct control experiments to see if this is the case and if they did

they would see the claims that ‘viruses’ are doing the damage is

nonsense. He adds that during the measles ‘virus’ court case he

commissioned an independent laboratory to perform just such a

control experiment and the result was that the tissues and cells died

in the exact same way as with alleged ‘infected’ material. This is

supported by a gathering number of scientists, doctors and

researchers who reject what is called ‘germ theory’ or the belief in

the body being infected by contagious sources emi�ed by other

people. Researchers Dawn Lester and David Parker take the same

stance in their highly-detailed and sourced book What Really Makes

You Ill – Why everything you thought you knew about disease is wrong

which was recommended to me by a number of medical

professionals genuinely seeking the truth. Lester and Parker say

there is no provable scientific evidence to show that a ‘virus’ can be

transmi�ed between people or people and animals or animals and

people:

The definition also claims that viruses are the cause of many diseases, as if this has been
definitively proven. But this is not the case; there is no original scientific evidence that
definitively demonstrates that any virus is the cause of any disease. The burden of proof for
any theory lies with those who proposed it; but none of the existing documents provides
‘proof’ that supports the claim that ‘viruses’ are pathogens.

Dr Tom Cowan employs one of his clever analogies to describe the

process by which a ‘virus’ is named as the culprit for a disease when

what is called a ‘virus’ is only material released by cells detoxing

themselves from infiltration by chemical or radiation poisoning. The

tidal wave of technologically-generated radiation in the ‘smart’

modern world plus all the toxic food and drink are causing this to

happen more than ever. Deluded ‘scientists’ misread this as a

gathering impact of what they wrongly label ‘viruses’.

Paper can infect houses

Cowan said in an article for davidicke.com – with his tongue only

mildly in his cheek – that he believed he had made a tremendous

http://davidicke.com/


discovery that may revolutionise science. He had discovered that

small bits of paper are alive, ‘well alive-ish’, can ‘infect’ houses, and

then reproduce themselves inside the house. The result was that this

explosion of growth in the paper inside the house causes the house

to explode, blowing it to smithereens. His evidence for this new

theory is that in the past months he had carefully examined many of

the houses in his neighbourhood and found almost no scraps of

paper on the lawns and surrounds of the house. There was an

occasional stray label, but nothing more. Then he would return to

these same houses a week or so later and with a few, not all of them,

particularly the old and decrepit ones, he found to his shock and

surprise they were li�ered with stray bits of paper. He knew then

that the paper had infected these houses, made copies of itself, and

blew up the house. A young boy on a bicycle at one of the sites told

him he had seen a demolition crew using dynamite to explode the

house the previous week, but Cowan dismissed this as the idle

thoughts of silly boys because ‘I was on to something big’. He was

on to how ‘scientists’ mistake genetic material in the detoxifying

process for something they call a ‘virus’. Cowan said of his house

and paper story:

If this sounds crazy to you, it’s because it should. This scenario is obviously nuts. But consider
this admittedly embellished, for effect, current viral theory that all scientists, medical doctors
and virologists currently believe.

He takes the example of the ‘novel SARS-Cov2’ virus to prove the

point. First they take someone with an undefined illness called

‘Covid-19’ and don’t even a�empt to find any virus in their sputum.

Never mind the scientists still describe how this ‘virus’, which they

have not located a�aches to a cell receptor, injects its genetic

material, in ‘Covid’s’ case, RNA, into the cell. The RNA once inserted

exploits the cell to reproduce itself and makes ‘thousands, nay

millions, of copies of itself … Then it emerges victorious to claim its

next victim’:



If you were to look in the scientific literature for proof, actual scientific proof, that uniform
SARS-CoV2 viruses have been properly isolated from the sputum of a sick person, that actual
spike proteins could be seen protruding from the virus (which has not been found), you would
find that such evidence doesn’t exist.

If you go looking in the published scientific literature for actual pictures, proof, that these
spike proteins or any viral proteins are ever attached to any receptor embedded in any cell
membrane, you would also find that no such evidence exists. If you were to look for a video
or documented evidence of the intact virus injecting its genetic material into the body of the
cell, reproducing itself and then emerging victorious by budding off the cell membrane, you
would find that no such evidence exists.

The closest thing you would find is electron micrograph pictures of cellular particles, possibly
attached to cell debris, both of which to be seen were stained by heavy metals, a process that
completely distorts their architecture within the living organism. This is like finding bits of
paper stuck to the blown-up bricks, thereby proving the paper emerged by taking pieces of the
bricks on its way out.

The Enders baloney

Cowan describes the ‘Covid’ story as being just as make-believe as

his paper story and he charts back this fantasy to a Nobel Prize

winner called John Enders (1897-1985), an American biomedical

scientist who has been dubbed ‘The Father of Modern Vaccines’.

Enders is claimed to have ‘discovered’ the process of the viral

culture which ‘proved’ that a ‘virus’ caused measles. Cowan

explains how Enders did this ‘by using the EXACT same procedure

that has been followed by every virologist to find and characterize

every new virus since 1954’. Enders took throat swabs from children

with measles and immersed them in 2ml of milk. Penicillin (100u/ml)

and the antibiotic streptomycin (50,g/ml) were added and the whole

mix was centrifuged – rotated at high speed to separate large cellular

debris from small particles and molecules as with milk and cream,

for example. Cowan says that if the aim is to find li�le particles of

genetic material (‘viruses’) in the snot from children with measles it

would seem that the last thing you would do is mix the snot with

other material – milk –that also has genetic material. ‘How are you

ever going to know whether whatever you found came from the snot

or the milk?’ He points out that streptomycin is a ‘nephrotoxic’ or

poisonous-to-the-kidney drug. You will see the relevance of that



shortly. Cowan says that it gets worse, much worse, when Enders

describes the culture medium upon which the virus ‘grows’: ‘The

culture medium consisted of bovine amniotic fluid (90%), beef

embryo extract (5%), horse serum (5%), antibiotics and phenol red as

an indicator of cell metabolism.’ Cowan asks incredulously: ‘Did he

just say that the culture medium also contained fluids and tissues

that are themselves rich sources of genetic material?’ The genetic

cocktail, or ‘medium’, is inoculated onto tissue and cells from rhesus

monkey kidney tissue. This is where the importance of streptomycin

comes in and currently-used antimicrobials and other drugs that are

poisonous to kidneys and used in ALL modern viral cultures (e.g.

gentamicin, streptomycin, and amphotericin). Cowan asks: ‘How are

you ever going to know from this witch’s brew where any genetic

material comes from as we now have five different sources of rich

genetic material in our mix?’ Remember, he says, that all genetic

material, whether from monkey kidney tissues, bovine serum, milk,

etc., is made from the exact same components. The same central

question returns: ‘How are you possibly going to know that it was

the virus that killed the kidney tissue and not the toxic antibiotic and

starvation rations on which you are growing the tissue?’ John Enders

answered the question himself – you can’t:

A second agent was obtained from an uninoculated culture of monkey kidney cells. The
cytopathic changes [death of the cells] it induced in the unstained preparations could not be
distinguished with confidence from the viruses isolated from measles.

The death of the cells (‘cytopathic changes’) happened in exactly

the same manner, whether they inoculated the kidney tissue with the

measles snot or not, Cowan says. ‘This is evidence that the

destruction of the tissue, the very proof of viral causation of illness,

was not caused by anything in the snot because they saw the same

destructive effect when the snot was not even used … the cytopathic,

i.e., cell-killing, changes come from the process of the culture itself,

not from any virus in any snot, period.’ Enders quotes in his 1957

paper a virologist called Ruckle as reporting similar findings ‘and in

addition has isolated an agent from monkey kidney tissue that is so



far indistinguishable from human measles virus’. In other words,

Cowan says, these particles called ‘measles viruses’ are simply and

clearly breakdown products of the starved and poisoned tissue. For

measles ‘virus’ see all ‘viruses’ including the so-called ‘Covid virus’.

Enders, the ‘Father of Modern Vaccines’, also said:

There is a potential risk in employing cultures of primate cells for the production of vaccines
composed of attenuated virus, since the presence of other agents possibly latent in primate
tissues cannot be definitely excluded by any known method.

Cowan further quotes from a paper published in the journal

Viruses in May, 2020, while the ‘Covid pandemic’ was well

underway in the media if not in reality. ‘EVs’ here refers to particles

of genetic debris from our own tissues, such as exosomes of which

more in a moment: ‘The remarkable resemblance between EVs and

viruses has caused quite a few problems in the studies focused on

the analysis of EVs released during viral infections.’ Later the paper

adds that to date a reliable method that can actually guarantee a

complete separation (of EVs from viruses) DOES NOT EXIST. This

was published at a time when a fairy tale ‘virus’ was claimed in total

certainty to be causing a fairy tale ‘viral disease’ called ‘Covid-19’ – a

fairy tale that was already well on the way to transforming human

society in the image that the Cult has worked to achieve for so long.

Cowan concludes his article:

To summarize, there is no scientific evidence that pathogenic viruses exist. What we think of
as ‘viruses’ are simply the normal breakdown products of dead and dying tissues and cells.
When we are well, we make fewer of these particles; when we are starved, poisoned,
suffocated by wearing masks, or afraid, we make more.

There is no engineered virus circulating and making people sick. People in laboratories all
over the world are making genetically modified products to make people sick. These are
called vaccines. There is no virome, no ‘ecosystem’ of viruses, viruses are not 8%, 50% or
100 % of our genetic material. These are all simply erroneous ideas based on the
misconception called a virus.

What is ‘Covid’? Load of bollocks



The background described here by Cowan and Lanka was

emphasised in the first video presentation that I saw by Dr Andrew

Kaufman when he asked whether the ‘Covid virus’ was in truth a

natural defence mechanism of the body called ‘exosomes’. These are

released by cells when in states of toxicity – see the same themes

returning over and over. They are released ever more profusely as

chemical and radiation toxicity increases and think of the potential

effect therefore of 5G alone as its destructive frequencies infest the

human energetic information field with a gathering pace (5G went

online in Wuhan in 2019 as the ‘virus’ emerged). I’ll have more about

this later. Exosomes transmit a warning to the rest of the body that

‘Houston, we have a problem’. Kaufman presented images of

exosomes and compared them with ‘Covid’ under an electron

microscope and the similarity was remarkable. They both a�ach to

the same cell receptors (claimed in the case of ‘Covid’), contain the

same genetic material in the form of RNA or ribonucleic acid, and

both are found in ‘viral cell cultures’ with damaged or dying cells.

James Hildreth MD, President and Chief Executive Officer of the

Meharry Medical College at Johns Hopkins, said: ‘The virus is fully

an exosome in every sense of the word.’ Kaufman’s conclusion was

that there is no ‘virus’: ‘This entire pandemic is a completely

manufactured crisis … there is no evidence of anyone dying from

[this] illness.’ Dr Tom Cowan and Sally Fallon Morell, authors of The

Contagion Myth, published a statement with Dr Kaufman in

February, 2021, explaining why the ‘virus’ does not exist and you can

read it that in full in the Appendix.

‘Virus’ theory can be traced to the ‘cell theory’ in 1858 of German

physician Rudolf Virchow (1821-1920) who contended that disease

originates from a single cell infiltrated by a ‘virus’. Dr Stefan Lanka

said that findings and insights with respect to the structure, function

and central importance of tissues in the creation of life, which were

already known in 1858, comprehensively refute the cell theory.

Virchow ignored them. We have seen the part later played by John

Enders in the 1950s and Lanka notes that infection theories were

only established as a global dogma through the policies and



eugenics of the Third Reich in Nazi Germany (creation of the same

Sabbatian cult behind the ‘Covid’ hoax). Lanka said: ‘Before 1933,

scientists dared to contradict this theory; a�er 1933, these critical

scientists were silenced’. Dr Tom Cowan’s view is that ill-heath is

caused by too much of something, too li�le of something, or

toxification from chemicals and radiation – not contagion. We must

also highlight as a major source of the ‘virus’ theology a man still

called the ‘Father of Modern Virology’ – Thomas Milton Rivers

(1888-1962). There is no way given the Cult’s long game policy that it

was a coincidence for the ‘Father of Modern Virology’ to be director

of the Rockefeller Institute for Medical Research from 1937 to 1956

when he is credited with making the Rockefeller Institute a leader in

‘viral research’. Cult Rockefellers were the force behind the creation

of Big Pharma ‘medicine’, established the World Health

Organisation in 1948, and have long and close associations with the

Gates family that now runs the WHO during the pandemic hoax

through mega-rich Cult gofer and psychopath Bill Gates.

Only a Renegade Mind can see through all this bullshit by asking

the questions that need to be answered, not taking ‘no’ or

prevarication for an answer, and certainly not hiding from the truth

in fear of speaking it. Renegade Minds have always changed the

world for the be�er and they will change this one no ma�er how

bleak it may currently appear to be.



A

CHAPTER SIX

Sequence of deceit

If you tell the truth, you don’t have to remember anything

Mark Twain

gainst the background that I have laid out this far the sequence

that took us from an invented ‘virus’ in Cult-owned China in

late 2019 to the fascist transformation of human society can be seen

and understood in a whole new context.

We were told that a deadly disease had broken out in Wuhan and

the world media began its campaign (coordinated by behavioural

psychologists as we shall see) to terrify the population into

unquestioning compliance. We were shown images of Chinese

people collapsing in the street which never happened in the West

with what was supposed to be the same condition. In the earliest

days when alleged cases and deaths were few the fear register was

hysterical in many areas of the media and this would expand into

the common media narrative across the world. The real story was

rather different, but we were never told that. The Chinese

government, one of the Cult’s biggest centres of global operation,

said they had discovered a new illness with flu-like and pneumonia-

type symptoms in a city with such toxic air that it is overwhelmed

with flu-like symptoms, pneumonia and respiratory disease. Chinese

scientists said it was a new – ‘novel’ – coronavirus which they called

Sars-Cov-2 and that it caused a disease they labelled ‘Covid-19’.

There was no evidence for this and the ‘virus’ has never to this day

been isolated, purified and its genetic code established from that. It



was from the beginning a computer-generated fiction. Stories of

Chinese whistleblowers saying the number of deaths was being

supressed or that the ‘new disease’ was related to the Wuhan bio-lab

misdirected mainstream and alternative media into cul-de-sacs to

obscure the real truth – there was no ‘virus’.

Chinese scientists took genetic material from the lung fluid of just

a few people and said they had found a ‘new’ disease when this

material had a wide range of content. There was no evidence for a

‘virus’ for the very reasons explained in the last two chapters. The

‘virus’ has never been shown to (a) exist and (b) cause any disease.

People were diagnosed on symptoms that are so widespread in

Wuhan and polluted China and with a PCR test that can’t detect

infectious disease. On this farce the whole global scam was sold to

the rest of the world which would also diagnose respiratory disease

as ‘Covid-19’ from symptoms alone or with a PCR test not testing for

a ‘virus’. Flu miraculously disappeared worldwide in 2020 and into

2021 as it was redesignated ‘Covid-19’. It was really the same old flu

with its ‘flu-like’ symptoms a�ributed to ‘flu-like’ ‘Covid-19’. At the

same time with very few exceptions the Chinese response of

draconian lockdown and fascism was the chosen weapon to respond

across the West as recommended by the Cult-owned Tedros at the

Cult-owned World Health Organization run by the Cult-owned

Gates. All was going according to plan. Chinese scientists –

everything in China is controlled by the Cult-owned government –

compared their contaminated RNA lung-fluid material with other

RNA sequences and said it appeared to be just under 80 percent

identical to the SARS-CoV-1 ‘virus’ claimed to be the cause of the

SARS (severe acute respiratory syndrome) ‘outbreak’ in 2003. They

decreed that because of this the ‘new virus’ had to be related and

they called it SARS-CoV-2. There are some serious problems with

this assumption and assumption was all it was. Most ‘factual’ science

turns out to be assumptions repeated into everyone-knows-that. A

match of under 80-percent is meaningless. Dr Kaufman makes the

point that there’s a 96 percent genetic correlation between humans

and chimpanzees, but ‘no one would say our genetic material is part



of the chimpanzee family’. Yet the Chinese authorities were claiming

that a much lower percentage, less than 80 percent, proved the

existence of a new ‘coronavirus’. For goodness sake human DNA is

60 percent similar to a banana.

You are feeling sleepy

The entire ‘Covid’ hoax is a global Psyop, a psychological operation

to program the human mind into believing and fearing a complete

fantasy. A crucial aspect of this was what appeared to happen in Italy.

It was all very well streaming out daily images of an alleged

catastrophe in Wuhan, but to the Western mind it was still on the

other side of the world in a very different culture and se�ing. A

reaction of ‘this could happen to me and my family’ was still nothing

like as intense enough for the mind-doctors. The Cult needed a

Western example to push people over that edge and it chose Italy,

one of its major global locations going back to the Roman Empire.

An Italian ‘Covid’ crisis was manufactured in a particular area called

Lombardy which just happens to be notorious for its toxic air and

therefore respiratory disease. Wuhan, China, déjà vu. An hysterical

media told horror stories of Italians dying from ‘Covid’ in their

droves and how Lombardy hospitals were being overrun by a tidal

wave of desperately ill people needing treatment a�er being struck

down by the ‘deadly virus’. Here was the psychological turning

point the Cult had planned. Wow, if this is happening in Italy, the

Western mind concluded, this indeed could happen to me and my

family. Another point is that Italian authorities responded by

following the Chinese blueprint so vehemently recommended by the

Cult-owned World Health Organization. They imposed fascistic

lockdowns on the whole country viciously policed with the help of

surveillance drones sweeping through the streets seeking out anyone

who escaped from mass house arrest. Livelihoods were destroyed

and psychology unravelled in the way we have witnessed since in all

lockdown countries. Crucial to the plan was that Italy responded in

this way to set the precedent of suspending freedom and imposing

fascism in a ‘Western liberal democracy’. I emphasised in an



animated video explanation on davidicke.com posted in the summer

of 2020 how important it was to the Cult to expand the Chinese

lockdown model across the West. Without this, and the bare-faced lie

that non-symptomatic people could still transmit a ‘disease’ they

didn’t have, there was no way locking down the whole population,

sick and not sick, could be pulled off. At just the right time and with

no evidence Cult operatives and gofers claimed that people without

symptoms could pass on the ‘disease’. In the name of protecting the

‘vulnerable’ like elderly people, who lockdowns would kill by the

tens of thousands, we had for the first time healthy people told to

isolate as well as the sick. The great majority of people who tested

positive had no symptoms because there was nothing wrong with

them. It was just a trick made possible by a test not testing for the

‘virus’.

Months a�er my animated video the Gates-funded Professor Neil

Ferguson at the Gates-funded Imperial College confirmed that I was

right. He didn’t say it in those terms, naturally, but he did say it.

Ferguson will enter the story shortly for his outrageously crazy

‘computer models’ that led to Britain, the United States and many

other countries following the Chinese and now Italian methods of

response. Put another way, following the Cult script. Ferguson said

that SAGE, the UK government’s scientific advisory group which has

controlled ‘Covid’ policy from the start, wanted to follow the

Chinese lockdown model (while they all continued to work and be

paid), but they wondered if they could possibly, in Ferguson’s

words, ‘get away with it in Europe’. ‘Get away with it’? Who the hell

do these moronic, arrogant people think they are? This appalling

man Ferguson said that once Italy went into national lockdown they

realised they, too, could mimic China:

It’s a communist one-party state, we said. We couldn’t get away with it in Europe, we thought
… and then Italy did it. And we realised we could. Behind this garbage from Ferguson is a
simple fact: Doing the same as China in every country was the plan from the start and
Ferguson’s ‘models’ would play a central role in achieving that. It’s just a coincidence, of
course, and absolutely nothing to worry your little head about.

http://davidicke.com/


Oops, sorry, our mistake

Once the Italian segment of the Psyop had done the job it was

designed to do a very different story emerged. Italian authorities

revealed that 99 percent of those who had ‘died from Covid-19’ in

Italy had one, two, three, or more ‘co-morbidities’ or illnesses and

health problems that could have ended their life. The US Centers for

Disease Control and Prevention (CDC) published a figure of 94

percent for Americans dying of ‘Covid’ while having other serious

medical conditions – on average two to three (some five or six) other

potential causes of death. In terms of death from an unproven ‘virus’

I say it is 100 percent. The other one percent in Italy and six percent

in the US would presumably have died from ‘Covid’s’ flu-like

symptoms with a range of other possible causes in conjunction with

a test not testing for the ‘virus’. Fox News reported that even more

startling figures had emerged in one US county in which 410 of 422

deaths a�ributed to ‘Covid-19’ had other potentially deadly health

conditions. The Italian National Health Institute said later that the

average age of people dying with a ‘Covid-19’ diagnosis in Italy was

about 81. Ninety percent were over 70 with ten percent over 90. In

terms of other reasons to die some 80 percent had two or more

chronic diseases with half having three or more including

cardiovascular problems, diabetes, respiratory problems and cancer.

Why is the phantom ‘Covid-19’ said to kill overwhelmingly old

people and hardly affect the young? Old people continually die of

many causes and especially respiratory disease which you can re-

diagnose ‘Covid-19’ while young people die in tiny numbers by

comparison and rarely of respiratory disease. Old people ‘die of

Covid’ because they die of other things that can be redesignated

‘Covid’ and it really is that simple.

Flu has flown

The blueprint was in place. Get your illusory ‘cases’ from a test not

testing for the ‘virus’ and redesignate other causes of death as

‘Covid-19’. You have an instant ‘pandemic’ from something that is

nothing more than a computer-generated fiction. With near-on a



billion people having ‘flu-like’ symptoms every year the potential

was limitless and we can see why flu quickly and apparently

miraculously disappeared worldwide by being diagnosed ‘Covid-19’.

The painfully bloody obvious was explained away by the childlike

media in headlines like this in the UK ‘Independent’: ‘Not a single

case of flu detected by Public Health England this year as Covid

restrictions suppress virus’. I kid you not. The masking, social

distancing and house arrest that did not make the ‘Covid virus’

disappear somehow did so with the ‘flu virus’. Even worse the

article, by a bloke called Samuel Love�, suggested that maybe the

masking, sanitising and other ‘Covid’ measures should continue to

keep the flu away. With a ridiculousness that disturbs your breathing

(it’s ‘Covid-19’) the said Love� wrote: ‘With widespread social

distancing and mask-wearing measures in place throughout the UK,

the usual routes of transmission for influenza have been blocked.’

He had absolutely no evidence to support that statement, but look at

the consequences of him acknowledging the obvious. With flu not

disappearing at all and only being relabelled ‘Covid-19’ he would

have to contemplate that ‘Covid’ was a hoax on a scale that is hard to

imagine. You need guts and commitment to truth to even go there

and that’s clearly something Samuel Love� does not have in

abundance. He would never have got it through the editors anyway.

Tens of thousands die in the United States alone every winter from

flu including many with pneumonia complications. CDC figures

record 45 million Americans diagnosed with flu in 2017-2018 of

which 61,000 died and some reports claim 80,000. Where was the

same hysteria then that we have seen with ‘Covid-19’? Some 250,000

Americans are admi�ed to hospital with pneumonia every year with

about 50,000 cases proving fatal. About 65 million suffer respiratory

disease every year and three million deaths makes this the third

biggest cause of death worldwide. You only have to redesignate a

portion of all these people ‘Covid-19’ and you have an instant global

pandemic or the appearance of one. Why would doctors do this? They

are told to do this and all but a few dare not refuse those who must

be obeyed. Doctors in general are not researching their own



knowledge and instead take it direct and unquestioned from the

authorities that own them and their careers. The authorities say they

must now diagnose these symptoms ‘Covid-19’ and not flu, or

whatever, and they do it. Dark suits say put ‘Covid-19’ on death

certificates no ma�er what the cause of death and the doctors do it.

Renegade Minds don’t fall for the illusion that doctors and medical

staff are all highly-intelligent, highly-principled, seekers of medical

truth. Some are, but not the majority. They are repeaters, gofers, and

yes sir, no sir, purveyors of what the system demands they purvey.

The ‘Covid’ con is not merely confined to diseases of the lungs.

Instructions to doctors to put ‘Covid-19’ on death certificates for

anyone dying of anything within 28 days (or much more) of a

positive test not testing for the ‘virus’ opened the floodgates. The

term dying with ‘Covid’ and not of ‘Covid’ was coined to cover the

truth. Whether it was a with or an of they were all added to the death

numbers a�ributed to the ‘deadly virus’ compiled by national

governments and globally by the Gates-funded Johns Hopkins

operation in the United States that was so involved in those

‘pandemic’ simulations. Fraudulent deaths were added to the ever-

growing list of fraudulent ‘cases’ from false positives from a false

test. No wonder Professor Walter Ricciardi, scientific advisor to the

Italian minister of health, said a�er the Lombardy hysteria had done

its job that ‘Covid’ death rates were due to Italy having the second

oldest population in the world and to how hospitals record deaths:

The way in which we code deaths in our country is very generous in the sense that all the
people who die in hospitals with the coronavirus are deemed to be dying of the coronavirus.
On re-evaluation by the National Institute of Health, only 12 per cent of death certificates
have shown a direct causality from coronavirus, while 88 per cent of patients who have died
have at least one pre-morbidity – many had two or three.

This is extraordinary enough when you consider the propaganda

campaign to use Italy to terrify the world, but how can they even say

twelve percent were genuine when the ‘virus’ has not been shown to

exist, its ‘code’ is a computer program, and diagnosis comes from a

test not testing for it? As in China, and soon the world, ‘Covid-19’ in



Italy was a redesignation of diagnosis. Lies and corruption were to

become the real ‘pandemic’ fuelled by a pathetically-compliant

medical system taking its orders from the tiny few at the top of their

national hierarchy who answered to the World Health Organization

which answers to Gates and the Cult. Doctors were told – ordered –

to diagnose a particular set of symptoms ‘Covid-19’ and put that on

the death certificate for any cause of death if the patient had tested

positive with a test not testing for the virus or had ‘Covid’ symptoms

like the flu. The United States even introduced big financial

incentives to manipulate the figures with hospitals receiving £4,600

from the Medicare system for diagnosing someone with regular

pneumonia, $13,000 if they made the diagnosis from the same

symptoms ‘Covid-19’ pneumonia, and $39, 000 if they put a ‘Covid’

diagnosed patient on a ventilator that would almost certainly kill

them. A few – painfully and pathetically few – medical

whistleblowers revealed (before Cult-owned YouTube deleted their

videos) that they had been instructed to ‘let the patient crash’ and

put them straight on a ventilator instead of going through a series of

far less intrusive and dangerous methods as they would have done

before the pandemic hoax began and the financial incentives kicked

in. We are talking cold-blooded murder given that ventilators are so

damaging to respiratory systems they are usually the last step before

heaven awaits. Renegade Minds never fall for the belief that people

in white coats are all angels of mercy and cannot be full-on

psychopaths. I have explained in detail in The Answer how what I am

describing here played out across the world coordinated by the

World Health Organization through the medical hierarchies in

almost every country.

Medical scientist calls it

Information about the non-existence of the ‘virus’ began to emerge

for me in late March, 2020, and mushroomed a�er that. I was sent an

email by Sir Julian Rose, a writer, researcher, and organic farming

promotor, from a medical scientist friend of his in the United States.

Even at that early stage in March the scientist was able to explain



how the ‘Covid’ hoax was being manipulated. He said there were no

reliable tests for a specific ‘Covid-19 virus’ and nor were there any

reliable agencies or media outlets for reporting numbers of actual

‘Covid-19’ cases. We have seen in the long period since then that he

was absolutely right. ‘Every action and reaction to Covid-19 is based

on totally flawed data and we simply cannot make accurate

assessments,’ he said. Most people diagnosed with ‘Covid-19’ were

showing nothing more than cold and flu-like symptoms ‘because

most coronavirus strains are nothing more than cold/flu-like

symptoms’. We had farcical situations like an 84-year-old German

man testing positive for ‘Covid-19’ and his nursing home ordered to

quarantine only for him to be found to have a common cold. The

scientist described back then why PCR tests and what he called the

‘Mickey Mouse test kits’ were useless for what they were claimed to

be identifying. ‘The idea these kits can isolate a specific virus like

Covid-19 is nonsense,’ he said. Significantly, he pointed out that ‘if

you want to create a totally false panic about a totally false pandemic

– pick a coronavirus’. This is exactly what the Cult-owned Gates,

World Economic Forum and Johns Hopkins University did with

their Event 201 ‘simulation’ followed by their real-life simulation

called the ‘pandemic’. The scientist said that all you had to do was

select the sickest of people with respiratory-type diseases in a single

location – ‘say Wuhan’ – and administer PCR tests to them. You can

then claim that anyone showing ‘viral sequences’ similar to a

coronavirus ‘which will inevitably be quite a few’ is suffering from a

‘new’ disease:

Since you already selected the sickest flu cases a fairly high proportion of your sample will go
on to die. You can then say this ‘new’ virus has a CFR [case fatality rate] higher than the flu
and use this to infuse more concern and do more tests which will of course produce more
‘cases’, which expands the testing, which produces yet more ‘cases’ and so on and so on.
Before long you have your ‘pandemic’, and all you have done is use a simple test kit trick to
convert the worst flu and pneumonia cases into something new that doesn’t ACTUALLY EXIST
[my emphasis].

He said that you then ‘just run the same scam in other countries’

and make sure to keep the fear message running high ‘so that people



•

•

•

will feel panicky and less able to think critically’. The only problem

to overcome was the fact there is no actual new deadly pathogen and

only regular sick people. This meant that deaths from the ‘new

deadly pathogen’ were going to be way too low for a real new

deadly virus pandemic, but he said this could be overcome in the

following ways – all of which would go on to happen:

1. You can claim this is just the beginning and more deaths are imminent [you underpin this

with fantasy ‘computer projections’]. Use this as an excuse to quarantine everyone and then

claim the quarantine prevented the expected millions of dead.

2. You can [say that people] ‘minimizing’ the dangers are irresponsible and bully them into

not talking about numbers.

3. You can talk crap about made up numbers hoping to blind people with pseudoscience.

4. You can start testing well people (who, of course, will also likely have shreds of

coronavirus [RNA] in them) and thus inflate your ‘case figures’ with ‘asymptomatic

carriers’ (you will of course have to spin that to sound deadly even though any virologist

knows the more symptom-less cases you have the less deadly is your pathogen).

The scientist said that if you take these simple steps ‘you can have

your own entirely manufactured pandemic up and running in

weeks’. His analysis made so early in the hoax was brilliantly

prophetic of what would actually unfold. Pulling all the information

together in these recent chapters we have this is simple 1, 2, 3, of

how you can delude virtually the entire human population into

believing in a ‘virus’ that doesn’t exist:

 

A ‘Covid case’ is someone who tests positive with a test not

testing for the ‘virus’.

 

A ‘Covid death’ is someone who dies of any cause within 28 days

(or much longer) of testing positive with a test not testing for the

‘virus.

 

Asymptomatic means there is nothing wrong with you, but they

claim you can pass on what you don’t have to justify locking



down (quarantining) healthy people in totality.

 

The foundations of the hoax are that simple. A study involving ten

million people in Wuhan, published in November, 2020, demolished

the whole lie about those without symptoms passing on the ‘virus’.

They found ‘300 asymptomatic cases’ and traced their contacts to

find that not one of them was detected with the ‘virus’.

‘Asymptomatic’ patients and their contacts were isolated for no less

than two weeks and nothing changed. I know it’s all crap, but if you

are going to claim that those without symptoms can transmit ‘the

virus’ then you must produce evidence for that and they never have.

Even World Health Organization official Dr Maria Van Kerkhove,

head of the emerging diseases and zoonosis unit, said as early as

June, 2020, that she doubted the validity of asymptomatic

transmission. She said that ‘from the data we have, it still seems to

be rare that an asymptomatic person actually transmits onward to a

secondary individual’ and by ‘rare’ she meant that she couldn’t cite

any case of asymptomatic transmission.

The Ferguson factor

The problem for the Cult as it headed into March, 2020, when the

script had lockdown due to start, was that despite all the

manipulation of the case and death figures they still did not have

enough people alleged to have died from ‘Covid’ to justify mass

house arrest. This was overcome in the way the scientist described:

‘You can claim this is just the beginning and more deaths are

imminent … Use this as an excuse to quarantine everyone and then

claim the quarantine prevented the expected millions of dead.’ Enter

one Professor Neil Ferguson, the Gates-funded ‘epidemiologist’ at

the Gates-funded Imperial College in London. Ferguson is Britain’s

Christian Drosten in that he has a dire record of predicting health

outcomes, but is still called upon to advise government on the next

health outcome when another ‘crisis’ comes along. This may seem to

be a strange and ridiculous thing to do. Why would you keep

turning for policy guidance to people who have a history of being



monumentally wrong? Ah, but it makes sense from the Cult point of

view. These ‘experts’ keep on producing predictions that suit the

Cult agenda for societal transformation and so it was with Neil

Ferguson as he revealed his horrific (and clearly insane) computer

model predictions that allowed lockdowns to be imposed in Britain,

the United States and many other countries. Ferguson does not have

even an A-level in biology and would appear to have no formal

training in computer modelling, medicine or epidemiology,

according to Derek Winton, an MSc in Computational Intelligence.

He wrote an article somewhat aghast at what Ferguson did which

included taking no account of respiratory disease ‘seasonality’ which

means it is far worse in the winter months. Who would have thought

that respiratory disease could be worse in the winter? Well, certainly

not Ferguson.

The massively China-connected Imperial College and its bizarre

professor provided the excuse for the long-incubated Chinese model

of human control to travel westward at lightning speed. Imperial

College confirms on its website that it collaborates with the Chinese

Research Institute; publishes more than 600 research papers every

year with Chinese research institutions; has 225 Chinese staff; 2,600

Chinese students – the biggest international group; 7,000 former

students living in China which is the largest group outside the UK;

and was selected for a tour by China’s President Xi Jinping during

his state visit to the UK in 2015. The college takes major donations

from China and describes itself as the UK’s number one university

collaborator with Chinese research institutions. The China

communist/fascist government did not appear phased by the woeful

predictions of Ferguson and Imperial when during the lockdown

that Ferguson induced the college signed a five-year collaboration

deal with China tech giant Huawei that will have Huawei’s indoor

5G network equipment installed at the college’s West London tech

campus along with an ‘AI cloud platform’. The deal includes Chinese

sponsorship of Imperial’s Venture Catalyst entrepreneurship

competition. Imperial is an example of the enormous influence the

Chinese government has within British and North American



universities and research centres – and further afield. Up to 200

academics from more than a dozen UK universities are being

investigated on suspicion of ‘unintentionally’ helping the Chinese

government build weapons of mass destruction by ‘transferring

world-leading research in advanced military technology such as

aircra�, missile designs and cyberweapons’. Similar scandals have

broken in the United States, but it’s all a coincidence. Imperial

College serves the agenda in many other ways including the

promotion of every aspect of the United Nations Agenda 21/2030

(the Great Reset) and produced computer models to show that

human-caused ‘climate change’ is happening when in the real world

it isn’t. Imperial College is driving the climate agenda as it drives the

‘Covid’ agenda (both Cult hoaxes) while Patrick Vallance, the UK

government’s Chief Scientific Adviser on ‘Covid’, was named Chief

Scientific Adviser to the UN ‘climate change’ conference known as

COP26 hosted by the government in Glasgow, Scotland. ‘Covid’ and

‘climate’ are fundamentally connected.

Professor Woeful

From Imperial’s bosom came Neil Ferguson still advising

government despite his previous disasters and it was announced

early on that he and other key people like UK Chief Medical Adviser

Chris Whi�y had caught the ‘virus’ as the propaganda story was

being sold. Somehow they managed to survive and we had Prime

Minister Boris Johnson admi�ed to hospital with what was said to be

a severe version of the ‘virus’ in this same period. His whole policy

and demeanour changed when he returned to Downing Street. It’s a

small world with these government advisors – especially in their

communal connections to Gates – and Ferguson had partnered with

Whi�y to write a paper called ‘Infectious disease: Tough choices to

reduce Ebola transmission’ which involved another scare-story that

didn’t happen. Ferguson’s ‘models’ predicted that up to150, 000

could die from ‘mad cow disease’, or BSE, and its version in sheep if

it was transmi�ed to humans. BSE was not transmi�ed and instead

triggered by an organophosphate pesticide used to treat a pest on



cows. Fewer than 200 deaths followed from the human form. Models

by Ferguson and his fellow incompetents led to the unnecessary

culling of millions of pigs, ca�le and sheep in the foot and mouth

outbreak in 2001 which destroyed the lives and livelihoods of

farmers and their families who had o�en spent decades building

their herds and flocks. Vast numbers of these animals did not have

foot and mouth and had no contact with the infection. Another

‘expert’ behind the cull was Professor Roy Anderson, a computer

modeller at Imperial College specialising in the epidemiology of

human, not animal, disease. Anderson has served on the Bill and

Melinda Gates Grand Challenges in Global Health advisory board

and chairs another Gates-funded organisation. Gates is everywhere.

In a precursor to the ‘Covid’ script Ferguson backed closing

schools ‘for prolonged periods’ over the swine flu ‘pandemic’ in 2009

and said it would affect a third of the world population if it

continued to spread at the speed he claimed to be happening. His

mates at Imperial College said much the same and a news report

said: ‘One of the authors, the epidemiologist and disease modeller

Neil Ferguson, who sits on the World Health Organisation’s

emergency commi�ee for the outbreak, said the virus had “full

pandemic potential”.’ Professor Liam Donaldson, the Chris Whi�y

of his day as Chief Medical Officer, said the worst case could see 30

percent of the British people infected by swine flu with 65,000 dying.

Ferguson and Donaldson were indeed proved correct when at the

end of the year the number of deaths a�ributed to swine flu was 392.

The term ‘expert’ is rather liberally applied unfortunately, not least

to complete idiots. Swine flu ‘projections’ were great for

GlaxoSmithKline (GSK) as millions rolled in for its Pandemrix

influenza vaccine which led to brain damage with children most

affected. The British government (taxpayers) paid out more than £60

million in compensation a�er GSK was given immunity from

prosecution. Yet another ‘Covid’ déjà vu. Swine flu was supposed to

have broken out in Mexico, but Dr Wolfgang Wodarg, a German

doctor, former member of parliament and critic of the ‘Covid’ hoax,

observed ‘the spread of swine flu’ in Mexico City at the time. He



said: ‘What we experienced in Mexico City was a very mild flu

which did not kill more than usual – which killed even fewer people

than usual.’ Hyping the fear against all the facts is not unique to

‘Covid’ and has happened many times before. Ferguson is reported

to have over-estimated the projected death toll of bird flu (H5N1) by

some three million-fold, but bird flu vaccine makers again made a

killing from the scare. This is some of the background to the Neil

Ferguson who produced the perfectly-timed computer models in

early 2020 predicting that half a million people would die in Britain

without draconian lockdown and 2.2 million in the United States.

Politicians panicked, people panicked, and lockdowns of alleged

short duration were instigated to ‘fla�en the curve’ of cases gleaned

from a test not testing for the ‘virus’. I said at the time that the public

could forget the ‘short duration’ bit. This was an agenda to destroy

the livelihoods of the population and force them into mass control

through dependency and there was going to be nothing ‘short’ about

it. American researcher Daniel Horowitz described the consequences

of the ‘models’ spewed out by Gates-funded Ferguson and Imperial

College:

What led our government and the governments of many other countries into panic was a
single Imperial College of UK study, funded by global warming activists, that predicted 2.2
million deaths if we didn’t lock down the country. In addition, the reported 8-9% death rate in
Italy scared us into thinking there was some other mutation of this virus that they got, which
might have come here.

Together with the fact that we were finally testing and had the ability to actually report new
cases, we thought we were headed for a death spiral. But again … we can’t flatten a curve if
we don’t know when the curve started.

How about it never started?

Giving them what they want

An investigation by German news outlet Welt Am Sonntag (World on

Sunday) revealed how in March, 2020, the German government

gathered together ‘leading scientists from several research institutes

and universities’ and ‘together, they were to produce a [modelling]



paper that would serve as legitimization for further tough political

measures’. The Cult agenda was justified by computer modelling not

based on evidence or reality; it was specifically constructed to justify

the Cult demand for lockdowns all over the world to destroy the

independent livelihoods of the global population. All these

modellers and everyone responsible for the ‘Covid’ hoax have a date

with a trial like those in Nuremberg a�er World War Two when

Nazis faced the consequences of their war crimes. These corrupt-

beyond-belief ‘modellers’ wrote the paper according to government

instructions and it said that that if lockdown measures were li�ed

then up to one million Germans would die from ‘Covid-19’ adding

that some would die ‘agonizingly at home, gasping for breath’

unable to be treated by hospitals that couldn’t cope. All lies. No

ma�er – it gave the Cult all that it wanted. What did long-time

government ‘modeller’ Neil Ferguson say? If the UK and the United

States didn’t lockdown half a million would die in Britain and 2.2

million Americans. Anyone see a theme here? ‘Modellers’ are such a

crucial part of the lockdown strategy that we should look into their

background and follow the money. Researcher Rosemary Frei

produced an excellent article headlined ‘The Modelling-paper

Mafiosi’. She highlights a guy called John Edmunds, a British

epidemiologist, and professor in the Faculty of Epidemiology and

Population Health at the London School of Hygiene & Tropical

Medicine. He studied at Imperial College. Edmunds is a member of

government ‘Covid’ advisory bodies which have been dictating

policy, the New and Emerging Respiratory Virus Threats Advisory

Group (NERVTAG) and the Scientific Advisory Group for

Emergencies (SAGE).

Ferguson, another member of NERVTAG and SAGE, led the way

with the original ‘virus’ and Edmunds has followed in the ‘variant’

stage and especially the so-called UK or Kent variant known as the

‘Variant of Concern’ (VOC) B.1.1.7. He said in a co-wri�en report for

the Centre for Mathematical modelling of Infectious Diseases at the

London School of Hygiene and Tropical Medicine, with input from

the Centre’s ‘Covid-19’ Working Group, that there was ‘a realistic



possibility that VOC B.1.1.7 is associated with an increased risk of

death compared to non-VOC viruses’. Fear, fear, fear, get the

vaccine, fear, fear, fear, get the vaccine. Rosemary Frei reveals that

almost all the paper’s authors and members of the modelling centre’s

‘Covid-19’ Working Group receive funding from the Bill and

Melinda Gates Foundation and/or the associated Gates-funded

Wellcome Trust. The paper was published by e-journal Medr χiv

which only publishes papers not peer-reviewed and the journal was

established by an organisation headed by Facebook’s Mark

Zuckerberg and his missus. What a small world it is. Frei discovered

that Edmunds is on the Scientific Advisory Board of the Coalition for

Epidemic Preparedness Innovations (CEPI) which was established

by the Bill and Melinda Gates Foundation, Klaus Schwab’s Davos

World Economic Forum and Big Pharma giant Wellcome. CEPI was

‘launched in Davos [in 2017] to develop vaccines to stop future

epidemics’, according to its website. ‘Our mission is to accelerate the

development of vaccines against emerging infectious diseases and

enable equitable access to these vaccines for people during

outbreaks.’ What kind people they are. Rosemary Frei reveals that

Public Health England (PHE) director Susan Hopkins is an author of

her organisation’s non-peer-reviewed reports on ‘new variants’.

Hopkins is a professor of infectious diseases at London’s Imperial

College which is gi�ed tens of millions of dollars a year by the Bill

and Melinda Gates Foundation. Gates-funded modelling disaster

Neil Ferguson also co-authors Public Health England reports and he

spoke in December, 2020, about the potential danger of the B.1.1.7.

‘UK variant’ promoted by Gates-funded modeller John Edmunds.

When I come to the ‘Covid vaccines’ the ‘new variants’ will be

shown for what they are – bollocks.

Connections, connections

All these people and modellers are lockdown-obsessed or, put

another way, they demand what the Cult demands. Edmunds said in

January, 2021, that to ease lockdowns too soon would be a disaster

and they had to ‘vaccinate much, much, much more widely than the



elderly’. Rosemary Frei highlights that Edmunds is married to

Jeanne Pimenta who is described in a LinkedIn profile as director of

epidemiology at GlaxoSmithKline (GSK) and she held shares in the

company. Patrick Vallance, co-chair of SAGE and the government’s

Chief Scientific Adviser, is a former executive of GSK and has a

deferred bonus of shares in the company worth £600,000. GSK has

serious business connections with Bill Gates and is collaborating

with mRNA-’vaccine’ company CureVac to make ‘vaccines’ for the

new variants that Edmunds is talking about. GSK is planning a

‘Covid vaccine’ with drug giant Sanofi. Puppet Prime Minister Boris

Johnson announced in the spring of 2021 that up to 60 million

vaccine doses were to be made at the GSK facility at Barnard Castle

in the English North East. Barnard Castle, with a population of just

6,000, was famously visited in breach of lockdown rules in April,

2020, by Johnson aide Dominic Cummings who said that he drove

there ‘to test his eyesight’ before driving back to London. Cummings

would be be�er advised to test his integrity – not that it would take

long. The GSK facility had nothing to do with his visit then although

I’m sure Patrick Vallance would have been happy to arrange an

introduction and some tea and biscuits. Ruthless psychopath Gates

has made yet another fortune from vaccines in collaboration with Big

Pharma companies and gushes at the phenomenal profits to be made

from vaccines – more than a 20-to-1 return as he told one

interviewer. Gates also tweeted in December, 2019, with the

foreknowledge of what was coming: ‘What’s next for our

foundation? I’m particularly excited about what the next year could

mean for one of the best buys in global health: vaccines.’

Modeller John Edmunds is a big promotor of vaccines as all these

people appear to be. He’s the dean of the London School of Hygiene

& Tropical Medicine’s Faculty of Epidemiology and Population

Health which is primarily funded by the Bill and Melinda Gates

Foundation and the Gates-established and funded GAVI vaccine

alliance which is the Gates vehicle to vaccinate the world. The

organisation Doctors Without Borders has described GAVI as being

‘aimed more at supporting drug-industry desires to promote new



products than at finding the most efficient and sustainable means for

fighting the diseases of poverty’. But then that’s why the psychopath

Gates created it. John Edmunds said in a video that the London

School of Hygiene & Tropical Medicine is involved in every aspect of

vaccine development including large-scale clinical trials. He

contends that mathematical modelling can show that vaccines

protect individuals and society. That’s on the basis of shit in and shit

out, I take it. Edmunds serves on the UK Vaccine Network as does

Ferguson and the government’s foremost ‘Covid’ adviser, the grim-

faced, dark-eyed Chris Whi�y. The Vaccine Network says it works

‘to support the government to identify and shortlist targeted

investment opportunities for the most promising vaccines and

vaccine technologies that will help combat infectious diseases with

epidemic potential, and to address structural issues related to the

UK’s broader vaccine infrastructure’. Ferguson is acting Director of

the Imperial College Vaccine Impact Modelling Consortium which

has funding from the Bill and Melina Gates Foundation and the

Gates-created GAVI ‘vaccine alliance’. Anyone wonder why these

characters see vaccines as the answer to every problem? Ferguson is

wildly enthusiastic in his support for GAVI’s campaign to vaccine

children en masse in poor countries. You would expect someone like

Gates who has constantly talked about the need to reduce the

population to want to fund vaccines to keep more people alive. I’m

sure that’s why he does it. The John Edmunds London School of

Hygiene & Tropical Medicine (LSHTM) has a Vaccines

Manufacturing Innovation Centre which develops, tests and

commercialises vaccines. Rosemary Frei writes:

The vaccines centre also performs affiliated activities like combating ‘vaccine hesitancy’. The
latter includes the Vaccine Confidence Project. The project’s stated purpose is, among other
things, ‘to provide analysis and guidance for early response and engagement with the public
to ensure sustained confidence in vaccines and immunisation’. The Vaccine Confidence
Project’s director is LSHTM professor Heidi Larson. For more than a decade she’s been
researching how to combat vaccine hesitancy.

How the bloody hell can blokes like John Edmunds and Neil

Ferguson with those connections and financial ties model ‘virus’ case



and death projections for the government and especially in a way

that gives their paymasters like Gates exactly what they want? It’s

insane, but this is what you find throughout the world.

‘Covid’ is not dangerous, oops, wait, yes it is

Only days before Ferguson’s nightmare scenario made Jackboot

Johnson take Britain into a China-style lockdown to save us from a

deadly ‘virus’ the UK government website gov.uk was reporting

something very different to Ferguson on a page of official

government guidance for ‘high consequence infectious diseases

(HCID)’. It said this about ‘Covid-19’:

As of 19 March 2020, COVID-19 is no longer considered to be a high consequence infectious
diseases (HCID) in the UK [my emphasis]. The 4 nations public health HCID group made an
interim recommendation in January 2020 to classify COVID-19 as an HCID. This was based
on consideration of the UK HCID criteria about the virus and the disease with information
available during the early stages of the outbreak.

Now that more is known about COVID-19, the public health bodies in the UK have reviewed
the most up to date information about COVID-19 against the UK HCID criteria. They have
determined that several features have now changed; in particular, more information is
available about mortality rates (low overall), and there is now greater clinical awareness and a
specific and sensitive laboratory test, the availability of which continues to increase. The
Advisory Committee on Dangerous Pathogens (ACDP) is also of the opinion that COVID-19
should no longer be classified as an HCID.

Soon a�er the government had been exposed for downgrading the

risk they upgraded it again and everyone was back to singing from

the same Cult hymn book. Ferguson and his fellow Gates clones

indicated that lockdowns and restrictions would have to continue

until a Gates-funded vaccine was developed. Gates said the same

because Ferguson and his like were repeating the Gates script which

is the Cult script. ‘Fla�en the curve’ became an ongoing nightmare of

continuing lockdowns with periods in between of severe restrictions

in pursuit of destroying independent incomes and had nothing to do

with protecting health about which the Cult gives not a shit. Why

wouldn’t Ferguson be pushing a vaccine ‘solution’ when he’s owned

by vaccine-obsessive Gates who makes a fortune from them and



when Ferguson heads the Vaccine Impact Modelling Consortium at

Imperial College funded by the Gates Foundation and GAVI, the

‘vaccine alliance’, created by Gates as his personal vaccine

promotion operation? To compound the human catastrophe that

Ferguson’s ‘models’ did so much to create he was later exposed for

breaking his own lockdown rules by having sexual liaisons with his

married girlfriend Antonia Staats at his home while she was living at

another location with her husband and children. Staats was a

‘climate’ activist and senior campaigner at the Soros-funded Avaaz

which I wouldn’t trust to tell me that grass is green. Ferguson had to

resign as a government advisor over this hypocrisy in May, 2020, but

a�er a period of quiet he was back being quoted by the ridiculous

media on the need for more lockdowns and a vaccine rollout. Other

government-advising ‘scientists’ from Imperial College’ held the fort

in his absence and said lockdown could be indefinite until a vaccine

was found. The Cult script was being sung by the payrolled choir. I

said there was no intention of going back to ‘normal’ when the

‘vaccine’ came because the ‘vaccine’ is part of a very different agenda

that I will discuss in Human 2.0. Why would the Cult want to let the

world go back to normal when destroying that normal forever was

the whole point of what was happening? House arrest, closing

businesses and schools through lockdown, (un)social distancing and

masks all followed the Ferguson fantasy models. Again as I

predicted (these people are so predictable) when the ‘vaccine’

arrived we were told that house arrest, lockdown, (un)social

distancing and masks would still have to continue. I will deal with

the masks in the next chapter because they are of fundamental

importance.

Where’s the ‘pandemic’?

Any mildly in-depth assessment of the figures revealed what was

really going on. Cult-funded and controlled organisations still have

genuine people working within them such is the number involved.

So it is with Genevieve Briand, assistant program director of the

Applied Economics master’s degree program at Johns Hopkins



University. She analysed the impact that ‘Covid-19’ had on deaths

from all causes in the United States using official data from the CDC

for the period from early February to early September, 2020. She

found that allegedly ‘Covid’ related-deaths exceeded those from

heart disease which she found strange with heart disease always the

biggest cause of fatalities. Her research became even more significant

when she noted the sudden decline in 2020 of all non-’Covid’ deaths:

‘This trend is completely contrary to the pa�ern observed in all

previous years … the total decrease in deaths by other causes almost

exactly equals the increase in deaths by Covid-19.’ This was such a

game, set and match in terms of what was happening that Johns

Hopkins University deleted the article on the grounds that it ‘was

being used to support false and dangerous inaccuracies about the

impact of the pandemic’. No – because it exposed the scam from

official CDC figures and this was confirmed when those figures were

published in January, 2021. Here we can see the effect of people

dying from heart a�acks, cancer, road accidents and gunshot

wounds – anything – having ‘Covid-19’ on the death certificate along

with those diagnosed from ‘symptoms’ who had even not tested

positive with a test not testing for the ‘virus’. I am not kidding with

the gunshot wounds, by the way. Brenda Bock, coroner in Grand

County, Colorado, revealed that two gunshot victims tested positive

for the ‘virus’ within the previous 30 days and were therefore

classified as ‘Covid deaths’. Bock said: ‘These two people had tested

positive for Covid, but that’s not what killed them. A gunshot

wound is what killed them.’ She said she had not even finished her

investigation when the state listed the gunshot victims as deaths due

to the ‘virus’. The death and case figures for ‘Covid-19’ are an

absolute joke and yet they are repeated like parrots by the media,

politicians and alleged medical ‘experts’. The official Cult narrative

is the only show in town.

Genevieve Briand found that deaths from all causes were not

exceptional in 2020 compared with previous years and a Spanish

magazine published figures that said the same about Spain which

was a ‘Covid’ propaganda hotspot at one point. Discovery Salud, a



health and medicine magazine, quoted government figures which

showed how 17,000 fewer people died in Spain in 2020 than in 2019

and more than 26,000 fewer than in 2018. The age-standardised

mortality rate for England and Wales when age distribution is taken

into account was significantly lower in 2020 than the 1970s, 80s and

90s, and was only the ninth highest since 2000. Where is the

‘pandemic’?

Post mortems and autopsies virtually disappeared for ‘Covid’

deaths amid claims that ‘virus-infected’ bodily fluids posed a risk to

those carrying out the autopsy. This was rejected by renowned

German pathologist and forensic doctor Klaus Püschel who said that

he and his staff had by then done 150 autopsies on ‘Covid’ patients

with no problems at all. He said they were needed to know why

some ‘Covid’ patients suffered blood clots and not severe respiratory

infections. The ‘virus’ is, a�er all, called SARS or ‘severe acute

respiratory syndrome’. I highlighted in the spring of 2020 this

phenomenon and quoted New York intensive care doctor Cameron

Kyle-Sidell who posted a soon deleted YouTube video to say that

they had been told to prepare to treat an infectious disease called

‘Covid-19’, but that was not what they were dealing with. Instead he

likened the lung condition of the most severely ill patients to what

you would expect with cabin depressurisation in a plane at 30,000

feet or someone dropped on the top of Everest without oxygen or

acclimatisation. I have never said this is not happening to a small

minority of alleged ‘Covid’ patients – I am saying this is not caused

by a phantom ‘contagious virus’. Indeed Kyle-Sidell said that

‘Covid-19’ was not the disease they were told was coming their way.

‘We are operating under a medical paradigm that is untrue,’ he said,

and he believed they were treating the wrong disease: ‘These people

are being slowly starved of oxygen.’ Patients would take off their

oxygen masks in a state of fear and stress and while they were blue

in the face on the brink of death. They did not look like patients

dying of pneumonia. You can see why they don’t want autopsies

when their virus doesn’t exist and there is another condition in some

people that they don’t wish to be uncovered. I should add here that



the 5G system of millimetre waves was being rapidly introduced

around the world in 2020 and even more so now as they fire 5G at

the Earth from satellites. At 60 gigahertz within the 5G range that

frequency interacts with the oxygen molecule and stops people

breathing in sufficient oxygen to be absorbed into the bloodstream.

They are installing 5G in schools and hospitals. The world is not

mad or anything. 5G can cause major changes to the lungs and blood

as I detail in The Answer and these consequences are labelled ‘Covid-

19’, the alleged symptoms of which can be caused by 5G and other

electromagnetic frequencies as cells respond to radiation poisoning.

The ‘Covid death’ scam

Dr Sco� Jensen, a Minnesota state senator and medical doctor,

exposed ‘Covid’ Medicare payment incentives to hospitals and death

certificate manipulation. He said he was sent a seven-page document

by the US Department of Health ‘coaching’ him on how to fill out

death certificates which had never happened before. The document

said that he didn’t need to have a laboratory test for ‘Covid-19’ to

put that on the death certificate and that shocked him when death

certificates are supposed to be about facts. Jensen described how

doctors had been ‘encouraged, if not pressured’ to make a diagnosis

of ‘Covid-19’ if they thought it was probable or ‘presumed’. No

positive test was necessary – not that this would have ma�ered

anyway. He said doctors were told to diagnose ‘Covid’ by symptoms

when these were the same as colds, allergies, other respiratory

problems, and certainly with influenza which ‘disappeared’ in the

‘Covid’ era. A common sniffle was enough to get the dreaded

verdict. Ontario authorities decreed that a single care home resident

with one symptom from a long list must lead to the isolation of the

entire home. Other courageous doctors like Jensen made the same

point about death figure manipulation and how deaths by other

causes were falling while ‘Covid-19 deaths’ were rising at the same

rate due to re-diagnosis. Their videos rarely survive long on

YouTube with its Cult-supporting algorithms courtesy of CEO Susan

Wojcicki and her bosses at Google. Figure-tampering was so glaring



and ubiquitous that even officials were le�ing it slip or outright

saying it. UK chief scientific adviser Patrick Vallance said on one

occasion that ‘Covid’ on the death certificate doesn’t mean ‘Covid’

was the cause of death (so why the hell is it there?) and we had the

rare sight of a BBC reporter telling the truth when she said:

‘Someone could be successfully treated for Covid, in say April,

discharged, and then in June, get run over by a bus and die … That

person would still be counted as a Covid death in England.’ Yet the

BBC and the rest of the world media went on repeating the case and

death figures as if they were real. Illinois Public Health Director Dr

Ngozi Ezike revealed the deceit while her bosses must have been

clenching their bu�ocks:

If you were in a hospice and given a few weeks to live and you were then found to have
Covid that would be counted as a Covid death. [There might be] a clear alternate cause, but it
is still listed as a Covid death. So everyone listed as a Covid death doesn’t mean that was the
cause of the death, but that they had Covid at the time of death.

Yes, a ‘Covid virus’ never shown to exist and tested for with a test

not testing for the ‘virus’. In the first period of the pandemic hoax

through the spring of 2020 the process began of designating almost

everything a ‘Covid’ death and this has continued ever since. I sat in

a restaurant one night listening to a loud conversation on the next

table where a family was discussing in bewilderment how a relative

who had no symptoms of ‘Covid’, and had died of a long-term

problem, could have been diagnosed a death by the ‘virus’. I could

understand their bewilderment. If they read this book they will

know why this medical fraud has been perpetrated the world over.

Some media truth shock

The media ignored the evidence of death certificate fraud until

eventually one columnist did speak out when she saw it first-hand.

Bel Mooney is a long-time national newspaper journalist in Britain

currently working for the Daily Mail. Her article on February 19th,

2021, carried this headline: ‘My dad Ted passed three Covid tests



and died of a chronic illness yet he’s officially one of Britain’s 120,000

victims of the virus and is far from alone ... so how many more are

there?’ She told how her 99-year-old father was in a care home with

a long-standing chronic obstructive pulmonary disease and vascular

dementia. Maybe, but he was still aware enough to tell her from the

start that there was no ‘virus’ and he refused the ‘vaccine’ for that

reason. His death was not unexpected given his chronic health

problems and Mooney said she was shocked to find that ‘Covid-19’

was declared the cause of death on his death certificate. She said this

was a ‘bizarre and unacceptable untruth’ for a man with long-time

health problems who had tested negative twice at the home for the

‘virus’. I was also shocked by this story although not by what she

said. I had been highlighting the death certificate manipulation for

ten months. It was the confirmation that a professional full-time

journalist only realised this was going on when it affected her

directly and neither did she know that whether her dad tested

positive or negative was irrelevant with the test not testing for the

‘virus’. Where had she been? She said she did not believe in

‘conspiracy theories’ without knowing I’m sure that this and

‘conspiracy theorists’ were terms put into widespread circulation by

the CIA in the 1960s to discredit those who did not accept the

ridiculous official story of the Kennedy assassination. A blanket

statement of ‘I don’t believe in conspiracy theories’ is always bizarre.

The dictionary definition of the term alone means the world is

drowning in conspiracies. What she said was even more da� when

her dad had just been affected by the ‘Covid’ conspiracy. Why else

does she think that ‘Covid-19’ was going on the death certificates of

people who died of something else?

To be fair once she saw from personal experience what was

happening she didn’t mince words. Mooney was called by the care

home on the morning of February 9th to be told her father had died

in his sleep. When she asked for the official cause of death what

came back was ‘Covid-19’. Mooney challenged this and was told

there had been deaths from Covid on the dementia floor (confirmed

by a test not testing for the ‘virus’) so they considered it ‘reasonable



to assume’. ‘But doctor,’ Mooney rightly protested, ‘an assumption

isn’t a diagnosis.’ She said she didn’t blame the perfectly decent and

sympathetic doctor – ‘he was just doing his job’. Sorry, but that’s

bullshit. He wasn’t doing his job at all. He was pu�ing a false cause of

death on the death certificate and that is a criminal offence for which

he should be brought to account and the same with the millions of

doctors worldwide who have done the same. They were not doing

their job they were following orders and that must not wash at new

Nuremberg trials any more than it did at the first ones. Mooney’s

doctor was ‘assuming’ (presuming) as he was told to, but ‘just

following orders’ makes no difference to his actions. A doctor’s job is

to serve the patient and the truth, not follow orders, but that’s what

they have done all over the world and played a central part in

making the ‘Covid’ hoax possible with all its catastrophic

consequences for humanity. Shame on them and they must answer

for their actions. Mooney said her disquiet worsened when she

registered her father’s death by telephone and was told by the

registrar there had been very many other cases like hers where ‘the

deceased’ had not tested positive for ‘Covid’ yet it was recorded as

the cause of death. The test may not ma�er, but those involved at

their level think it ma�ers and it shows a callous disregard for

accurate diagnosis. The pressure to do this is coming from the top of

the national ‘health’ pyramids which in turn obey the World Health

Organization which obeys Gates and the Cult. Mooney said the

registrar agreed that this must distort the national figures adding

that ‘the strangest thing is that every winter we record countless

deaths from flu, and this winter there have been none. Not one!’ She

asked if the registrar thought deaths from flu were being

misdiagnosed and lumped together with ‘Covid’ deaths. The answer

was a ‘puzzled yes’. Mooney said that the funeral director said the

same about ‘Covid’ deaths which had nothing to do with ‘Covid’.

They had lost count of the number of families upset by this and

other funeral companies in different countries have had the same

experience. Mooney wrote:



The nightly shroud-waving and shocking close-ups of pain imposed on us by the TV news
bewildered and terrified the population into eager compliance with lockdowns. We were
invited to ‘save the NHS’ and to grieve for strangers – the real-life loved ones behind those
shocking death counts. Why would the public imagine what I now fear, namely that the way
Covid-19 death statistics are compiled might make the numbers seem greater than they are?

Oh, just a li�le bit – like 100 percent.

Do the maths

Mooney asked why a country would wish to skew its mortality

figures by wrongly certifying deaths? What had been going on?

Well, if you don’t believe in conspiracies you will never find the

answer which is that it’s a conspiracy. She did, however, describe

what she had discovered as a ‘national scandal’. In reality it’s a

global scandal and happening everywhere. Pillars of this conspiracy

were all put into place before the bu�on was pressed with the

Drosten PCR protocol and high amplifications to produce the cases

and death certificate changes to secure illusory ‘Covid’ deaths.

Mooney notes that normally two doctors were needed to certify a

death, with one having to know the patient, and how the rules were

changed in the spring of 2020 to allow one doctor to do this. In the

same period ‘Covid deaths’ were decreed to be all cases where

Covid-19 was put on the death certificate even without a positive test

or any symptoms. Mooney asked: ‘How many of the 30,851 (as of

January 15) care home resident deaths with Covid-19 on the

certificate (32.4 per cent of all deaths so far) were based on an

assumption, like that of my father? And what has that done to our

national psyche?’All of them is the answer to the first question and it

has devastated and dismantled the national psyche, actually the

global psyche, on a colossal scale. In the UK case and death data is

compiled by organisations like Public Health England (PHE) and the

Office for National Statistics (ONS). Mooney highlights the insane

policy of counting a death from any cause as ‘Covid-19’ if this

happens within 28 days of a positive test (with a test not testing for

the ‘virus’) and she points out that ONS statistics reflect deaths

‘involving Covid’ ‘or due to Covid’ which meant in practice any



death where ‘Covid-19’ was mentioned on the death certificate. She

described the consequences of this fraud:

Most people will accept the narrative they are fed, so panicky governments here and in
Europe witnessed the harsh measures enacted in totalitarian China and jumped into
lockdown. Headlines about Covid deaths tolled like the knell that would bring doomsday to
us all. Fear stalked our empty streets. Politicians parroted the frankly ridiculous aim of ‘zero
Covid’ and shut down the economy, while most British people agreed that lockdown was
essential and (astonishingly to me, as a patriotic Brit) even wanted more restrictions.

For what? Lies on death certificates? Never mind the grim toll of lives ruined, suicides, schools
closed, rising inequality, depression, cancelled hospital treatments, cancer patients in a torture
of waiting, poverty, economic devastation, loneliness, families kept apart, and so on. How
many lives have been lost as a direct result of lockdown?

She said that we could join in a national chorus of shock and horror

at reaching the 120,000 death toll which was surely certain to have

been totally skewed all along, but what about the human cost of

lockdown justified by these ‘death figures’? The British Medical

Journal had reported a 1,493 percent increase in cases of children

taken to Great Ormond Street Hospital with abusive head injuries

alone and then there was the effect on families:

Perhaps the most shocking thing about all this is that families have been kept apart – and
obeyed the most irrational, changing rules at the whim of government – because they
believed in the statistics. They succumbed to fear, which his generation rejected in that war
fought for freedom. Dad (God rest his soul) would be angry. And so am I.

Another theme to watch is that in the winter months when there

are more deaths from all causes they focus on ‘Covid’ deaths and in

the summer when the British Lung Foundation says respiratory

disease plummets by 80 percent they rage on about ‘cases’. Either

way fascism on population is always the answer.

Nazi eugenics in the 21st century

Elderly people in care homes have been isolated from their families

month a�er lonely month with no contact with relatives and

grandchildren who were banned from seeing them. We were told



that lockdown fascism was to ‘protect the vulnerable’ like elderly

people. At the same time Do Not Resuscitate (DNR) orders were

placed on their medical files so that if they needed resuscitation it

wasn’t done and ‘Covid-19’ went on their death certificates. Old

people were not being ‘protected’ they were being culled –

murdered in truth. DNR orders were being decreed for disabled and

young people with learning difficulties or psychological problems.

The UK Care Quality Commission, a non-departmental body of the

Department of Health and Social Care, found that 34 percent of

those working in health and social care were pressured into placing

‘do not a�empt cardiopulmonary resuscitation’ orders on ‘Covid’

patients who suffered from disabilities and learning difficulties

without involving the patient or their families in the decision. UK

judges ruled that an elderly woman with dementia should have the

DNA-manipulating ‘Covid vaccine’ against her son’s wishes and that

a man with severe learning difficulties should have the jab despite

his family’s objections. Never mind that many had already died. The

judiciary always supports doctors and government in fascist

dictatorships. They wouldn’t dare do otherwise. A horrific video was

posted showing fascist officers from Los Angeles police forcibly

giving the ‘Covid’ shot to women with special needs who were

screaming that they didn’t want it. The same fascists are seen giving

the jab to a sleeping elderly woman in a care home. This is straight

out of the Nazi playbook. Hitler’s Nazis commi�ed mass murder of

the mentally ill and physically disabled throughout Germany and

occupied territories in the programme that became known as Aktion

T4, or just T4. Sabbatian-controlled Hitler and his grotesque crazies

set out to kill those they considered useless and unnecessary. The

Reich Commi�ee for the Scientific Registering of Hereditary and

Congenital Illnesses registered the births of babies identified by

physicians to have ‘defects’. By 1941 alone more than 5,000 children

were murdered by the state and it is estimated that in total the

number of innocent people killed in Aktion T4 was between 275,000

and 300,000. Parents were told their children had been sent away for

‘special treatment’ never to return. It is rather pathetic to see claims

about plans for new extermination camps being dismissed today



when the same force behind current events did precisely that 80

years ago. Margaret Sanger was a Cult operative who used ‘birth

control’ to sanitise her programme of eugenics. Organisations she

founded became what is now Planned Parenthood. Sanger proposed

that ‘the whole dysgenic population would have its choice of

segregation or sterilization’. These included epileptics, ‘feeble-

minded’, and prostitutes. Sanger opposed charity because it

perpetuated ‘human waste‘. She reveals the Cult mentality and if

anyone thinks that extermination camps are a ‘conspiracy theory’

their naivety is touching if breathtakingly stupid.

If you don’t believe that doctors can act with callous disregard for

their patients it is worth considering that doctors and medical staff

agreed to put government-decreed DNR orders on medical files and

do nothing when resuscitation is called for. I don’t know what you

call such people in your house. In mine they are Nazis from the Josef

Mengele School of Medicine. Phenomenal numbers of old people

have died worldwide from the effects of lockdown, depression, lack

of treatment, the ‘vaccine’ (more later) and losing the will to live. A

common response at the start of the manufactured pandemic was to

remove old people from hospital beds and transfer them to nursing

homes. The decision would result in a mass cull of elderly people in

those homes through lack of treatment – not ‘Covid’. Care home

whistleblowers have told how once the ‘Covid’ era began doctors

would not come to their homes to treat patients and they were

begging for drugs like antibiotics that o�en never came. The most

infamous example was ordered by New York governor Andrew

Cuomo, brother of a moronic CNN host, who amazingly was given

an Emmy Award for his handling of the ‘Covid crisis’ by the

ridiculous Wokers that hand them out. Just how ridiculous could be

seen in February, 2021, when a Department of Justice and FBI

investigation began into how thousands of old people in New York

died in nursing homes a�er being discharged from hospital to make

way for ‘Covid’ patients on Cuomo’s say-so – and how he and his

staff covered up these facts. This couldn’t have happened to a nicer

psychopath. Even then there was a ‘Covid’ spin. Reports said that



thousands of old people who tested positive for ‘Covid’ in hospital

were transferred to nursing homes to both die of ‘Covid’ and

transmit it to others. No – they were in hospital because they were ill

and the fact that they tested positive with a test not testing for the

‘virus’ is irrelevant. They were ill o�en with respiratory diseases

ubiquitous in old people near the end of their lives. Their transfer

out of hospital meant that their treatment stopped and many would

go on to die.

They’re old. Who gives a damn?

I have exposed in the books for decades the Cult plan to cull the

world’s old people and even to introduce at some point what they

call a ‘demise pill’ which at a certain age everyone would take and

be out of here by law. In March, 2021, Spain legalised euthanasia and

assisted suicide following the Netherlands, Belgium, Luxembourg

and Canada on the Tiptoe to the demise pill. Treatment of old people

by many ‘care’ homes has been a disgrace in the ‘Covid’ era. There

are many, many, caring staff – I know some. There have, however,

been legions of stories about callous treatment of old people and

their families. Police were called when families came to take their

loved ones home in the light of isolation that was killing them. They

became prisoners of the state. Care home residents in insane, fascist

Ontario, Canada, were not allowed to leave their room once the

‘Covid’ hoax began. UK staff have even wheeled elderly people

away from windows where family members were talking with them.

Oriana Criscuolo from Stockport in the English North West dropped

off some things for her 80-year-old father who has Parkinson’s

disease and dementia and she wanted to wave to him through a

ground-floor window. She was told that was ‘illegal’. When she went

anyway they closed the curtains in the middle of the day. Oriana

said:

It’s just unbelievable. I cannot understand how care home staff – people who are being paid
to care – have become so uncaring. Their behaviour is inhumane and cruel. It’s beyond belief.



She was right and this was not a one-off. What a way to end your life

in such loveless circumstances. UK registered nurse Nicky Millen, a

proper old school nurse for 40 years, said that when she started her

career care was based on dignity, choice, compassion and empathy.

Now she said ‘the things that are important to me have gone out of

the window.’ She was appalled that people were dying without their

loved ones and saying goodbye on iPads. Nicky described how a

distressed 89-year-old lady stroked her face and asked her ‘how

many paracetamol would it take to finish me off’. Life was no longer

worth living while not seeing her family. Nicky said she was

humiliated in front of the ward staff and patients for le�ing the lady

stroke her face and giving her a cuddle. Such is the dehumanisation

that the ‘Covid’ hoax has brought to the surface. Nicky worked in

care homes where patients told her they were being held prisoner. ‘I

want to live until I die’, one said to her. ‘I had a lady in tears because

she hadn’t seen her great-grandson.’ Nicky was compassionate old

school meeting psychopathic New Normal. She also said she had

worked on a ‘Covid’ ward with no ‘Covid’ patients. Jewish writer

Shai Held wrote an article in March, 2020, which was headlined ‘The

Staggering, Heartless Cruelty Toward the Elderly’. What he

described was happening from the earliest days of lockdown. He

said ‘the elderly’ were considered a group and not unique

individuals (the way of the Woke). Shai Held said:

Notice how the all-too-familiar rhetoric of dehumanization works: ‘The elderly’ are bunched
together as a faceless mass, all of them considered culprits and thus effectively deserving of
the suffering the pandemic will inflict upon them. Lost entirely is the fact that the elderly are
individual human beings, each with a distinctive face and voice, each with hopes and
dreams, memories and regrets, friendships and marriages, loves lost and loves sustained.

‘The elderly’ have become another dehumanised group for which

anything goes and for many that has resulted in cold disregard for

their rights and their life. The distinctive face that Held talks about is

designed to be deleted by masks until everyone is part of a faceless

mass.



‘War-zone’ hospitals myth

Again and again medical professionals have told me what was really

going on and how hospitals ‘overrun like war zones’ according to

the media were virtually empty. The mantra from medical

whistleblowers was please don’t use my name or my career is over.

Citizen journalists around the world sneaked into hospitals to film

evidence exposing the ‘war-zone’ lie. They really were largely empty

with closed wards and operating theatres. I met a hospital worker in

my town on the Isle of Wight during the first lockdown in 2020 who

said the only island hospital had never been so quiet. Lockdown was

justified by the psychopaths to stop hospitals being overrun. At the

same time that the island hospital was near-empty the military

arrived here to provide extra beds. It was all propaganda to ramp up

the fear to ensure compliance with fascism as were never-used

temporary hospitals with thousands of beds known as Nightingales

and never-used make-shi� mortuaries opened by the criminal UK

government. A man who helped to install those extra island beds

a�ributed to the army said they were never used and the hospital

was empty. Doctors and nurses ‘stood around talking or on their

phones, wandering down to us to see what we were doing’. There

were no masks or social distancing. He accused the useless local

island paper, the County Press, of ‘pumping the fear as if our hospital

was overrun and we only have one so it should have been’. He

described ambulances parked up with crews outside in deck chairs.

When his brother called an ambulance he was told there was a two-

hour backlog which he called ‘bullshit’. An old lady on the island fell

‘and was in a bad way’, but a caller who rang for an ambulance was

told the situation wasn’t urgent enough. Ambulance stations were

working under capacity while people would hear ambulances with

sirens blaring driving through the streets. When those living near

the stations realised what was going on they would follow them as

they le�, circulated around an urban area with the sirens going, and

then came back without stopping. All this was to increase levels of

fear and the same goes for the ‘ventilator shortage crisis’ that cost

tens of millions for hastily produced ventilators never to be used.



Ambulance crews that agreed to be exploited in this way for fear

propaganda might find themselves a mirror. I wish them well with

that. Empty hospitals were the obvious consequence of treatment

and diagnoses of non-’Covid’ conditions cancelled and those

involved handed a death sentence. People have been dying at home

from undiagnosed and untreated cancer, heart disease and other life-

threatening conditions to allow empty hospitals to deal with a

‘pandemic’ that wasn’t happening.

Death of the innocent

‘War-zones’ have been laying off nursing staff, even doctors where

they can. There was no work for them. Lockdown was justified by

saving lives and protecting the vulnerable they were actually killing

with DNR orders and preventing empty hospitals being ‘overrun’. In

Britain the mantra of stay at home to ‘save the NHS’ was everywhere

and across the world the same story was being sold when it was all

lies. Two California doctors, Dan Erickson and Artin Massihi at

Accelerated Urgent Care in Bakersfield, held a news conference in

April, 2020, to say that intensive care units in California were ‘empty,

essentially’, with hospitals shu�ing floors, not treating patients and

laying off doctors. The California health system was working at

minimum capacity ‘ge�ing rid of doctors because we just don’t have

the volume’. They said that people with conditions such as heart

disease and cancer were not coming to hospital out of fear of ‘Covid-

19’. Their video was deleted by Susan Wojcicki’s Cult-owned

YouTube a�er reaching five million views. Florida governor Ron

Desantis, who rejected the severe lockdowns of other states and is

being targeted for doing so, said that in March, 2020, every US

governor was given models claiming they would run out of hospital

beds in days. That was never going to happen and the ‘modellers’

knew it. Deceit can be found at every level of the system. Urgent

children’s operations were cancelled including fracture repairs and

biopsies to spot cancer. Eric Nicholls, a consultant paediatrician, said

‘this is obviously concerning and we need to return to normal

operating and to increase capacity as soon as possible’. Psychopaths



in power were rather less concerned because they are psychopaths.

Deletion of urgent care and diagnosis has been happening all over

the world and how many kids and others have died as a result of the

actions of these cold and heartless lunatics dictating ‘health’ policy?

The number must be stratospheric. Richard Sullivan, professor of

cancer and global health at King’s College London, said people

feared ‘Covid’ more than cancer such was the campaign of fear.

‘Years of lost life will be quite dramatic’, Sullivan said, with ‘a huge

amount of avoidable mortality’. Sarah Woolnough, executive

director for policy at Cancer Research UK, said there had been a 75

percent drop in urgent referrals to hospitals by family doctors of

people with suspected cancer. Sullivan said that ‘a lot of services

have had to scale back – we’ve seen a dramatic decrease in the

amount of elective cancer surgery’. Lockdown deaths worldwide has

been absolutely fantastic with the New York Post reporting how data

confirmed that ‘lockdowns end more lives than they save’:

There was a sharp decline in visits to emergency rooms and an increase in fatal heart attacks
because patients didn’t receive prompt treatment. Many fewer people were screened for
cancer. Social isolation contributed to excess deaths from dementia and Alzheimer’s.

Researchers predicted that the social and economic upheaval would lead to tens of thousands
of “deaths of despair” from drug overdoses, alcoholism and suicide. As unemployment surged
and mental-health and substance-abuse treatment programs were interrupted, the reported
levels of anxiety, depression and suicidal thoughts increased dramatically, as did alcohol sales
and fatal drug overdoses.

This has been happening while nurses and other staff had so much

time on their hands in the ‘war-zones’ that Tic-Tok dancing videos

began appearing across the Internet with medical staff dancing

around in empty wards and corridors as people died at home from

causes that would normally have been treated in hospital.

Mentions in dispatches

One brave and truth-commi�ed whistleblower was Louise

Hampton, a call handler with the UK NHS who made a viral

Internet video saying she had done ‘fuck all’ during the ‘pandemic’



which was ‘a load of bollocks’. She said that ‘Covid-19’ was

rebranded flu and of course she lost her job. This is what happens in

the medical and endless other professions now when you tell the

truth. Louise filmed inside ‘war-zone’ accident and emergency

departments to show they were empty and I mean empty as in no

one there. The mainstream media could have done the same and

blown the gaff on the whole conspiracy. They haven’t to their eternal

shame. Not that most ‘journalists’ seem capable of manifesting

shame as with the psychopaths they slavishly repeat without

question. The relative few who were admi�ed with serious health

problems were le� to die alone with no loved ones allowed to see

them because of ‘Covid’ rules and they included kids dying without

the comfort of mum and dad at their bedside while the evil behind

this couldn’t give a damn. It was all good fun to them. A Sco�ish

NHS staff nurse publicly quit in the spring of 2021 saying: ‘I can no

longer be part of the lies and the corruption by the government.’ She

said hospitals ‘aren’t full, the beds aren’t full, beds have been shut,

wards have been shut’. Hospitals were never busy throughout

‘Covid’. The staff nurse said that Nicola Sturgeon, tragically the

leader of the Sco�ish government, was on television saying save the

hospitals and the NHS – ‘but the beds are empty’ and ‘we’ve not

seen flu, we always see flu every year’. She wrote to government and

spoke with her union Unison (the unions are Cult-compromised and

useless, but nothing changed. Many of her colleagues were scared of

losing their jobs if they spoke out as they wanted to. She said

nursing staff were being affected by wearing masks all day and ‘my

head is spli�ing every shi� from wearing a mask’. The NHS is part

of the fascist tyranny and must be dismantled so we can start again

with human beings in charge. (Ironically, hospitals were reported to

be busier again when official ‘Covid’ cases fell in spring/summer of

2021 and many other conditions required treatment at the same time

as the fake vaccine rollout.)

I will cover the ‘Covid vaccine’ scam in detail later, but it is

another indicator of the sickening disregard for human life that I am

highlighting here. The DNA-manipulating concoctions do not fulfil



the definition of a ‘vaccine’, have never been used on humans before

and were given only emergency approval because trials were not

completed and they continued using the unknowing public. The

result was what a NHS senior nurse with responsibility for ‘vaccine’

procedure said was ‘genocide’. She said the ‘vaccines’ were not

‘vaccines’. They had not been shown to be safe and claims about

their effectiveness by drug companies were ‘poetic licence’. She

described what was happening as a ‘horrid act of human

annihilation’. The nurse said that management had instigated a

policy of not providing a Patient Information Leaflet (PIL) before

people were ‘vaccinated’ even though health care professionals are

supposed to do this according to protocol. Patients should also be

told that they are taking part in an ongoing clinical trial. Her

challenges to what is happening had seen her excluded from

meetings and ridiculed in others. She said she was told to ‘watch my

step … or I would find myself surplus to requirements’. The nurse,

who spoke anonymously in fear of her career, said she asked her

NHS manager why he/she was content with taking part in genocide

against those having the ‘vaccines’. The reply was that everyone had

to play their part and to ‘put up, shut up, and get it done’.

Government was ‘leaning heavily’ on NHS management which was

clearly leaning heavily on staff. This is how the global ‘medical’

hierarchy operates and it starts with the Cult and its World Health

Organization.

She told the story of a doctor who had the Pfizer jab and when

questioned had no idea what was in it. The doctor had never read

the literature. We have to stop treating doctors as intellectual giants

when so many are moral and medical pygmies. The doctor did not

even know that the ‘vaccines’ were not fully approved or that their

trials were ongoing. They were, however, asking their patients if

they minded taking part in follow-ups for research purposes – yes,

the ongoing clinical trial. The nurse said the doctor’s ignorance was

not rare and she had spoken to a hospital consultant who had the jab

without any idea of the background or that the ‘trials’ had not been

completed. Nurses and pharmacists had shown the same ignorance.



‘My NHS colleagues have forsaken their duty of care, broken their

code of conduct – Hippocratic Oath – and have been brainwashed

just the same as the majority of the UK public through propaganda

…’ She said she had not been able to recruit a single NHS colleague,

doctor, nurse or pharmacist to stand with her and speak out. Her

union had refused to help. She said that if the genocide came to light

she would not hesitate to give evidence at a Nuremberg-type trial

against those in power who could have affected the outcomes but

didn’t.

And all for what?

To put the nonsense into perspective let’s say the ‘virus’ does exist

and let’s go completely crazy and accept that the official

manipulated figures for cases and deaths are accurate. Even then a

study by Stanford University epidemiologist Dr John Ioannidis

published on the World Health Organization website produced an

average infection to fatality rate of … 0.23 percent! Ioannidis said: ‘If

one could sample equally from all locations globally, the median

infection fatality rate might even be substantially lower than the

0.23% observed in my analysis.’ For healthy people under 70 it was

… 0.05 percent! This compares with the 3.4 percent claimed by the

Cult-owned World Health Organization when the hoax was first

played and maximum fear needed to be generated. An updated

Stanford study in April, 2021, put the ‘infection’ to ‘fatality’ rate at

just 0.15 percent. Another team of scientists led by Megan O’Driscoll

and Henrik Salje studied data from 45 countries and published their

findings on the Nature website. For children and young people the

figure is so small it virtually does not register although authorities

will be hyping dangers to the young when they introduce DNA-

manipulating ‘vaccines’ for children. The O’Driscoll study produced

an average infection-fatality figure of 0.003 for children from birth to

four; 0.001 for 5 to 14; 0.003 for 15 to 19; and it was still only 0.456 up

to 64. To claim that children must be ‘vaccinated’ to protect them

from ‘Covid’ is an obvious lie and so there must be another reason

and there is. What’s more the average age of a ‘Covid’ death is akin



to the average age that people die in general. The average age of

death in England is about 80 for men and 83 for women. The average

age of death from alleged ‘Covid’ is between 82 and 83. California

doctors, Dan Erickson and Artin Massihi, said at their April media

conference that projection models of millions of deaths had been

‘woefully inaccurate’. They produced detailed figures showing that

Californians had a 0.03 chance of dying from ‘Covid’ based on the

number of people who tested positive (with a test not testing for the

‘virus’). Erickson said there was a 0.1 percent chance of dying from

‘Covid’ in the state of New York, not just the city, and a 0.05 percent

chance in Spain, a centre of ‘Covid-19’ hysteria at one stage. The

Stanford studies supported the doctors’ data with fatality rate

estimates of 0.23 and 0.15 percent. How close are these figures to my

estimate of zero? Death-rate figures claimed by the World Health

Organization at the start of the hoax were some 15 times higher. The

California doctors said there was no justification for lockdowns and

the economic devastation they caused. Everything they had ever

learned about quarantine was that you quarantine the sick and not

the healthy. They had never seen this before and it made no medical

sense.

Why in the in the light of all this would governments and medical

systems the world over say that billions must go under house arrest;

lose their livelihood; in many cases lose their mind, their health and

their life; force people to wear masks dangerous to health and

psychology; make human interaction and even family interaction a

criminal offence; ban travel; close restaurants, bars, watching live

sport, concerts, theatre, and any activity involving human

togetherness and discourse; and closing schools to isolate children

from their friends and cause many to commit suicide in acts of

hopelessness and despair? The California doctors said lockdown

consequences included increased child abuse, partner abuse,

alcoholism, depression, and other impacts they were seeing every

day. Who would do that to the entire human race if not mentally-ill

psychopaths of almost unimaginable extremes like Bill Gates? We

must face the reality of what we are dealing with and come out of



denial. Fascism and tyranny are made possible only by the target

population submi�ing and acquiescing to fascism and tyranny. The

whole of human history shows that to be true. Most people naively

and unquestioning believed what they were told about a ‘deadly

virus’ and meekly and weakly submi�ed to house arrest. Those who

didn’t believe it – at least in total – still submi�ed in fear of the

consequences of not doing so. For the rest who wouldn’t submit

draconian fines have been imposed, brutal policing by psychopaths

for psychopaths, and condemnation from the meek and weak who

condemn the Pushbackers on behalf of the very force that has them,

too, in its gunsights. ‘Pathetic’ does not even begin to suffice.

Britain’s brainless ‘Health’ Secretary Ma� Hancock warned anyone

lying to border officials about returning from a list of ‘hotspot’

countries could face a jail sentence of up to ten years which is more

than for racially-aggravated assault, incest and a�empting to have

sex with a child under 13. Hancock is a lunatic, but he has the state

apparatus behind him in a Cult-led chain reaction and the same with

UK ‘Vaccine Minister’ Nadhim Zahawi, a prominent member of the

mega-Cult secret society, Le Cercle, which featured in my earlier

books. The Cult enforces its will on governments and medical

systems; government and medical systems enforce their will on

business and police; business enforces its will on staff who enforce it

on customers; police enforce the will of the Cult on the population

and play their essential part in creating a world of fascist control that

their own children and grandchildren will have to live in their entire

lives. It is a hierarchical pyramid of imposition and acquiescence

and, yes indeedy, of clinical insanity.

Does anyone bright enough to read this book have to ask what the

answer is? I think not, but I will reveal it anyway in the fewest of

syllables: Tell the psychos and their moronic lackeys to fuck off and

let’s get on with our lives. We are many – They are few.



I

CHAPTER SEVEN

War on your mind

One believes things because one has been conditioned to believe

them

Aldous Huxley, Brave New World

have described the ‘Covid’ hoax as a ‘Psyop’ and that is true in

every sense and on every level in accordance with the definition of

that term which is psychological warfare. Break down the ‘Covid

pandemic’ to the foundation themes and it is psychological warfare

on the human individual and collective mind.

The same can be said for the entire human belief system involving

every subject you can imagine. Huxley was right in his contention

that people believe what they are conditioned to believe and this

comes from the repetition throughout their lives of the same

falsehoods. They spew from government, corporations, media and

endless streams of ‘experts’ telling you what the Cult wants you to

believe and o�en believing it themselves (although far from always).

‘Experts’ are rewarded with ‘prestigious’ jobs and titles and as

agents of perceptual programming with regular access to the media.

The Cult has to control the narrative – control information – or they

lose control of the vital, crucial, without-which-they-cannot-prevail

public perception of reality. The foundation of that control today is

the Internet made possible by the Defense Advanced Research

Projects Agency (DARPA), the incredibly sinister technological arm

of the Pentagon. The Internet is the result of military technology.



DARPA openly brags about establishing the Internet which has been

a long-term project to lasso the minds of the global population. I

have said for decades the plan is to control information to such an

extreme that eventually no one would see or hear anything that the

Cult does not approve. We are closing in on that end with ferocious

censorship since the ‘Covid’ hoax began and in my case it started

back in the 1990s in terms of books and speaking venues. I had to

create my own publishing company in 1995 precisely because no one

else would publish my books even then. I think they’re all still

running.

Cult Internet

To secure total control of information they needed the Internet in

which pre-programmed algorithms can seek out ‘unclean’ content

for deletion and even stop it being posted in the first place. The Cult

had to dismantle print and non-Internet broadcast media to ensure

the transfer of information to the appropriate-named ‘Web’ – a

critical expression of the Cult web. We’ve seen the ever-quickening

demise of traditional media and control of what is le� by a tiny

number of corporations operating worldwide. Independent

journalism in the mainstream is already dead and never was that

more obvious than since the turn of 2020. The Cult wants all

information communicated via the Internet to globally censor and

allow the plug to be pulled any time. Lockdowns and forced

isolation has meant that communication between people has been

through electronic means and no longer through face-to-face

discourse and discussion. Cult psychopaths have targeted the bars,

restaurants, sport, venues and meeting places in general for this

reason. None of this is by chance and it’s to stop people gathering in

any kind of privacy or number while being able to track and monitor

all Internet communications and block them as necessary. Even

private messages between individuals have been censored by these

fascists that control Cult fronts like Facebook, Twi�er, Google and

YouTube which are all officially run by Sabbatian place-people and

from the background by higher-level Sabbatian place people.



Facebook, Google, Amazon and their like were seed-funded and

supported into existence with money-no-object infusions of funds

either directly or indirectly from DARPA and CIA technology arm

In-Q-Tel. The Cult plays the long game and prepares very carefully

for big plays like ‘Covid’. Amazon is another front in the

psychological war and pre�y much controls the global market in

book sales and increasingly publishing. Amazon’s limitless funds

have deleted fantastic numbers of independent publishers to seize

global domination on the way to deciding which books can be sold

and circulated and which cannot. Moves in that direction are already

happening. Amazon’s leading light Jeff Bezos is the grandson of

Lawrence Preston Gise who worked with DARPA predecessor

ARPA. Amazon has big connections to the CIA and the Pentagon.

The plan I have long described went like this:

1. Employ military technology to establish the Internet.

2. Sell the Internet as a place where people can freely communicate without censorship and

allow that to happen until the Net becomes the central and irreversible pillar of human

society. If the Internet had been highly censored from the start many would have rejected it.

3. Fund and manipulate major corporations into being to control the circulation of

information on your Internet using cover stories about geeks in garages to explain how they

came about. Give them unlimited funds to expand rapidly with no need to make a profit for

years while non-Cult companies who need to balance the books cannot compete. You know

that in these circumstances your Googles, YouTubes, Facebooks and Amazons are going to

secure near monopolies by either crushing or buying up the opposition.

4. Allow freedom of expression on both the Internet and communication platforms to draw

people in until the Internet is the central and irreversible pillar of human society and your

communication corporations have reached a stage of near monopoly domination.

5. Then unleash your always-planned frenzy of censorship on the basis of ‘where else are

you going to go?’ and continue to expand that until nothing remains that the Cult does not

want its human targets to see.

The process was timed to hit the ‘Covid’ hoax to ensure the best

chance possible of controlling the narrative which they knew they

had to do at all costs. They were, a�er all, about to unleash a ‘deadly

virus’ that didn’t really exist. If you do that in an environment of

free-flowing information and opinion you would be dead in the



water before you could say Gates is a psychopath. The network was

in place through which the Cult-created-and-owned World Health

Organization could dictate the ‘Covid’ narrative and response policy

slavishly supported by Cult-owned Internet communication giants

and mainstream media while those telling a different story were

censored. Google, YouTube, Facebook and Twi�er openly

announced that they would do this. What else would we expect from

Cult-owned operations like Facebook which former executives have

confirmed set out to make the platform more addictive than

cigare�es and coldly manipulates emotions of its users to sow

division between people and groups and scramble the minds of the

young? If Zuckerberg lives out the rest of his life without going to

jail for crimes against humanity, and most emphatically against the

young, it will be a travesty of justice. Still, no ma�er, cause and effect

will catch up with him eventually and the same with Sergey Brin

and Larry Page at Google with its CEO Sundar Pichai who fix the

Google search results to promote Cult narratives and hide the

opposition. Put the same key words into Google and other search

engines like DuckDuckGo and you will see how different results can

be. Wikipedia is another intensely biased ‘encyclopaedia’ which

skews its content to the Cult agenda. YouTube links to Wikipedia’s

version of ‘Covid’ and ‘climate change’ on video pages in which

experts in their field offer a different opinion (even that is

increasingly rare with Wojcicki censorship). Into this ‘Covid’ silence-

them network must be added government media censors, sorry

‘regulators’, such as Ofcom in the UK which imposed tyrannical

restrictions on British broadcasters that had the effect of banning me

from ever appearing. Just to debate with me about my evidence and

views on ‘Covid’ would mean breaking the fascistic impositions of

Ofcom and its CEO career government bureaucrat Melanie Dawes.

Gutless British broadcasters tremble at the very thought of fascist

Ofcom.

Psychos behind ‘Covid’



The reason for the ‘Covid’ catastrophe in all its facets and forms can

be seen by whom and what is driving the policies worldwide in such

a coordinated way. Decisions are not being made to protect health,

but to target psychology. The dominant group guiding and

‘advising’ government policy are not medical professionals. They are

psychologists and behavioural scientists. Every major country has its

own version of this phenomenon and I’ll use the British example to

show how it works. In many ways the British version has been

affecting the wider world in the form of the huge behaviour

manipulation network in the UK which operates in other countries.

The network involves private companies, government, intelligence

and military. The Cabinet Office is at the centre of the government

‘Covid’ Psyop and part-owns, with ‘innovation charity’ Nesta, the

Behavioural Insights Team (BIT) which claims to be independent of

government but patently isn’t. The BIT was established in 2010 and

its job is to manipulate the psyche of the population to acquiesce to

government demands and so much more. It is also known as the

‘Nudge Unit’, a name inspired by the 2009 book by two ultra-

Zionists, Cass Sunstein and Richard Thaler, called Nudge: Improving

Decisions About Health, Wealth, and Happiness. The book, as with the

Behavioural Insights Team, seeks to ‘nudge’ behaviour (manipulate

it) to make the public follow pa�erns of action and perception that

suit those in authority (the Cult). Sunstein is so skilled at this that he

advises the World Health Organization and the UK Behavioural

Insights Team and was Administrator of the White House Office of

Information and Regulatory Affairs in the Obama administration.

Biden appointed him to the Department of Homeland Security –

another ultra-Zionist in the fold to oversee new immigration laws

which is another policy the Cult wants to control. Sunstein is

desperate to silence anyone exposing conspiracies and co-authored a

2008 report on the subject in which suggestions were offered to ban

‘conspiracy theorizing’ or impose ‘some kind of tax, financial or

otherwise, on those who disseminate such theories’. I guess a

psychiatrist’s chair is out of the question?



Sunstein’s mate Richard Thaler, an ‘academic affiliate’ of the UK

Behavioural Insights Team, is a proponent of ‘behavioural

economics’ which is defined as the study of ‘the effects of

psychological, cognitive, emotional, cultural and social factors on the

decisions of individuals and institutions’. Study the effects so they

can be manipulated to be what you want them to be. Other leading

names in the development of behavioural economics are ultra-

Zionists Daniel Kahneman and Robert J. Shiller and they, with

Thaler, won the Nobel Memorial Prize in Economic Sciences for their

work in this field. The Behavioural Insights Team is operating at the

heart of the UK government and has expanded globally through

partnerships with several universities including Harvard, Oxford,

Cambridge, University College London (UCL) and Pennsylvania.

They claim to have ‘trained’ (reframed) 20,000 civil servants and run

more than 750 projects involving 400 randomised controlled trials in

dozens of countries’ as another version of mind reframers Common

Purpose. BIT works from its office in New York with cities and their

agencies, as well as other partners, across the United States and

Canada – this is a company part-owned by the British government

Cabinet Office. An executive order by President Cult-servant Obama

established a US Social and Behavioral Sciences Team in 2015. They

all have the same reason for being and that’s to brainwash the

population directly and by brainwashing those in positions of

authority.

‘Covid’ mind game

Another prime aspect of the UK mind-control network is the

‘independent’ [joke] Scientific Pandemic Insights Group on

Behaviours (SPI-B) which ‘provides behavioural science advice

aimed at anticipating and helping people adhere to interventions

that are recommended by medical or epidemiological experts’. That

means manipulating public perception and behaviour to do

whatever government tells them to do. It’s disgusting and if they

really want the public to be ‘safe’ this lot should all be under lock

and key. According to the government website SPI-B consists of



‘behavioural scientists, health and social psychologists,

anthropologists and historians’ and advises the Whi�y-Vallance-led

Scientific Advisory Group for Emergencies (SAGE) which in turn

advises the government on ‘the science’ (it doesn’t) and ‘Covid’

policy. When politicians say they are being guided by ‘the science’

this is the rabble in each country they are talking about and that

‘science’ is dominated by behaviour manipulators to enforce

government fascism through public compliance. The Behaviour

Insight Team is headed by psychologist David Solomon Halpern, a

visiting professor at King’s College London, and connects with a

national and global web of other civilian and military organisations

as the Cult moves towards its goal of fusing them into one fascistic

whole in every country through its ‘Fusion Doctrine’. The behaviour

manipulation network involves, but is not confined to, the Foreign

Office; National Security Council; government communications

headquarters (GCHQ); MI5; MI6; the Cabinet Office-based Media

Monitoring Unit; and the Rapid Response Unit which ‘monitors

digital trends to spot emerging issues; including misinformation and

disinformation; and identifies the best way to respond’.

There is also the 77th Brigade of the UK military which operates

like the notorious Israeli military’s Unit 8200 in manipulating

information and discussion on the Internet by posing as members of

the public to promote the narrative and discredit those who

challenge it. Here we have the military seeking to manipulate

domestic public opinion while the Nazis in government are fine with

that. Conservative Member of Parliament Tobias Ellwood, an

advocate of lockdown and control through ‘vaccine passports’, is a

Lieutenant Colonel reservist in the 77th Brigade which connects with

the military operation jHub, the ‘innovation centre’ for the Ministry

of Defence and Strategic Command. jHub has also been involved

with the civilian National Health Service (NHS) in ‘symptom

tracing’ the population. The NHS is a key part of this mind control

network and produced a document in December, 2020, explaining to

staff how to use psychological manipulation with different groups

and ages to get them to have the DNA-manipulating ‘Covid vaccine’



that’s designed to cumulatively rewrite human genetics. The

document, called ‘Optimising Vaccination Roll Out – Do’s and Dont’s

for all messaging, documents and “communications” in the widest

sense’, was published by NHS England and the NHS Improvement

Behaviour Change Unit in partnership with Public Health England

and Warwick Business School. I hear the mantra about ‘save the

NHS’ and ‘protect the NHS’ when we need to scrap the NHS and

start again. The current version is far too corrupt, far too anti-human

and totally compromised by Cult operatives and their assets. UK

government broadcast media censor Ofcom will connect into this

web – as will the BBC with its tremendous Ofcom influence – to

control what the public see and hear and dictate mass perception.

Nuremberg trials must include personnel from all these

organisations.

The fear factor

The ‘Covid’ hoax has led to the creation of the UK Cabinet Office-

connected Joint Biosecurity Centre (JBC) which is officially described

as providing ‘expert advice on pandemics’ using its independent [all

Cult operations are ‘independent’] analytical function to provide

real-time analysis about infection outbreaks to identify and respond

to outbreaks of Covid-19’. Another role is to advise the government

on a response to spikes in infections – ‘for example by closing

schools or workplaces in local areas where infection levels have

risen’. Put another way, promoting the Cult agenda. The Joint

Biosecurity Centre is modelled on the Joint Terrorism Analysis

Centre which analyses intelligence to set ‘terrorism threat levels’ and

here again you see the fusion of civilian and military operations and

intelligence that has led to military intelligence producing

documents about ‘vaccine hesitancy’ and how it can be combated.

Domestic civilian ma�ers and opinions should not be the business of

the military. The Joint Biosecurity Centre is headed by Tom Hurd,

director general of the Office for Security and Counter-Terrorism

from the establishment-to-its-fingertips Hurd family. His father is

former Foreign Secretary Douglas Hurd. How coincidental that Tom



•

•

•

•

Hurd went to the elite Eton College and Oxford University with

Boris Johnson. Imperial College with its ridiculous computer

modeller Neil Ferguson will connect with this gigantic web that will

itself interconnect with similar set-ups in other major and not so

major countries. Compared with this Cult network the politicians, be

they Boris Johnson, Donald Trump or Joe Biden, are bit-part players

‘following the science’. The network of psychologists was on the

‘Covid’ case from the start with the aim of generating maximum fear

of the ‘virus’ to ensure compliance by the population. A government

behavioural science group known as SPI-B produced a paper in

March, 2020, for discussion by the main government science

advisory group known as SAGE. It was headed ‘Options for

increasing adherence to social distancing measures’ and it said the

following in a section headed ‘Persuasion’:

A substantial number of people still do not feel sufficiently

personally threatened; it could be that they are reassured by the

low death rate in their demographic group, although levels of

concern may be rising. Having a good understanding of the risk

has been found to be positively associated with adoption of

COVID-19 social distancing measures in Hong Kong.

The perceived level of personal threat needs to be increased

among those who are complacent, using hard-hi�ing evaluation

of options for increasing social distancing emotional messaging.

To be effective this must also empower people by making clear

the actions they can take to reduce the threat.

Responsibility to others: There seems to be insufficient

understanding of, or feelings of responsibility about, people’s role

in transmi�ing the infection to others … Messaging about actions

need to be framed positively in terms of protecting oneself and

the community, and increase confidence that they will be effective.

Some people will be more persuaded by appeals to play by the

rules, some by duty to the community, and some to personal risk.



All these different approaches are needed. The messaging also

needs to take account of the realities of different people’s lives.

Messaging needs to take account of the different motivational

levers and circumstances of different people.

All this could be achieved the SPI-B psychologists said by using the

media to increase the sense of personal threat which translates as terrify

the shit out of the population, including children, so they all do what

we want. That’s not happened has it? Those excuses for ‘journalists’

who wouldn’t know journalism if it bit them on the arse (the great

majority) have played their crucial part in serving this Cult-

government Psyop to enslave their own kids and grandkids. How

they live with themselves I have no idea. The psychological war has

been underpinned by constant government ‘Covid’ propaganda in

almost every television and radio ad break, plus the Internet and

print media, which has pounded out the fear with taxpayers footing

the bill for their own programming. The result has been people

terrified of a ‘virus’ that doesn’t exist or one with a tiny fatality rate

even if you believe it does. People walk down the street and around

the shops wearing face-nappies damaging their health and

psychology while others report those who refuse to be that naïve to

the police who turn up in their own face-nappies. I had a cameraman

come to my flat and he was so frightened of ‘Covid’ he came in

wearing a mask and refused to shake my hand in case he caught

something. He had – naïveitis – and the thought that he worked in

the mainstream media was both depressing and made his behaviour

perfectly explainable. The fear which has gripped the minds of so

many and frozen them into compliance has been carefully cultivated

by these psychologists who are really psychopaths. If lives get

destroyed and a lot of young people commit suicide it shows our

plan is working. SPI-B then turned to compulsion on the public to

comply. ‘With adequate preparation, rapid change can be achieved’,

it said. Some countries had introduced mandatory self-isolation on a

wide scale without evidence of major public unrest and a large

majority of the UK’s population appeared to be supportive of more

coercive measures with 64 percent of adults saying they would



support pu�ing London under a lockdown (watch the ‘polls’ which

are designed to make people believe that public opinion is in favour

or against whatever the subject in hand).

For ‘aggressive protective measures’ to be effective, the SPI-B

paper said, special a�ention should be devoted to those population

groups that are more at risk. Translated from the Orwellian this

means making the rest of population feel guilty for not protecting

the ‘vulnerable’ such as old people which the Cult and its agencies

were about to kill on an industrial scale with lockdown, lack of

treatment and the Gates ‘vaccine’. Psychopath psychologists sold

their guilt-trip so comprehensively that Los Angeles County

Supervisor Hilda Solis reported that children were apologising (from

a distance) to their parents and grandparents for bringing ‘Covid’

into their homes and ge�ing them sick. ‘… These apologies are just

some of the last words that loved ones will ever hear as they die

alone,’ she said. Gut-wrenchingly Solis then used this childhood

tragedy to tell children to stay at home and ‘keep your loved ones

alive’. Imagine heaping such potentially life-long guilt on a kid when

it has absolutely nothing to do with them. These people are deeply

disturbed and the psychologists behind this even more so.

Uncivil war – divide and rule

Professional mind-controllers at SPI-B wanted the media to increase

a sense of responsibility to others (do as you’re told) and promote

‘positive messaging’ for those actions while in contrast to invoke

‘social disapproval’ by the unquestioning, obedient, community of

anyone with a mind of their own. Again the compliant Goebbels-like

media obliged. This is an old, old, trick employed by tyrannies the

world over throughout human history. You get the target population

to keep the target population in line – your line. SPI-B said this could

‘play an important role in preventing anti-social behaviour or

discouraging failure to enact pro-social behaviour’. For ‘anti-social’

in the Orwellian parlance of SPI-B see any behaviour that

government doesn’t approve. SPI-B recommendations said that

‘social disapproval’ should be accompanied by clear messaging and



promotion of strong collective identity – hence the government and

celebrity mantra of ‘we’re all in this together’. Sure we are. The mind

doctors have such contempt for their targets that they think some

clueless comedian, actor or singer telling them to do what the

government wants will be enough to win them over. We have had

UK comedian Lenny Henry, actor Michael Caine and singer Elton

John wheeled out to serve the propagandists by urging people to

have the DNA-manipulating ‘Covid’ non-’vaccine’. The role of

Henry and fellow black celebrities in seeking to coax a ‘vaccine’

reluctant black community into doing the government’s will was

especially stomach-turning. An emotion-manipulating script and

carefully edited video featuring these black ‘celebs’ was such an

insult to the intelligence of black people and where’s the self-respect

of those involved selling their souls to a fascist government agenda?

Henry said he heard black people’s ‘legitimate worries and

concerns’, but people must ‘trust the facts’ when they were doing

exactly that by not having the ‘vaccine’. They had to include the

obligatory reference to Black Lives Ma�er with the line … ‘Don’t let

coronavirus cost even more black lives – because we ma�er’. My

god, it was pathetic. ‘I know the vaccine is safe and what it does.’

How? ‘I’m a comedian and it says so in my script.’

SPI-B said social disapproval needed to be carefully managed to

avoid victimisation, scapegoating and misdirected criticism, but they

knew that their ‘recommendations’ would lead to exactly that and

the media were specifically used to stir-up the divide-and-conquer

hostility. Those who conform like good li�le baa, baas, are praised

while those who have seen through the tidal wave of lies are

‘Covidiots’. The awake have been abused by the fast asleep for not

conforming to fascism and impositions that the awake know are

designed to endanger their health, dehumanise them, and tear

asunder the very fabric of human society. We have had the curtain-

twitchers and morons reporting neighbours and others to the face-

nappied police for breaking ‘Covid rules’ with fascist police

delighting in posting links and phone numbers where this could be

done. The Cult cannot impose its will without a compliant police



and military or a compliant population willing to play their part in

enslaving themselves and their kids. The words of a pastor in Nazi

Germany are so appropriate today:

First they came for the socialists and I did not speak out because I was not a socialist.

Then they came for the trade unionists and I did not speak out because I was not a trade
unionist.

Then they came for the Jews and I did not speak out because I was not a Jew.

Then they came for me and there was no one left to speak for me.

Those who don’t learn from history are destined to repeat it and so

many are.

‘Covid’ rules: Rewiring the mind

With the background laid out to this gigantic national and global

web of psychological manipulation we can put ‘Covid’ rules into a

clear and sinister perspective. Forget the claims about protecting

health. ‘Covid’ rules are about dismantling the human mind,

breaking the human spirit, destroying self-respect, and then pu�ing

Humpty Dumpty together again as a servile, submissive slave. Social

isolation through lockdown and distancing have devastating effects

on the human psyche as the psychological psychopaths well know

and that’s the real reason for them. Humans need contact with each

other, discourse, closeness and touch, or they eventually, and

literarily, go crazy. Masks, which I will address at some length,

fundamentally add to the effects of isolation and the Cult agenda to

dehumanise and de-individualise the population. To do this while

knowing – in fact seeking – this outcome is the very epitome of evil

and psychologists involved in this are the epitome of evil. They must

like all the rest of the Cult demons and their assets stand trial for

crimes against humanity on a scale that defies the imagination.

Psychopaths in uniform use isolation to break enemy troops and

agents and make them subservient and submissive to tell what they

know. The technique is rightly considered a form of torture and



torture is most certainly what has been imposed on the human

population.

Clinically-insane American psychologist Harry Harlow became

famous for his isolation experiments in the 1950s in which he

separated baby monkeys from their mothers and imprisoned them

for months on end in a metal container or ‘pit of despair’. They soon

began to show mental distress and depression as any idiot could

have predicted. Harlow put other monkeys in steel chambers for

three, six or twelve months while denying them any contact with

animals or humans. He said that the effects of total social isolation

for six months were ‘so devastating and debilitating that we had

assumed initially that twelve months of isolation would not produce

any additional decrement’; but twelve months of isolation ‘almost

obliterated the animals socially’. This is what the Cult and its

psychopaths are doing to you and your children. Even monkeys in

partial isolation in which they were not allowed to form

relationships with other monkeys became ‘aggressive and hostile,

not only to others, but also towards their own bodies’. We have seen

this in the young as a consequence of lockdown. UK government

psychopaths launched a public relations campaign telling people not

to hug each other even a�er they received the ‘Covid-19 vaccine’

which we were told with more lies would allow a return to ‘normal

life’. A government source told The Telegraph: ‘It will be along the

lines that it is great that you have been vaccinated, but if you are

going to visit your family and hug your grandchildren there is a

chance you are going to infect people you love.’ The source was

apparently speaking from a secure psychiatric facility. Janet Lord,

director of Birmingham University’s Institute of Inflammation and

Ageing, said that parents and grandparents should avoid hugging

their children. Well, how can I put it, Ms Lord? Fuck off. Yep, that’ll

do.

Destroying the kids – where are the parents?

Observe what has happened to people enslaved and isolated by

lockdown as suicide and self-harm has soared worldwide,



particularly among the young denied the freedom to associate with

their friends. A study of 49,000 people in English-speaking countries

concluded that almost half of young adults are at clinical risk of

mental health disorders. A national survey in America of 1,000

currently enrolled high school and college students found that 5

percent reported a�empting suicide during the pandemic. Data from

the US CDC’s National Syndromic Surveillance Program from

January 1st to October 17th, 2020, revealed a 31 percent increase in

mental health issues among adolescents aged 12 to 17 compared

with 2019. The CDC reported that America in general suffered the

biggest drop in life expectancy since World War Two as it fell by a

year in the first half of 2020 as a result of ‘deaths of despair’ –

overdoses and suicides. Deaths of despair have leapt by more than

20 percent during lockdown and include the highest number of fatal

overdoses ever recorded in a single year – 81,000. Internet addiction

is another consequence of being isolated at home which lowers

interest in physical activities as kids fall into inertia and what’s the

point? Children and young people are losing hope and giving up on

life, sometimes literally. A 14-year-old boy killed himself in

Maryland because he had ‘given up’ when his school district didn’t

reopen; an 11-year-old boy shot himself during a zoom class; a

teenager in Maine succumbed to the isolation of the ‘pandemic’

when he ended his life a�er experiencing a disrupted senior year at

school. Children as young as nine have taken their life and all these

stories can be repeated around the world. Careers are being

destroyed before they start and that includes those in sport in which

promising youngsters have not been able to take part. The plan of

the psycho-psychologists is working all right. Researchers at

Cambridge University found that lockdowns cause significant harm

to children’s mental health. Their study was published in the

Archives of Disease in Childhood, and followed 168 children aged

between 7 and 11. The researchers concluded:

During the UK lockdown, children’s depression symptoms have increased substantially,
relative to before lockdown. The scale of this effect has direct relevance for the continuation
of different elements of lockdown policy, such as complete or partial school closures …



… Specifically, we observed a statistically significant increase in ratings of depression, with a
medium-to-large effect size. Our findings emphasise the need to incorporate the potential
impact of lockdown on child mental health in planning the ongoing response to the global
pandemic and the recovery from it.

Not a chance when the Cult’s psycho-psychologists were ge�ing

exactly what they wanted. The UK’s Royal College of Paediatrics and

Child Health has urged parents to look for signs of eating disorders

in children and young people a�er a three to four fold increase.

Specialists say the ‘pandemic’ is a major reason behind the rise. You

don’t say. The College said isolation from friends during school

closures, exam cancellations, loss of extra-curricular activities like

sport, and an increased use of social media were all contributory

factors along with fears about the virus (psycho-psychologists

again), family finances, and students being forced to quarantine.

Doctors said young people were becoming severely ill by the time

they were seen with ‘Covid’ regulations reducing face-to-face

consultations. Nor is it only the young that have been devastated by

the psychopaths. Like all bullies and cowards the Cult is targeting

the young, elderly, weak and infirm. A typical story was told by a

British lady called Lynn Parker who was not allowed to visit her

husband in 2020 for the last ten and half months of his life ‘when he

needed me most’ between March 20th and when he died on

December 19th. This vacates the criminal and enters the territory of

evil. The emotional impact on the immune system alone is immense

as are the number of people of all ages worldwide who have died as

a result of Cult-demanded, Gates-demanded, lockdowns.

Isolation is torture

The experience of imposing solitary confinement on millions of

prisoners around the world has shown how a large percentage

become ‘actively psychotic and/or acutely suicidal’. Social isolation

has been found to trigger ‘a specific psychiatric syndrome,

characterized by hallucinations; panic a�acks; overt paranoia;

diminished impulse control; hypersensitivity to external stimuli; and

difficulties with thinking, concentration and memory’. Juan Mendez,



a United Nations rapporteur (investigator), said that isolation is a

form of torture. Research has shown that even a�er isolation

prisoners find it far more difficult to make social connections and I

remember cha�ing to a shop assistant a�er one lockdown who told

me that when her young son met another child again he had no idea

how to act or what to do. Hannah Flanagan, Director of Emergency

Services at Journey Mental Health Center in Dane County,

Wisconsin, said: ‘The specificity about Covid social distancing and

isolation that we’ve come across as contributing factors to the

suicides are really new to us this year.’ But they are not new to those

that devised them. They are ge�ing the effect they want as the

population is psychologically dismantled to be rebuilt in a totally

different way. Children and the young are particularly targeted.

They will be the adults when the full-on fascist AI-controlled

technocracy is planned to be imposed and they are being prepared

to meekly submit. At the same time older people who still have a

memory of what life was like before – and how fascist the new

normal really is – are being deleted. You are going to see efforts to

turn the young against the old to support this geriatric genocide.

Hannah Flanagan said the big increase in suicide in her county

proved that social isolation is not only harmful, but deadly. Studies

have shown that isolation from others is one of the main risk factors

in suicide and even more so with women. Warnings that lockdown

could create a ‘perfect storm’ for suicide were ignored. A�er all this

was one of the reasons for lockdown. Suicide, however, is only the

most extreme of isolation consequences. There are many others. Dr

Dhruv Khullar, assistant professor of healthcare policy at Weill

Cornell Medical College, said in a New York Times article in 2016 long

before the fake ‘pandemic’:

A wave of new research suggests social separation is bad for us. Individuals with less social
connection have disrupted sleep patterns, altered immune systems, more inflammation and
higher levels of stress hormones. One recent study found that isolation increases the risk of
heart disease by 29 percent and stroke by 32 percent. Another analysis that pooled data from
70 studies and 3.4 million people found that socially isolated individuals had a 30 percent
higher risk of dying in the next seven years, and that this effect was largest in middle age.



Loneliness can accelerate cognitive decline in older adults, and isolated individuals are twice
as likely to die prematurely as those with more robust social interactions. These effects start
early: Socially isolated children have significantly poorer health 20 years later, even after
controlling for other factors. All told, loneliness is as important a risk factor for early death as
obesity and smoking.

There you have proof from that one article alone four years before

2020 that those who have enforced lockdown, social distancing and

isolation knew what the effect would be and that is even more so

with professional psychologists that have been driving the policy

across the globe. We can go back even further to the years 2000 and

2003 and the start of a major study on the effects of isolation on

health by Dr Janine Gronewold and Professor Dirk M. Hermann at

the University Hospital in Essen, Germany, who analysed data on

4,316 people with an average age of 59 who were recruited for the

long-term research project. They found that socially isolated people

are more than 40 percent more likely to have a heart a�ack, stroke,

or other major cardiovascular event and nearly 50 percent more

likely to die from any cause. Given the financial Armageddon

unleashed by lockdown we should note that the study found a

relationship between increased cardiovascular risk and lack of

financial support. A�er excluding other factors social isolation was

still connected to a 44 percent increased risk of cardiovascular

problems and a 47 percent increased risk of death by any cause. Lack

of financial support was associated with a 30 percent increase in the

risk of cardiovascular health events. Dr Gronewold said it had been

known for some time that feeling lonely or lacking contact with close

friends and family can have an impact on physical health and the

study had shown that having strong social relationships is of high

importance for heart health. Gronewold said they didn’t understand

yet why people who are socially isolated have such poor health

outcomes, but this was obviously a worrying finding, particularly

during these times of prolonged social distancing. Well, it can be

explained on many levels. You only have to identify the point in the

body where people feel loneliness and missing people they are

parted from – it’s in the centre of the chest where they feel the ache

of loneliness and the ache of missing people. ‘My heart aches for



you’ … ‘My heart aches for some company.’ I will explain this more

in the chapter Escaping Wetiko, but when you realise that the body

is the mind – they are expressions of each other – the reason why

state of the mind dictates state of the body becomes clear.

American psychologist Ranjit Powar was highlighting the effects

of lockdown isolation as early as April, 2020. She said humans have

evolved to be social creatures and are wired to live in interactive

groups. Being isolated from family, friends and colleagues could be

unbalancing and traumatic for most people and could result in short

or even long-term psychological and physical health problems. An

increase in levels of anxiety, aggression, depression, forgetfulness

and hallucinations were possible psychological effects of isolation.

‘Mental conditions may be precipitated for those with underlying

pre-existing susceptibilities and show up in many others without

any pre-condition.’ Powar said personal relationships helped us cope

with stress and if we lost this outlet for le�ing off steam the result

can be a big emotional void which, for an average person, was

difficult to deal with. ‘Just a few days of isolation can cause

increased levels of anxiety and depression’ – so what the hell has

been the effect on the global population of 18 months of this at the

time of writing? Powar said: ‘Add to it the looming threat of a

dreadful disease being repeatedly hammered in through the media

and you have a recipe for many shades of mental and physical

distress.’ For those with a house and a garden it is easy to forget that

billions have had to endure lockdown isolation in tiny overcrowded

flats and apartments with nowhere to go outside. The psychological

and physical consequences of this are unimaginable and with lunatic

and abusive partners and parents the consequences have led to

tremendous increases in domestic and child abuse and alcoholism as

people seek to shut out the horror. Ranjit Powar said:

Staying in a confined space with family is not all a rosy picture for everyone. It can be
extremely oppressive and claustrophobic for large low-income families huddled together in
small single-room houses. Children here are not lucky enough to have many board/electronic
games or books to keep them occupied.



Add to it the deep insecurity of running out of funds for food and basic necessities. On the
other hand, there are people with dysfunctional family dynamics, such as domineering,
abusive or alcoholic partners, siblings or parents which makes staying home a period of trial.
Incidence of suicide and physical abuse against women has shown a worldwide increase.
Heightened anxiety and depression also affect a person’s immune system, making them more
susceptible to illness.

To think that Powar’s article was published on April 11th, 2020.

Six-feet fantasy

Social (unsocial) distancing demanded that people stay six feet or

two metres apart. UK government advisor Robert Dingwall from the

New and Emerging Respiratory Virus Threats Advisory Group said

in a radio interview that the two-metre rule was ‘conjured up out of

nowhere’ and was not based on science. No, it was not based on

medical science, but it didn’t come out of nowhere. The distance

related to psychological science. Six feet/two metres was adopted in

many countries and we were told by people like the criminal

Anthony Fauci and his ilk that it was founded on science. Many

schools could not reopen because they did not have the space for six-

feet distancing. Then in March, 2021, a�er a year of six-feet ‘science’,

a study published in the Journal of Infectious Diseases involving more

than 500,000 students and almost 100,000 staff over 16 weeks

revealed no significant difference in ‘Covid’ cases between six feet

and three feet and Fauci changed his tune. Now three feet was okay.

There is no difference between six feet and three inches when there is

no ‘virus’ and they got away with six feet for psychological reasons

for as long as they could. I hear journalists and others talk about

‘unintended consequences’ of lockdown. They are not unintended at

all; they have been coldly-calculated for a specific outcome of human

control and that’s why super-psychopaths like Gates have called for

them so vehemently. Super-psychopath psychologists have

demanded them and psychopathic or clueless, spineless, politicians

have gone along with them by ‘following the science’. But it’s not

science at all. ‘Science’ is not what is; it’s only what people can be

manipulated to believe it is. The whole ‘Covid’ catastrophe is



founded on mind control. Three word or three statement mantras

issued by the UK government are a well-known mind control

technique and so we’ve had ‘Stay home/protect the NHS/save lives’,

‘Stay alert/control the virus/save lives’ and ‘hands/face/space’. One

of the most vocal proponents of extreme ‘Covid’ rules in the UK has

been Professor Susan Michie, a member of the British Communist

Party, who is not a medical professional. Michie is the director of the

Centre for Behaviour Change at University College London. She is a

behavioural psychologist and another filthy rich ‘Marxist’ who praised

China’s draconian lockdown. She was known by fellow students at

Oxford University as ‘Stalin’s nanny’ for her extreme Marxism.

Michie is an influential member of the UK government’s Scientific

Advisory Group for Emergencies (SAGE) and behavioural

manipulation groups which have dominated ‘Covid’ policy. She is a

consultant adviser to the World Health Organization on ‘Covid-19’

and behaviour. Why the hell are lockdowns anything to do with her

when they are claimed to be about health? Why does a behavioural

psychologist from a group charged with changing the behaviour of

the public want lockdown, human isolation and mandatory masks?

Does that question really need an answer? Michie absolutely has to

explain herself before a Nuremberg court when humanity takes back

its world again and even more so when you see the consequences of

masks that she demands are compulsory. This is a Michie classic:

The benefits of getting primary school children to wear masks is that regardless of what little
degree of transmission is occurring in those age groups it could help normalise the practice.
Young children wearing masks may be more likely to get their families to accept masks.

Those words alone should carry a prison sentence when you

ponder on the callous disregard for children involved and what a

statement it makes about the mind and motivations of Susan Michie.

What a lovely lady and what she said there encapsulates the

mentality of the psychopaths behind the ‘Covid’ horror. Let us

compare what Michie said with a countrywide study in Germany

published at researchsquare.com involving 25,000 school children

and 17,854 health complaints submi�ed by parents. Researchers

http://researchsquare.com/


found that masks are harming children physically, psychologically,

and behaviourally with 24 health issues associated with mask

wearing. They include: shortness of breath (29.7%); dizziness

(26.4%); increased headaches (53%); difficulty concentrating (50%);

drowsiness or fatigue (37%); and malaise (42%). Nearly a third of

children experienced more sleep issues than before and a quarter

developed new fears. Researchers found health issues and other

impairments in 68 percent of masked children covering their faces

for an average of 4.5 hours a day. Hundreds of those taking part

experienced accelerated respiration, tightness in the chest, weakness,

and short-term impairment of consciousness. A reminder of what

Michie said again:

The benefits of getting primary school children to wear masks is that regardless of what little
degree of transmission is occurring in those age groups it could help normalise the practice.
Young children wearing masks may be more likely to get their families to accept masks.

Psychopaths in government and psychology now have children and

young people – plus all the adults – wearing masks for hours on end

while clueless teachers impose the will of the psychopaths on the

young they should be protecting. What the hell are parents doing?

Cult lab rats

We have some schools already imposing on students microchipped

buzzers that activate when they get ‘too close’ to their pals in the

way they do with lab rats. How apt. To the Cult and its brain-dead

servants our children are lab rats being conditioned to be

unquestioning, dehumanised slaves for the rest of their lives.

Children and young people are being weaned and frightened away

from the most natural human instincts including closeness and

touch. I have tracked in the books over the years how schools were

banning pupils from greeting each other with a hug and the whole

Cult-induced Me Too movement has terrified men and boys from a

relaxed and natural interaction with female friends and work

colleagues to the point where many men try never to be in a room



alone with a woman that’s not their partner. Airhead celebrities have

as always played their virtue-signalling part in making this happen

with their gross exaggeration. For every monster like Harvey

Weinstein there are at least tens of thousands of men that don’t treat

women like that; but everyone must be branded the same and policy

changed for them as well as the monster. I am going to be using the

word ‘dehumanise’ many times in this chapter because that is what

the Cult is seeking to do and it goes very deep as we shall see. Don’t

let them kid you that social distancing is planned to end one day.

That’s not the idea. We are seeing more governments and companies

funding and producing wearable gadgets to keep people apart and

they would not be doing that if this was meant to be short-term. A

tech start-up company backed by GCHQ, the British Intelligence and

military surveillance headquarters, has created a social distancing

wrist sensor that alerts people when they get too close to others. The

CIA has also supported tech companies developing similar devices.

The wearable sensor was developed by Tended, one of a number of

start-up companies supported by GCHQ (see the CIA and DARPA).

The device can be worn on the wrist or as a tag on the waistband and

will vibrate whenever someone wearing the device breaches social

distancing and gets anywhere near natural human contact. The

company had a lucky break in that it was developing a distancing

sensor when the ‘Covid’ hoax arrived which immediately provided a

potentially enormous market. How fortunate. The government in

big-time Cult-controlled Ontario in Canada is investing $2.5 million

in wearable contact tracing technology that ‘will alert users if they

may have been exposed to the Covid-19 in the workplace and will

beep or vibrate if they are within six feet of another person’.

Facedrive Inc., the technology company behind this, was founded in

2016 with funding from the Ontario Together Fund and obviously

they, too, had a prophet on the board of directors. The human

surveillance and control technology is called TraceSCAN and would

be worn by the human cyborgs in places such as airports,

workplaces, construction sites, care homes and … schools.



I emphasise schools with children and young people the prime

targets. You know what is planned for society as a whole if you keep

your eyes on the schools. They have always been places where the

state program the next generation of slaves to be its compliant

worker-ants – or Woker-ants these days; but in the mist of the

‘Covid’ madness they have been transformed into mind laboratories

on a scale never seen before. Teachers and head teachers are just as

programmed as the kids – o�en more so. Children are kept apart

from human interaction by walk lanes, classroom distancing,

staggered meal times, masks, and the rolling-out of buzzer systems.

Schools are now physically laid out as a laboratory maze for lab-rats.

Lunatics at a school in Anchorage, Alaska, who should be

prosecuted for child abuse, took away desks and forced children to

kneel (know your place) on a mat for five hours a day while wearing

a mask and using their chairs as a desk. How this was supposed to

impact on a ‘virus’ only these clinically insane people can tell you

and even then it would be clap-trap. The school banned recess

(interaction), art classes (creativity), and physical exercise (ge�ing

body and mind moving out of inertia). Everyone behind this outrage

should be in jail or be�er still a mental institution. The behavioural

manipulators are all for this dystopian approach to schools.

Professor Susan Michie, the mind-doctor and British Communist

Party member, said it was wrong to say that schools were safe. They

had to be made so by ‘distancing’, masks and ventilation (si�ing all

day in the cold). I must ask this lady round for dinner on a night I

know I am going to be out and not back for weeks. She probably

wouldn’t be able to make it, anyway, with all the visits to her own

psychologist she must have block-booked.

Masking identity

I know how shocking it must be for you that a behaviour

manipulator like Michie wants everyone to wear masks which have

long been a feature of mind-control programs like the infamous

MKUltra in the United States, but, there we are. We live and learn. I

spent many years from 1996 to right across the millennium



researching mind control in detail on both sides of the Atlantic and

elsewhere. I met a large number of mind-control survivors and

many had been held captive in body and mind by MKUltra. MK

stands for mind-control, but employs the German spelling in

deference to the Nazis spirited out of Germany at the end of World

War Two by Operation Paperclip in which the US authorities, with

help from the Vatican, transported Nazi mind-controllers and

engineers to America to continue their work. Many of them were

behind the creation of NASA and they included Nazi scientist and

SS officer Wernher von Braun who swapped designing V-2 rockets to

bombard London with designing the Saturn V rockets that powered

the NASA moon programme’s Apollo cra�. I think I may have

mentioned that the Cult has no borders. Among Paperclip escapees

was Josef Mengele, the Angel of Death in the Nazi concentration

camps where he conducted mind and genetic experiments on

children o�en using twins to provide a control twin to measure the

impact of his ‘work’ on the other. If you want to observe the Cult

mentality in all its extremes of evil then look into the life of Mengele.

I have met many people who suffered mercilessly under Mengele in

the United States where he operated under the name Dr Greene and

became a stalwart of MKUltra programming and torture. Among his

locations was the underground facility in the Mojave Desert in

California called the China Lake Naval Weapons Station which is

almost entirely below the surface. My books The Biggest Secret,

Children of the Matrix and The Perception Deception have the detailed

background to MKUltra.

The best-known MKUltra survivor is American Cathy O’Brien. I

first met her and her late partner Mark Phillips at a conference in

Colorado in 1996. Mark helped her escape and deprogram from

decades of captivity in an offshoot of MKUltra known as Project

Monarch in which ‘sex slaves’ were provided for the rich and

famous including Father George Bush, Dick Cheney and the

Clintons. Read Cathy and Mark’s book Trance-Formation of America

and if you are new to this you will be shocked to the core. I read it in

1996 shortly before, with the usual synchronicity of my life, I found



myself given a book table at the conference right next to hers.

MKUltra never ended despite being very publicly exposed (only a

small part of it) in the 1970s and continues in other guises. I am still

in touch with Cathy. She contacted me during 2020 a�er masks

became compulsory in many countries to tell me how they were

used as part of MKUltra programming. I had been observing ‘Covid

regulations’ and the relationship between authority and public for

months. I saw techniques that I knew were employed on individuals

in MKUltra being used on the global population. I had read many

books and manuals on mind control including one called Silent

Weapons for Quiet Wars which came to light in the 1980s and was a

guide on how to perceptually program on a mass scale. ‘Silent

Weapons’ refers to mind-control. I remembered a line from the

manual as governments, medical authorities and law enforcement

agencies have so obviously talked to – or rather at – the adult

population since the ‘Covid’ hoax began as if they are children. The

document said:

If a person is spoken to by a T.V. advertiser as if he were a twelve-year-old, then, due to
suggestibility, he will, with a certain probability, respond or react to that suggestion with the
uncritical response of a twelve-year-old and will reach in to his economic reservoir and
deliver its energy to buy that product on impulse when he passes it in the store.

That’s why authority has spoken to adults like children since all this

began.

Why did Michael Jackson wear masks?

Every aspect of the ‘Covid’ narrative has mind-control as its central

theme. Cathy O’Brien wrote an article for davidicke.com about the

connection between masks and mind control. Her daughter Kelly

who I first met in the 1990s was born while Cathy was still held

captive in MKUltra. Kelly was forced to wear a mask as part of her

programming from the age of two to dehumanise her, target her

sense of individuality and reduce the amount of oxygen her brain

and body received. Bingo. This is the real reason for compulsory

http://davidicke.com/


masks, why they have been enforced en masse, and why they seek to

increase the number they demand you wear. First one, then two,

with one disgraceful alleged ‘doctor’ recommending four which is

nothing less than a death sentence. Where and how o�en they must

be worn is being expanded for the purpose of mass mind control

and damaging respiratory health which they can call ‘Covid-19’.

Canada’s government headed by the man-child Justin Trudeau, says

it’s fine for children of two and older to wear masks. An insane

‘study’ in Italy involving just 47 children concluded there was no

problem for babies as young as four months wearing them. Even a�er

people were ‘vaccinated’ they were still told to wear masks by the

criminal that is Anthony Fauci. Cathy wrote that mandating masks

is allowing the authorities literally to control the air we breathe

which is what was done in MKUltra. You might recall how the

singer Michael Jackson wore masks and there is a reason for that. He

was subjected to MKUltra mind control through Project Monarch

and his psyche was scrambled by these simpletons. Cathy wrote:

In MKUltra Project Monarch mind control, Michael Jackson had to wear a mask to silence his
voice so he could not reach out for help. Remember how he developed that whisper voice
when he wasn’t singing? Masks control the mind from the outside in, like the redefining of
words is doing. By controlling what we can and cannot say for fear of being labeled racist or
beaten, for example, it ultimately controls thought that drives our words and ultimately actions
(or lack thereof).

Likewise, a mask muffles our speech so that we are not heard, which controls voice … words
… mind. This is Mind Control. Masks are an obvious mind control device, and I am disturbed
so many people are complying on a global scale. Masks depersonalize while making a person
feel as though they have no voice. It is a barrier to others. People who would never choose to
comply but are forced to wear a mask in order to keep their job, and ultimately their family
fed, are compromised. They often feel shame and are subdued. People have stopped talking
with each other while media controls the narrative.

The ‘no voice’ theme has o�en become literal with train

passengers told not to speak to each other in case they pass on the

‘virus’, singing banned for the same reason and bonkers California

officials telling people riding roller coasters that they cannot shout

and scream. Cathy said she heard every day from healed MKUltra

survivors who cannot wear a mask without flashing back on ways



their breathing was controlled – ‘from ball gags and penises to water

boarding’. She said that through the years when she saw images of

people in China wearing masks ‘due to pollution’ that it was really

to control their oxygen levels. ‘I knew it was as much of a population

control mechanism of depersonalisation as are burkas’, she said.

Masks are another Chinese communist/fascist method of control that

has been swept across the West as the West becomes China at

lightning speed since we entered 2020.

Mask-19

There are other reasons for mandatory masks and these include

destroying respiratory health to call it ‘Covid-19’ and stunting brain

development of children and the young. Dr Margarite Griesz-

Brisson MD, PhD, is a Consultant Neurologist and

Neurophysiologist and the Founder and Medical Director of the

London Neurology and Pain Clinic. Her CV goes down the street

and round the corner. She is clearly someone who cares about people

and won’t parrot the propaganda. Griesz-Brisson has a PhD in

pharmacology, with special interest in neurotoxicology,

environmental medicine, neuroregeneration and neuroplasticity (the

way the brain can change in the light of information received). She

went public in October, 2020, with a passionate warning about the

effects of mask-wearing laws:

The reinhalation of our exhaled air will without a doubt create oxygen deficiency and a
flooding of carbon dioxide. We know that the human brain is very sensitive to oxygen
deprivation. There are nerve cells for example in the hippocampus that can’t be longer than 3
minutes without oxygen – they cannot survive. The acute warning symptoms are headaches,
drowsiness, dizziness, issues in concentration, slowing down of reaction time – reactions of
the cognitive system.

Oh, I know, let’s tell bus, truck and taxi drivers to wear them and

people working machinery. How about pilots, doctors and police?

Griesz-Brisson makes the important point that while the symptoms

she mentions may fade as the body readjusts this does not alter the

fact that people continue to operate in oxygen deficit with long list of



potential consequences. She said it was well known that

neurodegenerative diseases take years or decades to develop. ‘If

today you forget your phone number, the breakdown in your brain

would have already started 20 or 30 years ago.’ She said

degenerative processes in your brain are ge�ing amplified as your

oxygen deprivation continues through wearing a mask. Nerve cells

in the brain are unable to divide themselves normally in these

circumstances and lost nerve cells will no longer be regenerated.

‘What is gone is gone.’ Now consider that people like shop workers

and schoolchildren are wearing masks for hours every day. What in

the name of sanity is going to be happening to them? ‘I do not wear

a mask, I need my brain to think’, Griesz-Brisson said, ‘I want to

have a clear head when I deal with my patients and not be in a

carbon dioxide-induced anaesthesia’. If you are told to wear a mask

anywhere ask the organisation, police, store, whatever, for their risk

assessment on the dangers and negative effects on mind and body of

enforcing mask-wearing. They won’t have one because it has never

been done not even by government. All of them must be subject to

class-action lawsuits as the consequences come to light. They don’t

do mask risk assessments for an obvious reason. They know what

the conclusions would be and independent scientific studies that

have been done tell a horror story of consequences.

‘Masks are criminal’

Dr Griesz-Brisson said that for children and adolescents, masks are

an absolute no-no. They had an extremely active and adaptive

immune system and their brain was incredibly active with so much

to learn. ‘The child’s brain, or the youth’s brain, is thirsting for

oxygen.’ The more metabolically active an organ was, the more

oxygen it required; and in children and adolescents every organ was

metabolically active. Griesz-Brisson said that to deprive a child’s or

adolescent’s brain of oxygen, or to restrict it in any way, was not only

dangerous to their health, it was absolutely criminal. ‘Oxygen

deficiency inhibits the development of the brain, and the damage

that has taken place as a result CANNOT be reversed.’ Mind



manipulators of MKUltra put masks on two-year-olds they wanted

to neurologically rewire and you can see why. Griesz-Brisson said a

child needs the brain to learn and the brain needs oxygen to

function. ‘We don’t need a clinical study for that. This is simple,

indisputable physiology.’ Consciously and purposely induced

oxygen deficiency was an absolutely deliberate health hazard, and

an absolute medical contraindication which means that ‘this drug,

this therapy, this method or measure should not be used, and is not

allowed to be used’. To coerce an entire population to use an

absolute medical contraindication by force, she said, there had to be

definite and serious reasons and the reasons must be presented to

competent interdisciplinary and independent bodies to be verified

and authorised. She had this warning of the consequences that were

coming if mask wearing continued:

When, in ten years, dementia is going to increase exponentially, and the younger generations
couldn’t reach their god-given potential, it won’t help to say ‘we didn’t need the masks’. I
know how damaging oxygen deprivation is for the brain, cardiologists know how damaging it
is for the heart, pulmonologists know how damaging it is for the lungs. Oxygen deprivation
damages every single organ. Where are our health departments, our health insurance, our
medical associations? It would have been their duty to be vehemently against the lockdown
and to stop it and stop it from the very beginning.

Why do the medical boards issue punishments to doctors who give people exemptions? Does
the person or the doctor seriously have to prove that oxygen deprivation harms people? What
kind of medicine are our doctors and medical associations representing? Who is responsible
for this crime? The ones who want to enforce it? The ones who let it happen and play along,
or the ones who don’t prevent it?

All of the organisations and people she mentions there either

answer directly to the Cult or do whatever hierarchical levels above

them tell them to do. The outcome of both is the same. ‘It’s not about

masks, it’s not about viruses, it’s certainly not about your health’,

Griesz-Brisson said. ‘It is about much, much more. I am not

participating. I am not afraid.’ They were taking our air to breathe

and there was no unfounded medical exemption from face masks.

Oxygen deprivation was dangerous for every single brain. It had to

be the free decision of every human being whether they want to



wear a mask that was absolutely ineffective to protect themselves

from a virus. She ended by rightly identifying where the

responsibility lies for all this:

The imperative of the hour is personal responsibility. We are responsible for what we think,
not the media. We are responsible for what we do, not our superiors. We are responsible for
our health, not the World Health Organization. And we are responsible for what happens in
our country, not the government.

Halle-bloody-lujah.

But surgeons wear masks, right?

Independent studies of mask-wearing have produced a long list of

reports detailing mental, emotional and physical dangers. What a

definition of insanity to see police officers imposing mask-wearing

on the public which will cumulatively damage their health while the

police themselves wear masks that will cumulatively damage their

health. It’s u�er madness and both public and police do this because

‘the government says so’ – yes a government of brain-donor idiots

like UK Health Secretary Ma� Hancock reading the ‘follow the

science’ scripts of psychopathic, lunatic psychologists. The response

you get from Stockholm syndrome sufferers defending the very

authorities that are destroying them and their families is that

‘surgeons wear masks’. This is considered the game, set and match

that they must work and don’t cause oxygen deficit. Well, actually,

scientific studies have shown that they do and oxygen levels are

monitored in operating theatres to compensate. Surgeons wear

masks to stop spi�le and such like dropping into open wounds – not

to stop ‘viral particles’ which are so miniscule they can only be seen

through an electron microscope. Holes in the masks are significantly

bigger than ‘viral particles’ and if you sneeze or cough they will

breach the mask. I watched an incredibly disingenuous ‘experiment’

that claimed to prove that masks work in catching ‘virus’ material

from the mouth and nose. They did this with a slow motion camera

and the mask did block big stuff which stayed inside the mask and



•

•

•

against the face to be breathed in or cause infections on the face as

we have seen with many children. ‘Viral particles’, however, would

never have been picked up by the camera as they came through the

mask when they are far too small to be seen. The ‘experiment’ was

therefore disingenuous and useless.

Studies have concluded that wearing masks in operating theatres

(and thus elsewhere) make no difference to preventing infection

while the opposite is true with toxic shite building up in the mask

and this had led to an explosion in tooth decay and gum disease

dubbed by dentists ‘mask mouth’. You might have seen the Internet

video of a furious American doctor urging people to take off their

masks a�er a four-year-old patient had been rushed to hospital the

night before and nearly died with a lung infection that doctors

sourced to mask wearing. A study in the journal Cancer Discovery

found that inhalation of harmful microbes can contribute to

advanced stage lung cancer in adults and long-term use of masks

can help breed dangerous pathogens. Microbiologists have said

frequent mask wearing creates a moist environment in which

microbes can grow and proliferate before entering the lungs. The

Canadian Agency for Drugs and Technologies in Health, or CADTH,

a Canadian national organisation that provides research and

analysis to healthcare decision-makers, said this as long ago as 2013

in a report entitled ‘Use of Surgical Masks in the Operating Room: A

Review of the Clinical Effectiveness and Guidelines’. It said:

 

No evidence was found to support the use of surgical face masks

to reduce the frequency of surgical site infections

No evidence was found on the effectiveness of wearing surgical

face masks to protect staff from infectious material in the

operating room.

Guidelines recommend the use of surgical face masks by staff in

the operating room to protect both operating room staff and

patients (despite the lack of evidence).

 



We were told that the world could go back to ‘normal’ with the

arrival of the ‘vaccines’. When they came, fraudulent as they are, the

story changed as I knew that it would. We are in the midst of

transforming ‘normal’, not going back to it. Mary Ramsay, head of

immunisation at Public Health England, echoed the words of US

criminal Anthony Fauci who said masks and other regulations must

stay no ma�er if people are vaccinated. The Fauci idiot continued to

wear two masks – different colours so both could be clearly seen –

a�er he claimed to have been vaccinated. Senator Rand Paul told

Fauci in one exchange that his double-masks were ‘theatre’ and he

was right. It’s all theatre. Mary Ramsay back-tracked on the vaccine-

return-to-normal theme when she said the public may need to wear

masks and social-distance for years despite the jabs. ‘People have got

used to those lower-level restrictions now, and [they] can live with

them’, she said telling us what the idea has been all along. ‘The

vaccine does not give you a pass, even if you have had it, you must

continue to follow all the guidelines’ said a Public Health England

statement which reneged on what we had been told before and

made having the ‘vaccine’ irrelevant to ‘normality’ even by the

official story. Spain’s fascist government trumped everyone by

passing a law mandating the wearing of masks on the beach and

even when swimming in the sea. The move would have devastated

what’s le� of the Spanish tourist industry, posed potential breathing

dangers to swimmers and had Northern European sunbathers

walking around with their forehead brown and the rest of their face

white as a sheet. The ruling was so crazy that it had to be retracted

a�er pressure from public and tourist industry, but it confirmed

where the Cult wants to go with masks and how clinically insane

authority has become. The determination to make masks permanent

and hide the serious dangers to body and mind can be seen in the

censorship of scientist Professor Denis Rancourt by Bill Gates-

funded academic publishing website ResearchGate over his papers

exposing the dangers and uselessness of masks. Rancourt said:

ResearchGate today has permanently locked my account, which I have had since 2015. Their
reasons graphically show the nature of their attack against democracy, and their corruption of



science … By their obscene non-logic, a scientific review of science articles reporting on
harms caused by face masks has a ‘potential to cause harm’. No criticism of the psychological
device (face masks) is tolerated, if the said criticism shows potential to influence public policy.

This is what happens in a fascist world.

Where are the ‘greens’ (again)?

Other dangers of wearing masks especially regularly relate to the

inhalation of minute plastic fibres into the lungs and the deluge of

discarded masks in the environment and oceans. Estimates

predicted that more than 1.5 billion disposable masks will end up in

the world’s oceans every year polluting the water with tons of plastic

and endangering marine wildlife. Studies project that humans are

using 129 billion face masks each month worldwide – about three

million a minute. Most are disposable and made from plastic, non-

biodegradable microfibers that break down into smaller plastic

particles that become widespread in ecosystems. They are li�ering

cities, clogging sewage channels and turning up in bodies of water. I

have wri�en in other books about the immense amounts of

microplastics from endless sources now being absorbed into the

body. Rolf Halden, director of the Arizona State University (ASU)

Biodesign Center for Environmental Health Engineering, was the

senior researcher in a 2020 study that analysed 47 human tissue

samples and found microplastics in all of them. ‘We have detected

these chemicals of plastics in every single organ that we have

investigated’, he said. I wrote in The Answer about the world being

deluged with microplastics. A study by the Worldwide Fund for

Nature (WWF) found that people are consuming on average every

week some 2,000 tiny pieces of plastic mostly through water and also

through marine life and the air. Every year humans are ingesting

enough microplastics to fill a heaped dinner plate and in a life-time

of 79 years it is enough to fill two large waste bins. Marco

Lambertini, WWF International director general said: ‘Not only are

plastics polluting our oceans and waterways and killing marine life –

it’s in all of us and we can’t escape consuming plastics,’ American



geologists found tiny plastic fibres, beads and shards in rainwater

samples collected from the remote slopes of the Rocky Mountain

National Park near Denver, Colorado. Their report was headed: ‘It is

raining plastic.’ Rachel Adams, senior lecturer in Biomedical Science

at Cardiff Metropolitan University, said that among health

consequences are internal inflammation and immune responses to a

‘foreign body’. She further pointed out that microplastics become

carriers of toxins including mercury, pesticides and dioxins (a

known cause of cancer and reproductive and developmental

problems). These toxins accumulate in the fa�y tissues once they

enter the body through microplastics. Now this is being

compounded massively by people pu�ing plastic on their face and

throwing it away.

Workers exposed to polypropylene plastic fibres known as ‘flock’

have developed ‘flock worker’s lung’ from inhaling small pieces of

the flock fibres which can damage lung tissue, reduce breathing

capacity and exacerbate other respiratory problems. Now …

commonly used surgical masks have three layers of melt-blown

textiles made of … polypropylene. We have billions of people

pu�ing these microplastics against their mouth, nose and face for

hours at a time day a�er day in the form of masks. How does

anyone think that will work out? I mean – what could possibly go

wrong? We posted a number of scientific studies on this at

davidicke.com, but when I went back to them as I was writing this

book the links to the science research website where they were

hosted were dead. Anything that challenges the official narrative in

any way is either censored or vilified. The official narrative is so

unsupportable by the evidence that only deleting the truth can

protect it. A study by Chinese scientists still survived – with the

usual twist which it why it was still active, I guess. Yes, they found

that virtually all the masks they tested increased the daily intake of

microplastic fibres, but people should still wear them because the

danger from the ‘virus’ was worse said the crazy ‘team’ from the

Institute of Hydrobiology in Wuhan. Scientists first discovered

microplastics in lung tissue of some patients who died of lung cancer

http://davidicke.com/


in the 1990s. Subsequent studies have confirmed the potential health

damage with the plastic degrading slowly and remaining in the

lungs to accumulate in volume. Wuhan researchers used a machine

simulating human breathing to establish that masks shed up to

nearly 4,000 microplastic fibres in a month with reused masks

producing more. Scientists said some masks are laced with toxic

chemicals and a variety of compounds seriously restricted for both

health and environmental reasons. They include cobalt (used in blue

dye) and formaldehyde known to cause watery eyes, burning

sensations in the eyes, nose, and throat, plus coughing, wheezing

and nausea. No – that must be ‘Covid-19’.

Mask ‘worms’

There is another and potentially even more sinister content of masks.

Mostly new masks of different makes filmed under a microscope

around the world have been found to contain strange black fibres or

‘worms’ that appear to move or ‘crawl’ by themselves and react to

heat and water. The nearest I have seen to them are the self-

replicating fibres that are pulled out through the skin of those

suffering from Morgellons disease which has been connected to the

phenomena of ‘chemtrails’ which I will bring into the story later on.

Morgellons fibres continue to grow outside the body and have a

form of artificial intelligence. Black ‘worm’ fibres in masks have that

kind of feel to them and there is a nanotechnology technique called

‘worm micelles’ which carry and release drugs or anything else you

want to deliver to the body. For sure the suppression of humanity by

mind altering drugs is the Cult agenda big time and the more

excuses they can find to gain access to the body the more

opportunities there are to make that happen whether through

‘vaccines’ or masks pushed against the mouth and nose for hours on

end.

So let us summarise the pros and cons of masks:



Against masks: Breathing in your own carbon dioxide; depriving the

body and brain of sufficient oxygen; build-up of toxins in the mask

that can be breathed into the lungs and cause rashes on the face and

‘mask-mouth’; breathing microplastic fibres and toxic chemicals into

the lungs; dehumanisation and deleting individualisation by literally

making people faceless; destroying human emotional interaction

through facial expression and deleting parental connection with

their babies which look for guidance to their facial expression.

For masks: They don’t protect you from a ‘virus’ that doesn’t exist

and even if it did ‘viral’ particles are so minute they are smaller than

the holes in the mask.

Governments, police, supermarkets, businesses, transport

companies, and all the rest who seek to impose masks have done no

risk assessment on their consequences for health and psychology

and are now open to group lawsuits when the impact becomes clear

with a cumulative epidemic of respiratory and other disease.

Authorities will try to exploit these effects and hide the real cause by

dubbing them ‘Covid-19’. Can you imagine se�ing out to force the

population to wear health-destroying masks without doing any

assessment of the risks? It is criminal and it is evil, but then how

many people targeted in this way, who see their children told to

wear them all day at school, have asked for a risk assessment?

Billions can’t be imposed upon by the few unless the billions allow it.

Oh, yes, with just a tinge of irony, 85 percent of all masks made

worldwide come from China.

Wash your hands in toxic shite

‘Covid’ rules include the use of toxic sanitisers and again the health

consequences of constantly applying toxins to be absorbed through

the skin is obvious to any level of Renegade Mind. America’s Food

and Drug Administration (FDA) said that sanitisers are drugs and

issued a warning about 75 dangerous brands which contain



methanol used in antifreeze and can cause death, kidney damage

and blindness. The FDA circulated the following warning even for

those brands that it claims to be safe:

Store hand sanitizer out of the reach of pets and children, and children should use it only with
adult supervision. Do not drink hand sanitizer. This is particularly important for young
children, especially toddlers, who may be attracted by the pleasant smell or brightly colored
bottles of hand sanitizer.

Drinking even a small amount of hand sanitizer can cause alcohol poisoning in children.
(However, there is no need to be concerned if your children eat with or lick their hands after
using hand sanitizer.) During this coronavirus pandemic, poison control centers have had an
increase in calls about accidental ingestion of hand sanitizer, so it is important that adults
monitor young children’s use.

Do not allow pets to swallow hand sanitizer. If you think your pet has eaten something
potentially dangerous, call your veterinarian or a pet poison control center right away. Hand
sanitizer is flammable and should be stored away from heat and flames. When using hand
sanitizer, rub your hands until they feel completely dry before performing activities that may
involve heat, sparks, static electricity, or open flames.

There you go, perfectly safe, then, and that’s without even a mention

of the toxins absorbed through the skin. Come on kids – sanitise

your hands everywhere you go. It will save you from the ‘virus’. Put

all these elements together of the ‘Covid’ normal and see how much

health and psychology is being cumulatively damaged, even

devastated, to ‘protect your health’. Makes sense, right? They are

only imposing these things because they care, right? Right?

Submitting to insanity

Psychological reframing of the population goes very deep and is

done in many less obvious ways. I hear people say how

contradictory and crazy ‘Covid’ rules are and how they are ever

changing. This is explained away by dismissing those involved as

idiots. It is a big mistake. The Cult is delighted if its cold calculation

is perceived as incompetence and idiocy when it is anything but. Oh,

yes, there are idiots within the system – lots of them – but they are

administering the Cult agenda, mostly unknowingly. They are not

deciding and dictating it. The bulwark against tyranny is self-



respect, always has been, always will be. It is self-respect that has

broken every tyranny in history. By its very nature self-respect will

not bow to oppression and its perpetrators. There is so li�le self-

respect that it’s always the few that overturn dictators. Many may

eventually follow, but the few with the iron spines (self-respect) kick

it off and generate the momentum. The Cult targets self-respect in

the knowledge that once this has gone only submission remains.

Crazy, contradictory, ever-changing ‘Covid’ rules are systematically

applied by psychologists to delete self-respect. They want you to see

that the rules make no sense. It is one thing to decide to do

something when you have made the choice based on evidence and

logic. You still retain your self-respect. It is quite another when you

can see what you are being told to do is insane, ridiculous and

makes no sense, and yet you still do it. Your self-respect is

extinguished and this has been happening as ever more obviously

stupid and nonsensical things have been demanded and the great

majority have complied even when they can see they are stupid and

nonsensical.

People walk around in face-nappies knowing they are damaging

their health and make no difference to a ‘virus’. They do it in fear of

not doing it. I know it’s da�, but I’ll do it anyway. When that

happens something dies inside of you and submissive reframing has

begun. Next there’s a need to hide from yourself that you have

conceded your self-respect and you convince yourself that you have

not really submi�ed to fear and intimidation. You begin to believe

that you are complying with craziness because it’s the right thing to

do. When first you concede your self-respect of 2+2 = 4 to 2+2 = 5 you

know you are compromising your self-respect. Gradually to avoid

facing that fact you begin to believe that 2+2=5. You have been

reframed and I have been watching this process happening in the

human psyche on an industrial scale. The Cult is working to break

your spirit and one of its major tools in that war is humiliation. I

read how former American soldier Bradley Manning (later Chelsea

Manning a�er a sex-change) was treated a�er being jailed for

supplying WikiLeaks with documents exposing the enormity of



government and elite mendacity. Manning was isolated in solitary

confinement for eight months, put under 24-hour surveillance,

forced to hand over clothing before going to bed, and stand naked

for every roll call. This is systematic humiliation. The introduction of

anal swab ‘Covid’ tests in China has been done for the same reason

to delete self-respect and induce compliant submission. Anal swabs

are mandatory for incoming passengers in parts of China and

American diplomats have said they were forced to undergo the

indignity which would have been calculated humiliation by the

Cult-owned Chinese government that has America in its sights.

Government-people: An abusive relationship

Spirit-breaking psychological techniques include giving people hope

and apparent respite from tyranny only to take it away again. This

happened in the UK during Christmas, 2020, when the psycho-

psychologists and their political lackeys announced an easing of

restrictions over the holiday only to reimpose them almost

immediately on the basis of yet another lie. There is a big

psychological difference between ge�ing used to oppression and

being given hope of relief only to have that dashed. Psychologists

know this and we have seen the technique used repeatedly. Then

there is traumatising people before you introduce more extreme

regulations that require compliance. A perfect case was the

announcement by the dark and sinister Whi�y and Vallance in the

UK that ‘new data’ predicted that 4,000 could die every day over the

winter of 2020/2021 if we did not lockdown again. I think they call it

lying and a�er traumatising people with that claim out came

Jackboot Johnson the next day with new curbs on human freedom.

Psychologists know that a frightened and traumatised mind

becomes suggestable to submission and behaviour reframing.

Underpinning all this has been to make people fearful and

suspicious of each other and see themselves as a potential danger to

others. In league with deleted self-respect you have the perfect

psychological recipe for self-loathing. The relationship between

authority and public is now demonstrably the same as that of



subservience to an abusive partner. These are signs of an abusive

relationship explained by psychologist Leslie Becker-Phelps:

Psychological and emotional abuse: Undermining a partner’s

self-worth with verbal a�acks, name-calling, and beli�ling.

Humiliating the partner in public, unjustly accusing them of having

an affair, or interrogating them about their every behavior. Keeping

partner confused or off balance by saying they were just kidding or

blaming the partner for ‘making’ them act this way … Feigning in

public that they care while turning against them in private. This

leads to victims frequently feeling confused, incompetent, unworthy,

hopeless, and chronically self-doubting. [Apply these techniques to

how governments have treated the population since New Year, 2020,

and the parallels are obvious.]

Physical abuse: The abuser might physically harm their partner in

a range of ways, such as grabbing, hi�ing, punching, or shoving

them. They might throw objects at them or harm them with a

weapon. [Observe the physical harm imposed by masks, lockdown,

and so on.]

Threats and intimidation: One way abusers keep their partners in

line is by instilling fear. They might be verbally threatening, or give

threatening looks or gestures. Abusers o�en make it known that

they are tracking their partner’s every move. They might destroy

their partner’s possessions, threaten to harm them, or threaten to

harm their family members. Not surprisingly, victims of this abuse

o�en feel anxiety, fear, and panic. [No words necessary.]

Isolation: Abusers o�en limit their partner’s activities, forbidding

them to talk or interact with friends or family. They might limit

access to a car or even turn off their phone. All of this might be done

by physically holding them against their will, but is o�en

accomplished through psychological abuse and intimidation. The

more isolated a person feels, the fewer resources they have to help

gain perspective on their situation and to escape from it. [No words

necessary.]



Economic abuse: Abusers o�en make their partners beholden to

them for money by controlling access to funds of any kind. They

might prevent their partner from ge�ing a job or withhold access to

money they earn from a job. This creates financial dependency that

makes leaving the relationship very difficult. [See destruction of

livelihoods and the proposed meagre ‘guaranteed income’ so long as

you do whatever you are told.]

Using children: An abuser might disparage their partner’s

parenting skills, tell their children lies about their partner, threaten

to take custody of their children, or threaten to harm their children.

These tactics instil fear and o�en elicit compliance. [See reframed

social service mafia and how children are being mercilessly abused

by the state over ‘Covid’ while their parents look on too frightened

to do anything.]

A further recurring trait in an abusive relationship is the abused

blaming themselves for their abuse and making excuses for the

abuser. We have the public blaming each other for lockdown abuse

by government and many making excuses for the government while

a�acking those who challenge the government. How o�en we have

heard authorities say that rules are being imposed or reimposed only

because people have refused to ‘behave’ and follow the rules. We

don’t want to do it – it’s you.

Renegade Minds are an antidote to all of these things. They will

never concede their self-respect no ma�er what the circumstances.

Even when apparent humiliation is heaped upon them they laugh in

its face and reflect back the humiliation on the abuser where it

belongs. Renegade Minds will never wear masks they know are only

imposed to humiliate, suppress and damage both physically and

psychologically. Consequences will take care of themselves and they

will never break their spirit or cause them to concede to tyranny. UK

newspaper columnist Peter Hitchens was one of the few in the

mainstream media to speak out against lockdowns and forced

vaccinations. He then announced he had taken the jab. He wanted to

see family members abroad and he believed vaccine passports were

inevitable even though they had not yet been introduced. Hitchens



has a questioning and critical mind, but not a Renegade one. If he

had no amount of pressure would have made him concede. Hitchens

excused his action by saying that the ba�le has been lost. Renegade

Minds never accept defeat when freedom is at stake and even if they

are the last one standing the self-respect of not submi�ing to tyranny

is more important than any outcome or any consequence.

That’s why Renegade Minds are the only minds that ever changed

anything worth changing.



‘R

CHAPTER EIGHT

‘Reframing’ insanity

Insanity is relative. It depends on who has who locked in what cage

Ray Bradbury

eframing’ a mind means simply to change its perception and

behaviour. This can be done subconsciously to such an extent

that subjects have no idea they have been ‘reframed’ while to any

observer changes in behaviour and a�itudes are obvious.

Human society is being reframed on a ginormous scale since the

start of 2020 and here we have the reason why psychologists rather

than doctors have been calling the shots. Ask most people who have

succumbed to ‘Covid’ reframing if they have changed and most will

say ‘no’; but they have and fundamentally. The Cult’s long-game has

been preparing for these times since way back and crucial to that has

been to prepare both population and officialdom mentally and

emotionally. To use the mind-control parlance they had to reframe

the population with a mentality that would submit to fascism and

reframe those in government and law enforcement to impose

fascism or at least go along with it. The result has been the fact-

deleted mindlessness of ‘Wokeness’ and officialdom that has either

enthusiastically or unquestioningly imposed global tyranny

demanded by reframed politicians on behalf of psychopathic and

deeply evil cultists. ‘Cognitive reframing’ identifies and challenges

the way someone sees the world in the form of situations,

experiences and emotions and then restructures those perceptions to

view the same set of circumstances in a different way. This can have



benefits if the a�itudes are personally destructive while on the other

side it has the potential for individual and collective mind control

which the subject has no idea has even happened.

Cognitive therapy was developed in the 1960s by Aaron T. Beck

who was born in Rhode Island in 1921 as the son of Jewish

immigrants from the Ukraine. He became interested in the

techniques as a treatment for depression. Beck’s daughter Judith S.

Beck is prominent in the same field and they founded the Beck

Institute for Cognitive Behavior Therapy in Philadelphia in 1994.

Cognitive reframing, however, began to be used worldwide by those

with a very dark agenda. The Cult reframes politicians to change

their a�itudes and actions until they are completely at odds with

what they once appeared to stand for. The same has been happening

to government administrators at all levels, law enforcement, military

and the human population. Cultists love mind control for two main

reasons: It allows them to control what people think, do and say to

secure agenda advancement and, by definition, it calms their

legendary insecurity and fear of the unexpected. I have studied mind

control since the time I travelled America in 1996. I may have been

talking to next to no one in terms of an audience in those years, but

my goodness did I gather a phenomenal amount of information and

knowledge about so many things including the techniques of mind

control. I have described this in detail in other books going back to

The Biggest Secret in 1998. I met a very large number of people

recovering from MKUltra and its offshoots and successors and I

began to see how these same techniques were being used on the

population in general. This was never more obvious than since the

‘Covid’ hoax began.

Reframing the enforcers

I have observed over the last two decades and more the very clear

transformation in the dynamic between the police, officialdom and

the public. I tracked this in the books as the relationship mutated

from one of serving the public to seeing them as almost the enemy

and certainly a lower caste. There has always been a class divide



based on income and always been some psychopathic, corrupt, and

big-I-am police officers. This was different. Wholesale change was

unfolding in the collective dynamic; it was less about money and far

more about position and perceived power. An us-and-them was

emerging. Noses were li�ed skyward by government administration

and law enforcement and their a�itude to the public they were

supposed to be serving changed to one of increasing contempt,

superiority and control. The transformation was so clear and

widespread that it had to be planned. Collective a�itudes and

dynamics do not change naturally and organically that quickly on

that scale. I then came across an organisation in Britain called

Common Purpose created in the late 1980s by Julia Middleton who

would work in the office of Deputy Prime Minister John Presco�

during the long and disastrous premiership of war criminal Tony

Blair. When Blair speaks the Cult is speaking and the man should

have been in jail a long time ago. Common Purpose proclaims itself

to be one of the biggest ‘leadership development’ organisations in

the world while functioning as a charity with all the financial benefits

which come from that. It hosts ‘leadership development’ courses and

programmes all over the world and claims to have ‘brought

together’ what it calls ‘leaders’ from more than 100 countries on six

continents. The modus operandi of Common Purpose can be

compared with the work of the UK government’s reframing network

that includes the Behavioural Insights Team ‘nudge unit’ and

‘Covid’ reframing specialists at SPI-B. WikiLeaks described

Common Purpose long ago as ‘a hidden virus in our government

and schools’ which is unknown to the general public: ‘It recruits and

trains “leaders” to be loyal to the directives of Common Purpose and

the EU, instead of to their own departments, which they then

undermine or subvert, the NHS [National Health Service] being an

example.’ This is a vital point to understand the ‘Covid’ hoax. The

NHS, and its equivalent around the world, has been u�erly reframed

in terms of administrators and much of the medical personnel with

the transformation underpinned by recruitment policies. The

outcome has been the criminal and psychopathic behaviour of the



NHS over ‘Covid’ and we have seen the same in every other major

country. WikiLeaks said Common Purpose trainees are ‘learning to

rule without regard to democracy’ and to usher in a police state

(current events explained). Common Purpose operated like a ‘glue’

and had members in the NHS, BBC, police, legal profession, church,

many of Britain’s 7,000 quangos, local councils, the Civil Service,

government ministries and Parliament, and controlled many RDA’s

(Regional Development Agencies). Here we have one answer for

how and why British institutions and their like in other countries

have changed so negatively in relation to the public. This further

explains how and why the beyond-disgraceful reframed BBC has

become a propaganda arm of ‘Covid’ fascism. They are all part of a

network pursuing the same goal.

By 2019 Common Purpose was quoting a figure of 85,000 ‘leaders’

that had a�ended its programmes. These ‘students’ of all ages are

known as Common Purpose ‘graduates’ and they consist of

government, state and local government officials and administrators,

police chiefs and officers, and a whole range of others operating

within the national, local and global establishment. Cressida Dick,

Commissioner of the London Metropolitan Police, is the Common

Purpose graduate who was the ‘Gold Commander’ that oversaw

what can only be described as the murder of Brazilian electrician

Jean Charles de Menezes in 2005. He was held down by

psychopathic police and shot seven times in the head by a

psychopathic lunatic a�er being mistaken for a terrorist when he

was just a bloke going about his day. Dick authorised officers to

pursue and keep surveillance on de Menezes and ordered that he be

stopped from entering the underground train system. Police

psychopaths took her at her word clearly. She was ‘disciplined’ for

this outrage by being promoted – eventually to the top of the ‘Met’

police where she has been a disaster. Many Chief Constables

controlling the police in different parts of the UK are and have been

Common Purpose graduates. I have heard the ‘graduate’ network

described as a sort of Mafia or secret society operating within the

fabric of government at all levels pursuing a collective policy



ingrained at Common Purpose training events. Founder Julia

Middleton herself has said:

Locally and internationally, Common Purpose graduates will be ‘lighting small fires’ to create
change in their organisations and communities … The Common Purpose effect is best
illustrated by the many stories of small changes brought about by leaders, who themselves
have changed.

A Common Purpose mission statement declared:

Common Purpose aims to improve the way society works by expanding the vision, decision-
making ability and influence of all kinds of leaders. The organisation runs a variety of
educational programmes for leaders of all ages, backgrounds and sectors, in order to provide
them with the inspirational, information and opportunities they need to change the world.

Yes, but into what? Since 2020 the answer has become clear.

NLP and the Delphi technique

Common Purpose would seem to be a perfect name or would

common programming be be�er? One of the foundation methods of

reaching ‘consensus’ (group think) is by se�ing the agenda theme

and then encouraging, cajoling or pressuring everyone to agree a

‘consensus’ in line with the core theme promoted by Common

Purpose. The methodology involves the ‘Delphi technique’, or an

adaption of it, in which opinions are expressed that are summarised

by a ‘facilitator or change agent’ at each stage. Participants are

‘encouraged’ to modify their views in the light of what others have

said. Stage by stage the former individual opinions are merged into

group consensus which just happens to be what Common Purpose

wants them to believe. A key part of this is to marginalise anyone

refusing to concede to group think and turn the group against them

to apply pressure to conform. We are seeing this very technique used

on the general population to make ‘Covid’ group-thinkers hostile to

those who have seen through the bullshit. People can be reframed by

using perception manipulation methods such as Neuro-Linguistic

Programming (NLP) in which you change perception with the use of



carefully constructed language. An NLP website described the

technique this way:

… A method of influencing brain behaviour (the ‘neuro’ part of the phrase) through the use of
language (the ‘linguistic’ part) and other types of communication to enable a person to
‘recode’ the way the brain responds to stimuli (that’s the ‘programming’) and manifest new
and better behaviours. Neuro-Linguistic Programming often incorporates hypnosis and self-
hypnosis to help achieve the change (or ‘programming’) that is wanted.

British alternative media operation UKColumn has done very

detailed research into Common Purpose over a long period. I quoted

co-founder and former naval officer Brian Gerrish in my book

Remember Who You Are, published in 2011, as saying the following

years before current times:

It is interesting that many of the mothers who have had children taken by the State speak of
the Social Services people being icily cool, emotionless and, as two ladies said in slightly
different words, ‘… like little robots’. We know that NLP is cumulative, so people can be
given small imperceptible doses of NLP in a course here, another in a few months, next year
etc. In this way, major changes are accrued in their personality, but the day by day change is
almost unnoticeable.

In these and other ways ‘graduates’ have had their perceptions

uniformly reframed and they return to their roles in the institutions

of government, law enforcement, legal profession, military,

‘education’, the UK National Health Service and the whole swathe of

the establishment structure to pursue a common agenda preparing

for the ‘post-industrial’, ‘post-democratic’ society. I say ‘preparing’

but we are now there. ‘Post-industrial’ is code for the Great Reset

and ‘post-democratic’ is ‘Covid’ fascism. UKColumn has spoken to

partners of those who have a�ended Common Purpose ‘training’.

They have described how personalities and a�itudes of ‘graduates’

changed very noticeably for the worse by the time they had

completed the course. They had been ‘reframed’ and told they are

the ‘leaders’ – the special ones – who know be�er than the

population. There has also been the very demonstrable recruitment

of psychopaths and narcissists into government administration at all



levels and law enforcement. If you want psychopathy hire

psychopaths and you get a simple cause and effect. If you want

administrators, police officers and ‘leaders’ to perceive the public as

lesser beings who don’t ma�er then employ narcissists. These

personalities are identified using ‘psychometrics’ that identifies

knowledge, abilities, a�itudes and personality traits, mostly through

carefully-designed questionnaires and tests. As this policy has

passed through the decades we have had power-crazy, power-

trippers appointed into law enforcement, security and government

administration in preparation for current times and the dynamic

between public and law enforcement/officialdom has been

transformed. UKColumn’s Brian Gerrish said of the narcissistic

personality:

Their love of themselves and power automatically means that they will crush others who get
in their way. I received a major piece of the puzzle when a friend pointed out that when they
made public officials re-apply for their own jobs several years ago they were also required to
do psychometric tests. This was undoubtedly the start of the screening process to get ‘their’
sort of people in post.

How obvious that has been since 2020 although it was clear what

was happening long before if people paid a�ention to the changing

public-establishment dynamic.

Change agents

At the centre of events in ‘Covid’ Britain is the National Health

Service (NHS) which has behaved disgracefully in slavishly

following the Cult agenda. The NHS management structure is awash

with Common Purpose graduates or ‘change agents’ working to a

common cause. Helen Bevan, a Chief of Service Transformation at

the NHS Institute for Innovation and Improvement, co-authored a

document called ‘Towards a million change agents, a review of the

social movements literature: implications for large scale change in

the NHS‘. The document compared a project management approach

to that of change and social movements where ‘people change



themselves and each other – peer to peer’. Two definitions given for

a ‘social movement’ were:

A group of people who consciously attempt to build a radically new social

order; involves people of a broad range of social backgrounds; and deploys

politically confrontational and socially disruptive tactics – Cyrus

Zirakzadeh 1997

Collective challenges, based on common purposes and social solidarities, in

sustained interaction with elites, opponents, and authorities – Sidney

Tarrow 1994

Helen Bevan wrote another NHS document in which she defined

‘framing’ as ‘the process by which leaders construct, articulate and

put across their message in a powerful and compelling way in order

to win people to their cause and call them to action’. I think I could

come up with another definition that would be rather more accurate.

The National Health Service and institutions of Britain and the wider

world have been taken over by reframed ‘change agents’ and that

includes everything from the United Nations to national

governments, local councils and social services which have been

kidnapping children from loving parents on an extraordinary and

gathering scale on the road to the end of parenthood altogether.

Children from loving homes are stolen and kidnapped by the state

and put into the ‘care’ (inversion) of the local authority through

council homes, foster parents and forced adoption. At the same time

children are allowed to be abused without response while many are

under council ‘care’. UKColumn highlighted the Common Purpose

connection between South Yorkshire Police and Rotherham council

officers in the case of the scandal in that area of the sexual

exploitation of children to which the authorities turned not one blind

eye, but both:



We were alarmed to discover that the Chief Executive, the Strategic Director of Children and
Young People’s Services, the Manager for the Local Strategic Partnership, the Community
Cohesion Manager, the Cabinet Member for Cohesion, the Chief Constable and his
predecessor had all attended Leadership training courses provided by the pseudo-charity
Common Purpose.

Once ‘change agents’ have secured positions of hire and fire within

any organisation things start to move very quickly. Personnel are

then hired and fired on the basis of whether they will work towards

the agenda the change agent represents. If they do they are rapidly

promoted even though they may be incompetent. Those more

qualified and skilled who are pre-Common Purpose ‘old school’ see

their careers stall and even disappear. This has been happening for

decades in every institution of state, police, ‘health’ and social

services and all of them have been transformed as a result in their

a�itudes to their jobs and the public. Medical professions, including

nursing, which were once vocations for the caring now employ

many cold, callous and couldn’t give a shit personality types. The

UKColumn investigation concluded:

By blurring the boundaries between people, professions, public and private sectors,
responsibility and accountability, Common Purpose encourages ‘graduates’ to believe that as
new selected leaders, they can work together, outside of the established political and social
structures, to achieve a paradigm shift or CHANGE – so called ‘Leading Beyond Authority’. In
doing so, the allegiance of the individual becomes ‘reframed’ on CP colleagues and their
NETWORK.

Reframing the Face-Nappies

Nowhere has this process been more obvious than in the police

where recruitment of psychopaths and development of

unquestioning mind-controlled group-thinkers have transformed

law enforcement into a politically-correct ‘Woke’ joke and a travesty

of what should be public service. Today they wear their face-nappies

like good li�le gofers and enforce ‘Covid’ rules which are fascism

under another name. Alongside the specifically-recruited

psychopaths we have so�ware minds incapable of free thought.

Brian Gerrish again:



An example is the policeman who would not get on a bike for a press photo because he had
not done the cycling proficiency course. Normal people say this is political correctness gone
mad. Nothing could be further from the truth. The policeman has been reframed, and in his
reality it is perfect common sense not to get on the bike ‘because he hasn’t done the cycling
course’.

Another example of this is where the police would not rescue a boy from a pond until they
had taken advice from above on the ‘risk assessment’. A normal person would have arrived,
perhaps thought of the risk for a moment, and dived in. To the police now ‘reframed’, they
followed ‘normal’ procedure.

There are shocking cases of reframed ambulance crews doing the

same. Sheer unthinking stupidity of London Face-Nappies headed

by Common Purpose graduate Cressida Dick can be seen in their

behaviour at a vigil in March, 2021, for a murdered woman, Sarah

Everard. A police officer had been charged with the crime. Anyone

with a brain would have le� the vigil alone in the circumstances.

Instead they ‘manhandled’ women to stop them breaking ‘Covid

rules’ to betray classic reframing. Minds in the thrall of perception

control have no capacity for seeing a situation on its merits and

acting accordingly. ‘Rules is rules’ is their only mind-set. My father

used to say that rules and regulations are for the guidance of the

intelligent and the blind obedience of the idiot. Most of the

intelligent, decent, coppers have gone leaving only the other kind

and a few old school for whom the job must be a daily nightmare.

The combination of psychopaths and rule-book so�ware minds has

been clearly on public display in the ‘Covid’ era with automaton

robots in uniform imposing fascistic ‘Covid’ regulations on the

population without any personal initiative or judging situations on

their merits. There are thousands of examples around the world, but

I’ll make my point with the infamous Derbyshire police in the

English East Midlands – the ones who think pouring dye into beauty

spots and using drones to track people walking in the countryside

away from anyone is called ‘policing’. To them there are rules

decreed by the government which they have to enforce and in their

bewildered state a group gathering in a closed space and someone

walking alone in the countryside are the same thing. It is beyond

idiocy and enters the realm of clinical insanity.



Police officers in Derbyshire said they were ‘horrified’ – horrified –

to find 15 to 20 ‘irresponsible’ kids playing a football match at a

closed leisure centre ‘in breach of coronavirus restrictions’. When

they saw the police the kids ran away leaving their belongings

behind and the reframed men and women of Derbyshire police were

seeking to establish their identities with a view to fining their

parents. The most natural thing for youngsters to do – kicking a ball

about – is turned into a criminal activity and enforced by the

moronic so�ware programs of Derbyshire police. You find the same

mentality in every country. These barely conscious ‘horrified’ officers

said they had to take action because ‘we need to ensure these rules

are being followed’ and ‘it is of the utmost importance that you

ensure your children are following the rules and regulations for

Covid-19’. Had any of them done ten seconds of research to see if

this parroting of their masters’ script could be supported by any

evidence? Nope. Reframed people don’t think – others think for

them and that’s the whole idea of reframing. I have seen police

officers one a�er the other repeating without question word for

word what officialdom tells them just as I have seen great swathes of

the public doing the same. Ask either for ‘their’ opinion and out

spews what they have been told to think by the official narrative.

Police and public may seem to be in different groups, but their

mentality is the same. Most people do whatever they are told in fear

not doing so or because they believe what officialdom tells them;

almost the entirety of the police do what they are told for the same

reason. Ultimately it’s the tiny inner core of the global Cult that’s

telling both what to do.

So Derbyshire police were ‘horrified’. Oh, really? Why did they

think those kids were playing football? It was to relieve the

psychological consequences of lockdown and being denied human

contact with their friends and interaction, touch and discourse vital

to human psychological health. Being denied this month a�er month

has dismantled the psyche of many children and young people as

depression and suicide have exploded. Were Derbyshire police

horrified by that? Are you kidding? Reframed people don’t have those



mental and emotional processes that can see how the impact on the

psychological health of youngsters is far more dangerous than any

‘virus’ even if you take the mendacious official figures to be true. The

reframed are told (programmed) how to act and so they do. The

Derbyshire Chief Constable in the first period of lockdown when the

black dye and drones nonsense was going on was Peter Goodman.

He was the man who severed the connection between his force and

the Derbyshire Constabulary Male Voice Choir when he decided that

it was not inclusive enough to allow women to join. The fact it was a

male voice choir making a particular sound produced by male voices

seemed to elude a guy who terrifyingly ran policing in Derbyshire.

He retired weeks a�er his force was condemned as disgraceful by

former Supreme Court Justice Jonathan Sumption for their

behaviour over extreme lockdown impositions. Goodman was

replaced by his deputy Rachel Swann who was in charge when her

officers were ‘horrified’. The police statement over the boys

commi�ing the hanging-offence of playing football included the line

about the youngsters being ‘irresponsible in the times we are all

living through’ missing the point that the real relevance of the ‘times

we are all living through’ is the imposition of fascism enforced by

psychopaths and reframed minds of police officers playing such a

vital part in establishing the fascist tyranny that their own children

and grandchildren will have to live in their entire lives. As a

definition of insanity that is hard to beat although it might be run

close by imposing masks on people that can have a serious effect on

their health while wearing a face nappy all day themselves. Once

again public and police do it for the same reason – the authorities tell

them to and who are they to have the self-respect to say no?

Wokers in uniform

How reframed do you have to be to arrest a six-year-old and take him

to court for picking a flower while waiting for a bus? Brain dead police

and officialdom did just that in North Carolina where criminal

proceedings happen regularly for children under nine. A�orney

Julie Boyer gave the six-year-old crayons and a colouring book



during the ‘flower’ hearing while the ‘adults’ decided his fate.

County Chief District Court Judge Jay Corpening asked: ‘Should a

child that believes in Santa Claus, the Easter Bunny and the tooth

fairy be making life-altering decisions?’ Well, of course not, but

common sense has no meaning when you have a common purpose

and a reframed mind. Treating children in this way, and police

operating in American schools, is all part of the psychological

preparation for children to accept a police state as normal all their

adult lives. The same goes for all the cameras and biometric tracking

technology in schools. Police training is focused on reframing them

as snowflake Wokers and this is happening in the military. Pentagon

top brass said that ‘training sessions on extremism’ were needed for

troops who asked why they were so focused on the Capitol Building

riot when Black Lives Ma�er riots were ignored. What’s the

difference between them some apparently and rightly asked.

Actually, there is a difference. Five people died in the Capitol riot,

only one through violence, and that was a police officer shooting an

unarmed protestor. BLM riots killed at least 25 people and cost

billions. Asking the question prompted the psychopaths and

reframed minds that run the Pentagon to say that more ‘education’

(programming) was needed. Troop training is all based on

psychological programming to make them fodder for the Cult –

‘Military men are just dumb, stupid animals to be used as pawns in

foreign policy’ as Cult-to-his-DNA former Secretary of State Henry

Kissinger famously said. Governments see the police in similar terms

and it’s time for those among them who can see this to defend the

people and stop being enforcers of the Cult agenda upon the people.

The US military, like the country itself, is being targeted for

destruction through a long list of Woke impositions. Cult-owned

gaga ‘President’ Biden signed an executive order when he took office

to allow taxpayer money to pay for transgender surgery for active

military personnel and veterans. Are you a man soldier? No, I’m a

LGBTQIA+ with a hint of Skoliosexual and Spectrasexual. Oh, good

man. Bad choice of words you bigot. The Pentagon announced in

March, 2021, the appointment of the first ‘diversity and inclusion



officer’ for US Special Forces. Richard Torres-Estrada arrived with

the publication of a ‘D&I Strategic Plan which will guide the

enterprise-wide effort to institutionalize and sustain D&I’. If you

think a Special Forces ‘Strategic Plan’ should have something to do

with defending America you haven’t been paying a�ention.

Defending Woke is now the military’s new role. Torres-Estrada has

posted images comparing Donald Trump with Adolf Hitler and we

can expect no bias from him as a representative of the supposedly

non-political Pentagon. Cable news host Tucker Carlson said: ‘The

Pentagon is now the Yale faculty lounge but with cruise missiles.’

Meanwhile Secretary of Defense Lloyd Austin, a board member of

weapons-maker Raytheon with stock and compensation interests in

October, 2020, worth $1.4 million, said he was purging the military

of the ‘enemy within’ – anyone who isn’t Woke and supports Donald

Trump. Austin refers to his targets as ‘racist extremists’ while in true

Woke fashion being himself a racist extremist. Pentagon documents

pledge to ‘eradicate, eliminate and conquer all forms of racism,

sexism and homophobia’. The definitions of these are decided by

‘diversity and inclusion commi�ees’ peopled by those who see

racism, sexism and homophobia in every situation and opinion.

Woke (the Cult) is dismantling the US military and purging

testosterone as China expands its military and gives its troops

‘masculinity training’. How do we think that is going to end when

this is all Cult coordinated? The US military, like the British military,

is controlled by Woke and spineless top brass who just go along with

it out of personal career interests.

‘Woke’ means fast asleep

Mind control and perception manipulation techniques used on

individuals to create group-think have been unleashed on the global

population in general. As a result many have no capacity to see the

obvious fascist agenda being installed all around them or what

‘Covid’ is really all about. Their brains are firewalled like a computer

system not to process certain concepts, thoughts and realisations that

are bad for the Cult. The young are most targeted as the adults they



will be when the whole fascist global state is planned to be fully

implemented. They need to be prepared for total compliance to

eliminate all pushback from entire generations. The Cult has been

pouring billions into taking complete control of ‘education’ from

schools to universities via its operatives and corporations and not

least Bill Gates as always. The plan has been to transform ‘education’

institutions into programming centres for the mentality of ‘Woke’.

James McConnell, professor of psychology at the University of

Michigan, wrote in Psychology Today in 1970:

The day has come when we can combine sensory deprivation with drugs, hypnosis, and
astute manipulation of reward and punishment, to gain almost absolute control over an
individual’s behaviour. It should then be possible to achieve a very rapid and highly effective
type of brainwashing that would allow us to make dramatic changes in a person’s behaviour
and personality ...

… We should reshape society so that we all would be trained from birth to want to do what
society wants us to do. We have the techniques to do it... no-one owns his own personality
you acquired, and there’s no reason to believe you should have the right to refuse to acquire a
new personality if your old one is anti-social.

This was the potential for mass brainwashing in 1970 and the

mentality there displayed captures the arrogant psychopathy that

drives it forward. I emphasise that not all young people have

succumbed to Woke programming and those that haven’t are

incredibly impressive people given that today’s young are the most

perceptually-targeted generations in history with all the technology

now involved. Vast swathes of the young generations, however, have

fallen into the spell – and that’s what it is – of Woke. The Woke

mentality and perceptual program is founded on inversion and you

will appreciate later why that is so significant. Everything with Woke

is inverted and the opposite of what it is claimed to be. Woke was a

term used in African-American culture from the 1900s and referred

to an awareness of social and racial justice. This is not the meaning

of the modern version or ‘New Woke’ as I call it in The Answer. Oh,

no, Woke today means something very different no ma�er how

much Wokers may seek to hide that and insist Old Woke and New



•

•

•

•

•

Woke are the same. See if you find any ‘awareness of social justice’

here in the modern variety:

Woke demands ‘inclusivity’ while excluding anyone with a

different opinion and calls for mass censorship to silence other

views.

Woke claims to stand against oppression when imposing

oppression is the foundation of all that it does. It is the driver of

political correctness which is nothing more than a Cult invention

to manipulate the population to silence itself.

Woke believes itself to be ‘liberal’ while pursuing a global society

that can only be described as fascist (see ‘anti-fascist’ fascist

Antifa).

Woke calls for ‘social justice’ while spreading injustice wherever it

goes against the common ‘enemy’ which can be easily identified

as a differing view.

Woke is supposed to be a metaphor for ‘awake’ when it is solid-

gold asleep and deep in a Cult-induced coma that meets the

criteria for ‘off with the fairies’.

I state these points as obvious facts if people only care to look. I

don’t do this with a sense of condemnation. We need to appreciate

that the onslaught of perceptual programming on the young has

been incessant and merciless. I can understand why so many have

been reframed, or, given their youth, framed from the start to see the

world as the Cult demands. The Cult has had access to their minds

day a�er day in its ‘education’ system for their entire formative

years. Perception is formed from information received and the Cult-

created system is a life-long download of information delivered to

elicit a particular perception, thus behaviour. The more this has

expanded into still new extremes in recent decades and ever-

increasing censorship has deleted other opinions and information

why wouldn’t that lead to a perceptual reframing on a mass scale? I



have described already cradle-to-grave programming and in more

recent times the targeting of young minds from birth to adulthood

has entered the stratosphere. This has taken the form of skewing

what is ‘taught’ to fit the Cult agenda and the omnipresent

techniques of group-think to isolate non-believers and pressure them

into line. There has always been a tendency to follow the herd, but

we really are in a new world now in relation to that. We have parents

who can see the ‘Covid’ hoax told by their children not to stop them

wearing masks at school, being ‘Covid’ tested or having the ‘vaccine’

in fear of the peer-pressure consequences of being different. What is

‘peer-pressure’ if not pressure to conform to group-think? Renegade

Minds never group-think and always retain a set of perceptions that

are unique to them. Group-think is always underpinned by

consequences for not group-thinking. Abuse now aimed at those

refusing DNA-manipulating ‘Covid vaccines’ are a potent example

of this. The biggest pressure to conform comes from the very group

which is itself being manipulated. ‘I am programmed to be part of a

hive mind and so you must be.’

Woke control structures in ‘education’ now apply to every

mainstream organisation. Those at the top of the ‘education’

hierarchy (the Cult) decide the policy. This is imposed on

governments through the Cult network; governments impose it on

schools, colleges and universities; their leadership impose the policy

on teachers and academics and they impose it on children and

students. At any level where there is resistance, perhaps from a

teacher or university lecturer, they are targeted by the authorities

and o�en fired. Students themselves regularly demand the dismissal

of academics (increasingly few) at odds with the narrative that the

students have been programmed to believe in. It is quite a thought

that students who are being targeted by the Cult become so

consumed by programmed group-think that they launch protests

and demand the removal of those who are trying to push back

against those targeting the students. Such is the scale of perceptual

inversion. We see this with ‘Covid’ programming as the Cult

imposes the rules via psycho-psychologists and governments on



shops, transport companies and businesses which impose them on

their staff who impose them on their customers who pressure

Pushbackers to conform to the will of the Cult which is in the

process of destroying them and their families. Scan all aspects of

society and you will see the same sequence every time.

Fact free Woke and hijacking the ‘left’

There is no more potent example of this than ‘Woke’, a mentality

only made possible by the deletion of factual evidence by an

‘education’ system seeking to produce an ever more uniform society.

Why would you bother with facts when you don’t know any?

Deletion of credible history both in volume and type is highly

relevant. Orwell said: ‘Who controls the past controls the future:

who controls the present controls the past.’ They who control the

perception of the past control the perception of the future and they

who control the present control the perception of the past through

the writing and deleting of history. Why would you oppose the

imposition of Marxism in the name of Wokeism when you don’t

know that Marxism cost at least 100 million lives in the 20th century

alone? Watch videos and read reports in which Woker generations

are asked basic historical questions – it’s mind-blowing. A survey of

2,000 people found that six percent of millennials (born

approximately early1980s to early 2000s) believed the Second World

War (1939-1945) broke out with the assassination of President

Kennedy (in 1963) and one in ten thought Margaret Thatcher was

British Prime Minister at the time. She was in office between 1979

and 1990. We are in a post-fact society. Provable facts are no defence

against the fascism of political correctness or Silicon Valley

censorship. Facts don’t ma�er anymore as we have witnessed with

the ‘Covid’ hoax. Sacrificing uniqueness to the Woke group-think

religion is all you are required to do and that means thinking for

yourself is the biggest Woke no, no. All religions are an expression of

group-think and censorship and Woke is just another religion with

an orthodoxy defended by group-think and censorship. Burned at



the stake becomes burned on Twi�er which leads back eventually to

burned at the stake as Woke humanity regresses to ages past.

The biggest Woke inversion of all is its creators and funders. I

grew up in a traditional le� of centre political household on a

council estate in Leicester in the 1950s and 60s – you know, the le�

that challenged the power of wealth-hoarding elites and threats to

freedom of speech and opinion. In those days students went on

marches defending freedom of speech while today’s Wokers march

for its deletion. What on earth could have happened? Those very

elites (collectively the Cult) that we opposed in my youth and early

life have funded into existence the antithesis of that former le� and

hĳacked the ‘brand’ while inverting everything it ever stood for. We

have a mentality that calls itself ‘liberal’ and ‘progressive’ while

acting like fascists. Cult billionaires and their corporations have

funded themselves into control of ‘education’ to ensure that Woke

programming is unceasing throughout the formative years of

children and young people and that non-Wokers are isolated (that

word again) whether they be students, teachers or college professors.

The Cult has funded into existence the now colossal global network

of Woke organisations that have spawned and promoted all the

‘causes’ on the Cult wish-list for global transformation and turned

Wokers into demanders of them. Does anyone really think it’s a

coincidence that the Cult agenda for humanity is a carbon (sorry)

copy of the societal transformations desired by Woke?? These are

only some of them:

Political correctness: The means by which the Cult deletes all public

debates that it knows it cannot win if we had the free-flow of

information and evidence.

Human-caused ‘climate change’: The means by which the Cult

seeks to transform society into a globally-controlled dictatorship

imposing its will over the fine detail of everyone’s lives ‘to save the

planet’ which doesn’t actually need saving.



Transgender obsession: Preparing collective perception to accept the

‘new human’ which would not have genders because it would be

created technologically and not through procreation. I’ll have much

more on this in Human 2.0.

Race obsession: The means by which the Cult seeks to divide and

rule the population by triggering racial division through the

perception that society is more racist than ever when the opposite is

the case. Is it perfect in that regard? No. But to compare today with

the racism of apartheid and segregation brought to an end by the

civil rights movement in the 1960s is to insult the memory of that

movement and inspirations like Martin Luther King. Why is the

‘anti-racism’ industry (which it is) so dominated by privileged white

people?

White supremacy: This is a label used by privileged white people to

demonise poor and deprived white people pushing back on tyranny

to marginalise and destroy them. White people are being especially

targeted as the dominant race by number within Western society

which the Cult seeks to transform in its image. If you want to change

a society you must weaken and undermine its biggest group and

once you have done that by using the other groups you next turn on

them to do the same … ‘Then they came for the Jews and I was not a

Jew so I did nothing.’

Mass migration: The mass movement of people from the Middle

East, Africa and Asia into Europe, from the south into the United

States and from Asia into Australia are another way the Cult seeks to

dilute the racial, cultural and political influence of white people on

Western society. White people ask why their governments appear to

be working against them while being politically and culturally

biased towards incoming cultures. Well, here’s your answer. In the

same way sexually ‘straight’ people, men and women, ask why the



authorities are biased against them in favour of other sexualities. The

answer is the same – that’s the way the Cult wants it to be for very

sinister motives.

These are all central parts of the Cult agenda and central parts of the

Woke agenda and Woke was created and continues to be funded to

an immense degree by Cult billionaires and corporations. If anyone

begins to say ‘coincidence’ the syllables should stick in their throat.

Billionaire ‘social justice warriors’

Joe Biden is a 100 percent-owned asset of the Cult and the Wokers’

man in the White House whenever he can remember his name and

for however long he lasts with his rapidly diminishing cognitive

function. Even walking up the steps of an aircra� without falling on

his arse would appear to be a challenge. He’s not an empty-shell

puppet or anything. From the minute Biden took office (or the Cult

did) he began his executive orders promoting the Woke wish-list.

You will see the Woke agenda imposed ever more severely because

it’s really the Cult agenda. Woke organisations and activist networks

spawned by the Cult are funded to the extreme so long as they

promote what the Cult wants to happen. Woke is funded to promote

‘social justice’ by billionaires who become billionaires by destroying

social justice. The social justice mantra is only a cover for

dismantling social justice and funded by billionaires that couldn’t

give a damn about social justice. Everything makes sense when you

see that. One of Woke’s premier funders is Cult billionaire financier

George Soros who said: ‘I am basically there to make money, I

cannot and do not look at the social consequences of what I do.’ This

is the same Soros who has given more than $32 billion to his Open

Society Foundations global Woke network and funded Black Lives

Ma�er, mass immigration into Europe and the United States,

transgender activism, climate change activism, political correctness

and groups targeting ‘white supremacy’ in the form of privileged

white thugs that dominate Antifa. What a scam it all is and when



you are dealing with the unquestioning fact-free zone of Woke

scamming them is child’s play. All you need to pull it off in all these

organisations are a few in-the-know agents of the Cult and an army

of naïve, reframed, uninformed, narcissistic, know-nothings

convinced of their own self-righteousness, self-purity and virtue.

Soros and fellow billionaires and billionaire corporations have

poured hundreds of millions into Black Lives Ma�er and connected

groups and promoted them to a global audience. None of this is

motivated by caring about black people. These are the billionaires

that have controlled and exploited a system that leaves millions of

black people in abject poverty and deprivation which they do

absolutely nothing to address. The same Cult networks funding

BLM were behind the slave trade! Black Lives Ma�er hĳacked a

phrase that few would challenge and they have turned this laudable

concept into a political weapon to divide society. You know that

BLM is a fraud when it claims that All Lives Ma�er, the most

inclusive statement of all, is ‘racist’. BLM and its Cult masters don’t

want to end racism. To them it’s a means to an end to control all of

humanity never mind the colour, creed, culture or background.

What has destroying the nuclear family got to do with ending

racism? Nothing – but that is one of the goals of BLM and also

happens to be a goal of the Cult as I have been exposing in my books

for decades. Stealing children from loving parents and giving

schools ever more power to override parents is part of that same

agenda. BLM is a Marxist organisation and why would that not be

the case when the Cult created Marxism and BLM? Patrisse Cullors, a

BLM co-founder, said in a 2015 video that she and her fellow

organisers, including co-founder Alicia Garza, are ‘trained Marxists’.

The lady known a�er marriage as Patrisse Khan-Cullors bought a

$1.4 million home in 2021 in one of the whitest areas of California

with a black population of just 1.6 per cent and has so far bought four

high-end homes for a total of $3.2 million. How very Marxist. There

must be a bit of spare in the BLM coffers, however, when Cult

corporations and billionaires have handed over the best part of $100

million. Many black people can see that Black Lives Ma�er is not



working for them, but against them, and this is still more

confirmation. Black journalist Jason Whitlock, who had his account

suspended by Twi�er for simply linking to the story about the

‘Marxist’s’ home buying spree, said that BLM leaders are ‘making

millions of dollars off the backs of these dead black men who they

wouldn’t spit on if they were on fire and alive’.

Black Lies Matter

Cult assets and agencies came together to promote BLM in the wake

of the death of career criminal George Floyd who had been jailed a

number of times including for forcing his way into the home of a

black woman with others in a raid in which a gun was pointed at her

stomach. Floyd was filmed being held in a Minneapolis street in 2020

with the knee of a police officer on his neck and he subsequently

died. It was an appalling thing for the officer to do, but the same

technique has been used by police on peaceful protestors of

lockdown without any outcry from the Woke brigade. As

unquestioning supporters of the Cult agenda Wokers have

supported lockdown and all the ‘Covid’ claptrap while a�acking

anyone standing up to the tyranny imposed in its name. Court

documents would later include details of an autopsy on Floyd by

County Medical Examiner Dr Andrew Baker who concluded that

Floyd had taken a fatal level of the drug fentanyl. None of this

ma�ered to fact-free, question-free, Woke. Floyd’s death was

followed by worldwide protests against police brutality amid calls to

defund the police. Throwing babies out with the bathwater is a

Woke speciality. In the wake of the murder of British woman Sarah

Everard a Green Party member of the House of Lords, Baroness

Jones of Moulescoomb (Nincompoopia would have been be�er),

called for a 6pm curfew for all men. This would be in breach of the

Geneva Conventions on war crimes which ban collective

punishment, but that would never have crossed the black and white

Woke mind of Baroness Nincompoopia who would have been far

too convinced of her own self-righteousness to compute such details.

Many American cities did defund the police in the face of Floyd riots



and a�er $15 million was deleted from the police budget in

Washington DC under useless Woke mayor Muriel Bowser car-

jacking alone rose by 300 percent and within six months the US

capital recorded its highest murder rate in 15 years. The same

happened in Chicago and other cities in line with the Cult/Soros

plan to bring fear to streets and neighbourhoods by reducing the

police, releasing violent criminals and not prosecuting crime. This is

the mob-rule agenda that I have warned in the books was coming for

so long. Shootings in the area of Minneapolis where Floyd was

arrested increased by 2,500 percent compared with the year before.

Defunding the police over George Floyd has led to a big increase in

dead people with many of them black. Police protection for

politicians making these decisions stayed the same or increased as

you would expect from professional hypocrites. The Cult doesn’t

actually want to abolish the police. It wants to abolish local control

over the police and hand it to federal government as the

psychopaths advance the Hunger Games Society. Many George

Floyd protests turned into violent riots with black stores and

businesses destroyed by fire and looting across America fuelled by

Black Lives Ma�er. Woke doesn’t do irony. If you want civil rights

you must loot the liquor store and the supermarket and make off

with a smart TV. It’s the only way.

It’s not a race war – it’s a class war

Black people are patronised by privileged blacks and whites alike

and told they are victims of white supremacy. I find it extraordinary

to watch privileged blacks supporting the very system and bloodline

networks behind the slave trade and parroting the same Cult-serving

manipulative crap of their privileged white, o�en billionaire,

associates. It is indeed not a race war but a class war and colour is

just a diversion. Black Senator Cory Booker and black

Congresswoman Maxine Waters, more residents of Nincompoopia,

personify this. Once you tell people they are victims of someone else

you devalue both their own responsibility for their plight and the

power they have to impact on their reality and experience. Instead



we have: ‘You are only in your situation because of whitey – turn on

them and everything will change.’ It won’t change. Nothing changes

in our lives unless we change it. Crucial to that is never seeing

yourself as a victim and always as the creator of your reality. Life is a

simple sequence of choice and consequence. Make different choices

and you create different consequences. You have to make those

choices – not Black Lives Ma�er, the Woke Mafia and anyone else

that seeks to dictate your life. Who are they these Wokers, an

emotional and psychological road traffic accident, to tell you what to

do? Personal empowerment is the last thing the Cult and its Black

Lives Ma�er want black people or anyone else to have. They claim to

be defending the underdog while creating and perpetuating the

underdog. The Cult’s worst nightmare is human unity and if they

are going to keep blacks, whites and every other race under

economic servitude and control then the focus must be diverted

from what they have in common to what they can be manipulated to

believe divides them. Blacks have to be told that their poverty and

plight is the fault of the white bloke living on the street in the same

poverty and with the same plight they are experiencing. The

difference is that your plight black people is due to him, a white

supremacist with ‘white privilege’ living on the street. Don’t unite as

one human family against your mutual oppressors and suppressors

– fight the oppressor with the white face who is as financially

deprived as you are. The Cult knows that as its ‘Covid’ agenda

moves into still new levels of extremism people are going to respond

and it has been spreading the seeds of disunity everywhere to stop a

united response to the evil that targets all of us.

Racist a�acks on ‘whiteness’ are ge�ing ever more outrageous and

especially through the American Democratic Party which has an

appalling history for anti-black racism. Barack Obama, Joe Biden,

Hillary Clinton and Nancy Pelosi all eulogised about Senator Robert

Byrd at his funeral in 2010 a�er a nearly 60-year career in Congress.

Byrd was a brutal Ku Klux Klan racist and a violent abuser of Cathy

O’Brien in MKUltra. He said he would never fight in the military

‘with a negro by my side’ and ‘rather I should die a thousand times,



and see Old Glory trampled in the dirt never to rise again, than to

see this beloved land of ours become degraded by race mongrels, a

throwback to the blackest specimen from the wilds’. Biden called

Byrd a ‘very close friend and mentor’. These ‘Woke’ hypocrites are

not anti-racist they are anti-poor and anti-people not of their

perceived class. Here is an illustration of the scale of anti-white

racism to which we have now descended. Seriously Woke and

moronic New York Times contributor Damon Young described

whiteness as a ‘virus’ that ‘like other viruses will not die until there

are no bodies le� for it to infect’. He went on: ‘… the only way to

stop it is to locate it, isolate it, extract it, and kill it.’ Young can say

that as a black man with no consequences when a white man saying

the same in reverse would be facing a jail sentence. That’s racism. We

had super-Woke numbskull senators Tammy Duckworth and Mazie

Hirono saying they would object to future Biden Cabinet

appointments if he did not nominate more Asian Americans and

Pacific Islanders. Never mind the ability of the candidate what do

they look like? Duckworth said: ‘I will vote for racial minorities and I

will vote for LGBTQ, but anyone else I’m not voting for.’ Appointing

people on the grounds of race is illegal, but that was not a problem

for this ludicrous pair. They were on-message and that’s a free pass

in any situation.

Critical race racism

White children are told at school they are intrinsically racist as they

are taught the divisive ‘critical race theory’. This claims that the law

and legal institutions are inherently racist and that race is a socially

constructed concept used by white people to further their economic

and political interests at the expense of people of colour. White is a

‘virus’ as we’ve seen. Racial inequality results from ‘social,

economic, and legal differences that white people create between

races to maintain white interests which leads to poverty and

criminality in minority communities‘. I must tell that to the white

guy sleeping on the street. The principal of East Side Community

School in New York sent white parents a manifesto that called on



them to become ‘white traitors’ and advocate for full ‘white

abolition’. These people are teaching your kids when they urgently

need a psychiatrist. The ‘school’ included a chart with ‘eight white

identities’ that ranged from ‘white supremacist’ to ‘white abolition’

and defined the behaviour white people must follow to end ‘the

regime of whiteness’. Woke blacks and their privileged white

associates are acting exactly like the slave owners of old and Ku Klux

Klan racists like Robert Byrd. They are too full of their own self-

purity to see that, but it’s true. Racism is not a body type; it’s a state

of mind that can manifest through any colour, creed or culture.

Another racial fraud is ‘equity’. Not equality of treatment and

opportunity – equity. It’s a term spun as equality when it means

something very different. Equality in its true sense is a raising up

while ‘equity’ is a race to the bo�om. Everyone in the same level of

poverty is ‘equity’. Keep everyone down – that’s equity. The Cult

doesn’t want anyone in the human family to be empowered and

BLM leaders, like all these ‘anti-racist’ organisations, continue their

privileged, pampered existence by perpetuating the perception of

gathering racism. When is the last time you heard an ‘anti-racist’ or

‘anti-Semitism’ organisation say that acts of racism and

discrimination have fallen? It’s not in the interests of their fund-

raising and power to influence and the same goes for the

professional soccer anti-racism operation, Kick It Out. Two things

confirmed that the Black Lives Ma�er riots in the summer of 2020

were Cult creations. One was that while anti-lockdown protests were

condemned in this same period for ‘transmi�ing ‘Covid’ the

authorities supported mass gatherings of Black Lives Ma�er

supporters. I even saw self-deluding people claiming to be doctors

say the two types of protest were not the same. No – the non-existent

‘Covid’ was in favour of lockdowns and a�acked those that

protested against them while ‘Covid’ supported Black Lives Ma�er

and kept well away from its protests. The whole thing was a joke

and as lockdown protestors were arrested, o�en brutally, by

reframed Face-Nappies we had the grotesque sight of police officers

taking the knee to Black Lives Ma�er, a Cult-funded Marxist



organisation that supports violent riots and wants to destroy the

nuclear family and white people.

He’s not white? Shucks!

Woke obsession with race was on display again when ten people

were shot dead in Boulder, Colorado, in March, 2021. Cult-owned

Woke TV channels like CNN said the shooter appeared to be a white

man and Wokers were on Twi�er condemning ‘violent white men’

with the usual mantras. Then the shooter’s name was released as

Ahmad Al Aliwi Alissa, an anti-Trump Arab-American, and the sigh

of disappointment could be heard five miles away. Never mind that

ten people were dead and what that meant for their families. Race

baiting was all that ma�ered to these sick Cult-serving people like

Barack Obama who exploited the deaths to further divide America

on racial grounds which is his job for the Cult. This is the man that

‘racist’ white Americans made the first black president of the United

States and then gave him a second term. Not-very-bright Obama has

become filthy rich on the back of that and today appears to have a

big influence on the Biden administration. Even so he’s still a

downtrodden black man and a victim of white supremacy. This

disingenuous fraud reveals the contempt he has for black people

when he puts on a Deep South Alabama accent whenever he talks to

them, no, at them.

Another BLM red flag was how the now fully-Woke (fully-Cult)

and fully-virtue-signalled professional soccer authorities had their

teams taking the knee before every match in support of Marxist

Black Lives Ma�er. Soccer authorities and clubs displayed ‘Black

Lives Ma�er’ on the players’ shirts and flashed the name on

electronic billboards around the pitch. Any fans that condemned

what is a Freemasonic taking-the-knee ritual were widely

condemned as you would expect from the Woke virtue-signallers of

professional sport and the now fully-Woke media. We have reverse

racism in which you are banned from criticising any race or culture

except for white people for whom anything goes – say what you like,

no problem. What has this got to do with racial harmony and



equality? We’ve had black supremacists from Black Lives Ma�er

telling white people to fall to their knees in the street and apologise

for their white supremacy. Black supremacists acting like white

supremacist slave owners of the past couldn’t breach their self-

obsessed, race-obsessed sense of self-purity. Joe Biden appointed a

race-obsessed black supremacist Kristen Clarke to head the Justice

Department Civil Rights Division. Clarke claimed that blacks are

endowed with ‘greater mental, physical and spiritual abilities’ than

whites. If anyone reversed that statement they would be vilified.

Clarke is on-message so no problem. She’s never seen a black-white

situation in which the black figure is anything but a virtuous victim

and she heads the Civil Rights Division which should treat everyone

the same or it isn’t civil rights. Another perception of the Renegade

Mind: If something or someone is part of the Cult agenda they will

be supported by Woke governments and media no ma�er what. If

they’re not, they will be condemned and censored. It really is that

simple and so racist Clarke prospers despite (make that because of)

her racism.

The end of culture

Biden’s administration is full of such racial, cultural and economic

bias as the Cult requires the human family to be divided into

warring factions. We are now seeing racially-segregated graduations

and everything, but everything, is defined through the lens of

perceived ‘racism. We have ‘racist’ mathematics, ‘racist’ food and

even ‘racist’ plants. World famous Kew Gardens in London said it

was changing labels on plants and flowers to tell its pre-‘Covid’

more than two million visitors a year how racist they are. Kew

director Richard Deverell said this was part of an effort to ‘move

quickly to decolonise collections’ a�er they were approached by one

Ajay Chhabra ‘an actor with an insight into how sugar cane was

linked to slavery’. They are plants you idiots. ‘Decolonisation’ in the

Woke manual really means colonisation of society with its mentality

and by extension colonisation by the Cult. We are witnessing a new

Chinese-style ‘Cultural Revolution’ so essential to the success of all



Marxist takeovers. Our cultural past and traditions have to be swept

away to allow a new culture to be built-back-be�er. Woke targeting

of long-standing Western cultural pillars including historical

monuments and cancelling of historical figures is what happened in

the Mao revolution in China which ‘purged remnants of capitalist

and traditional elements from Chinese society‘ and installed Maoism

as the dominant ideology‘. For China see the Western world today

and for ‘dominant ideology’ see Woke. Be�er still see Marxism or

Maoism. The ‘Covid’ hoax has specifically sought to destroy the arts

and all elements of Western culture from people meeting in a pub or

restaurant to closing theatres, music venues, sports stadiums, places

of worship and even banning singing. Destruction of Western society

is also why criticism of any religion is banned except for Christianity

which again is the dominant religion as white is the numerically-

dominant race. Christianity may be fading rapidly, but its history

and traditions are weaved through the fabric of Western society.

Delete the pillars and other structures will follow until the whole

thing collapses. I am not a Christian defending that religion when I

say that. I have no religion. It’s just a fact. To this end Christianity

has itself been turned Woke to usher its own downfall and its ranks

are awash with ‘change agents’ – knowing and unknowing – at

every level including Pope Francis (definitely knowing) and the

clueless Archbishop of Canterbury Justin Welby (possibly not, but

who can be sure?). Woke seeks to coordinate a�acks on Western

culture, traditions, and ways of life through ‘intersectionality’

defined as ‘the complex, cumulative way in which the effects of

multiple forms of discrimination (such as racism, sexism, and

classism) combine, overlap, or intersect especially in the experiences

of marginalised individuals or groups’. Wade through the Orwellian

Woke-speak and this means coordinating disparate groups in a

common cause to overthrow freedom and liberal values.

The entire structure of public institutions has been infested with

Woke – government at all levels, political parties, police, military,

schools, universities, advertising, media and trade unions. This

abomination has been achieved through the Cult web by appointing



Wokers to positions of power and ba�ering non-Wokers into line

through intimidation, isolation and threats to their job. Many have

been fired in the wake of the empathy-deleted, vicious hostility of

‘social justice’ Wokers and the desire of gutless, spineless employers

to virtue-signal their Wokeness. Corporations are filled with Wokers

today, most notably those in Silicon Valley. Ironically at the top they

are not Woke at all. They are only exploiting the mentality their Cult

masters have created and funded to censor and enslave while the

Wokers cheer them on until it’s their turn. Thus the Woke ‘liberal

le�’ is an inversion of the traditional liberal le�. Campaigning for

justice on the grounds of power and wealth distribution has been

replaced by campaigning for identity politics. The genuine

traditional le� would never have taken money from today’s

billionaire abusers of fairness and justice and nor would the

billionaires have wanted to fund that genuine le�. It would not have

been in their interests to do so. The division of opinion in those days

was between the haves and have nots. This all changed with Cult

manipulated and funded identity politics. The division of opinion

today is between Wokers and non-Wokers and not income brackets.

Cult corporations and their billionaires may have taken wealth

disparity to cataclysmic levels of injustice, but as long as they speak

the language of Woke, hand out the dosh to the Woke network and

censor the enemy they are ‘one of us’. Billionaires who don’t give a

damn about injustice are laughing at them till their bellies hurt.

Wokers are not even close to self-aware enough to see that. The

transformed ‘le�’ dynamic means that Wokers who drone on about

‘social justice’ are funded by billionaires that have destroyed social

justice the world over. It’s why they are billionaires.

The climate con

Nothing encapsulates what I have said more comprehensively than

the hoax of human-caused global warming. I have detailed in my

books over the years how Cult operatives and organisations were the

pump-primers from the start of the climate con. A purpose-built

vehicle for this is the Club of Rome established by the Cult in 1968
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with the Rockefellers and Rothschilds centrally involved all along.

Their gofer frontman Maurice Strong, a Canadian oil millionaire,

hosted the Earth Summit in Rio de Janeiro, Brazil, in 1992 where the

global ‘green movement’ really expanded in earnest under the

guiding hand of the Cult. The Earth Summit established Agenda 21

through the Cult-created-and-owned United Nations to use the

illusion of human-caused climate change to justify the

transformation of global society to save the world from climate

disaster. It is a No-Problem-Reaction-Solution sold through

governments, media, schools and universities as whole generations

have been terrified into believing that the world was going to end in

their lifetimes unless what old people had inflicted upon them was

stopped by a complete restructuring of how everything is done.

Chill, kids, it’s all a hoax. Such restructuring is precisely what the

Cult agenda demands (purely by coincidence of course). Today this

has been given the codename of the Great Reset which is only an

updated term for Agenda 21 and its associated Agenda 2030. The

la�er, too, is administered through the UN and was voted into being

by the General Assembly in 2015. Both 21 and 2030 seek centralised

control of all resources and food right down to the raindrops falling

on your own land. These are some of the demands of Agenda 21

established in 1992. See if you recognise this society emerging today:

 

End national sovereignty

State planning and management of all land resources, ecosystems,

deserts, forests, mountains, oceans and fresh water; agriculture;

rural development; biotechnology; and ensuring ‘equity’

The state to ‘define the role’ of business and financial resources

Abolition of private property

‘Restructuring’ the family unit (see BLM)

Children raised by the state

People told what their job will be

Major restrictions on movement

Creation of ‘human se�lement zones’
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Mass rese�lement as people are forced to vacate land where they

live

Dumbing down education

Mass global depopulation in pursuit of all the above

 

The United Nations was created as a Trojan horse for world

government. With the climate con of critical importance to

promoting that outcome you would expect the UN to be involved.

Oh, it’s involved all right. The UN is promoting Agenda 21 and

Agenda 2030 justified by ‘climate change’ while also driving the

climate hoax through its Intergovernmental Panel on Climate

Change (IPCC), one of the world’s most corrupt organisations. The

IPCC has been lying ferociously and constantly since the day it

opened its doors with the global media hanging unquestioningly on

its every mendacious word. The Green movement is entirely Woke

and has long lost its original environmental focus since it was co-

opted by the Cult. An obsession with ‘global warming’ has deleted

its values and scrambled its head. I experienced a small example of

what I mean on a beautiful country walk that I have enjoyed several

times a week for many years. The path merged into the fields and

forests and you felt at one with the natural world. Then a ‘Green’

organisation, the Hampshire and Isle of Wight Wildlife Trust, took

over part of the land and proceeded to cut down a large number of

trees, including mature ones, to install a horrible big, bright steel

‘this-is-ours-stay-out’ fence that destroyed the whole atmosphere of

this beautiful place. No one with a feel for nature would do that. Day

a�er day I walked to the sound of chainsaws and a magnificent

mature weeping willow tree that I so admired was cut down at the

base of the trunk. When I challenged a Woke young girl in a green

shirt (of course) about this vandalism she replied: ‘It’s a weeping

willow – it will grow back.’ This is what people are paying for when

they donate to the Hampshire and Isle of Wight Wildlife Trust and

many other ‘green’ organisations today. It is not the environmental

movement that I knew and instead has become a support-system –

as with Extinction Rebellion – for a very dark agenda.



Private jets for climate justice

The Cult-owned, Gates-funded, World Economic Forum and its

founder Klaus Schwab were behind the emergence of Greta

Thunberg to harness the young behind the climate agenda and she

was invited to speak to the world at … the UN. Schwab published a

book, Covid-19: The Great Reset in 2020 in which he used the ‘Covid’

hoax and the climate hoax to lay out a new society straight out of

Agenda 21 and Agenda 2030. Bill Gates followed in early 2021 when

he took time out from destroying the world to produce a book in his

name about the way to save it. Gates flies across the world in private

jets and admi�ed that ‘I probably have one of the highest

greenhouse gas footprints of anyone on the planet … my personal

flying alone is gigantic.’ He has also bid for the planet’s biggest

private jet operator. Other climate change saviours who fly in private

jets include John Kerry, the US Special Presidential Envoy for

Climate, and actor Leonardo DiCaprio, a ‘UN Messenger of Peace

with special focus on climate change’. These people are so full of

bullshit they could corner the market in manure. We mustn’t be

sceptical, though, because the Gates book, How to Avoid a Climate

Disaster: The Solutions We Have and the Breakthroughs We Need, is a

genuine a�empt to protect the world and not an obvious pile of

excrement a�ributed to a mega-psychopath aimed at selling his

masters’ plans for humanity. The Gates book and the other shite-pile

by Klaus Schwab could have been wri�en by the same person and

may well have been. Both use ‘climate change’ and ‘Covid’ as the

excuses for their new society and by coincidence the Cult’s World

Economic Forum and Bill and Melinda Gates Foundation promote

the climate hoax and hosted Event 201 which pre-empted with a

‘simulation’ the very ‘coronavirus’ hoax that would be simulated for

real on humanity within weeks. The British ‘royal’ family is

promoting the ‘Reset’ as you would expect through Prince ‘climate

change caused the war in Syria’ Charles and his hapless son Prince

William who said that we must ‘reset our relationship with nature

and our trajectory as a species’ to avoid a climate disaster. Amazing

how many promotors of the ‘Covid’ and ‘climate change’ control



systems are connected to Gates and the World Economic Forum. A

‘study’ in early 2021 claimed that carbon dioxide emissions must fall

by the equivalent of a global lockdown roughly every two years for

the next decade to save the planet. The ‘study’ appeared in the same

period that the Schwab mob claimed in a video that lockdowns

destroying the lives of billions are good because they make the earth

‘quieter’ with less ‘ambient noise’. They took down the video amid a

public backlash for such arrogant, empathy-deleted stupidity You

see, however, where they are going with this. Corinne Le Quéré, a

professor at the Tyndall Centre for Climate Change Research,

University of East Anglia, was lead author of the climate lockdown

study, and she writes for … the World Economic Forum. Gates calls

in ‘his’ book for changing ‘every aspect of the economy’ (long-time

Cult agenda) and for humans to eat synthetic ‘meat’ (predicted in

my books) while cows and other farm animals are eliminated.

Australian TV host and commentator Alan Jones described what

carbon emission targets would mean for farm animals in Australia

alone if emissions were reduced as demanded by 35 percent by 2030

and zero by 2050:

Well, let’s take agriculture, the total emissions from agriculture are about 75 million tonnes of
carbon dioxide, equivalent. Now reduce that by 35 percent and you have to come down to
50 million tonnes, I’ve done the maths. So if you take for example 1.5 million cows, you’re
going to have to reduce the herd by 525,000 [by] 2030, nine years, that’s 58,000 cows a year.
The beef herd’s 30 million, reduce that by 35 percent, that’s 10.5 million, which means 1.2
million cattle have to go every year between now and 2030. This is insanity!

There are 75 million sheep. Reduce that by 35 percent, that’s 26 million sheep, that’s almost 3
million a year. So under the Paris Agreement over 30 million beasts. dairy cows, cattle, pigs
and sheep would go. More than 8,000 every minute of every hour for the next decade, do
these people know what they’re talking about?

Clearly they don’t at the level of campaigners, politicians and

administrators. The Cult does know; that’s the outcome it wants. We

are faced with not just a war on humanity. Animals and the natural

world are being targeted and I have been saying since the ‘Covid’

hoax began that the plan eventually was to claim that the ‘deadly

virus’ is able to jump from animals, including farm animals and



domestic pets, to humans. Just before this book went into production

came this story: ‘Russia registers world’s first Covid-19 vaccine for

cats & dogs as makers of Sputnik V warn pets & farm animals could

spread virus’. The report said ‘top scientists warned that the deadly

pathogen could soon begin spreading through homes and farms’

and ‘the next stage is the infection of farm and domestic animals’.

Know the outcome and you’ll see the journey. Think what that

would mean for animals and keep your eye on a term called

zoonosis or zoonotic diseases which transmit between animals and

humans. The Cult wants to break the connection between animals

and people as it does between people and people. Farm animals fit

with the Cult agenda to transform food from natural to synthetic.

The gas of life is killing us

There can be few greater examples of Cult inversion than the

condemnation of carbon dioxide as a dangerous pollutant when it is

the gas of life. Without it the natural world would be dead and so we

would all be dead. We breathe in oxygen and breathe out carbon

dioxide while plants produce oxygen and absorb carbon dioxide. It

is a perfect symbiotic relationship that the Cult wants to dismantle

for reasons I will come to in the final two chapters. Gates, Schwab,

other Cult operatives and mindless repeaters, want the world to be

‘carbon neutral’ by at least 2050 and the earlier the be�er. ‘Zero

carbon’ is the cry echoed by lunatics calling for ‘Zero Covid’ when

we already have it. These carbon emission targets will

deindustrialise the world in accordance with Cult plans – the post-

industrial, post-democratic society – and with so-called renewables

like solar and wind not coming even close to meeting human energy

needs blackouts and cold are inevitable. Texans got the picture in the

winter of 2021 when a snow storm stopped wind turbines and solar

panels from working and the lights went down along with water

which relies on electricity for its supply system. Gates wants

everything to be powered by electricity to ensure that his masters

have the kill switch to stop all human activity, movement, cooking,

water and warmth any time they like. The climate lie is so



stupendously inverted that it claims we must urgently reduce

carbon dioxide when we don’t have enough.

Co2 in the atmosphere is a li�le above 400 parts per million when

the optimum for plant growth is 2,000 ppm and when it falls

anywhere near 150 ppm the natural world starts to die and so do we.

It fell to as low as 280 ppm in an 1880 measurement in Hawaii and

rose to 413 ppm in 2019 with industrialisation which is why the

planet has become greener in the industrial period. How insane then

that psychopathic madman Gates is not satisfied only with blocking

the rise of Co2. He’s funding technology to suck it out of the

atmosphere. The reason why will become clear. The industrial era is

not destroying the world through Co2 and has instead turned

around a potentially disastrous ongoing fall in Co2. Greenpeace co-

founder and scientist Patrick Moore walked away from Greenpeace

in 1986 and has exposed the green movement for fear-mongering

and lies. He said that 500 million years ago there was 17 times more

Co2 in the atmosphere than we have today and levels have been

falling for hundreds of millions of years. In the last 150 million years

Co2 levels in Earth’s atmosphere had reduced by 90 percent. Moore

said that by the time humanity began to unlock carbon dioxide from

fossil fuels we were at ‘38 seconds to midnight’ and in that sense:

‘Humans are [the Earth’s] salvation.’ Moore made the point that only

half the Co2 emi�ed by fossil fuels stays in the atmosphere and we

should remember that all pollution pouring from chimneys that we

are told is carbon dioxide is in fact nothing of the kind. It’s pollution.

Carbon dioxide is an invisible gas.

William Happer, Professor of Physics at Princeton University and

long-time government adviser on climate, has emphasised the Co2

deficiency for maximum growth and food production. Greenhouse

growers don’t add carbon dioxide for a bit of fun. He said that most

of the warming in the last 100 years, a�er the earth emerged from

the super-cold period of the ‘Li�le Ice Age’ into a natural warming

cycle, was over by 1940. Happer said that a peak year for warming in

1988 can be explained by a ‘monster El Nino’ which is a natural and

cyclical warming of the Pacific that has nothing to do with ‘climate



change’. He said the effect of Co2 could be compared to painting a

wall with red paint in that once two or three coats have been applied

it didn’t ma�er how much more you slapped on because the wall

will not get much redder. Almost all the effect of the rise in Co2 has

already happened, he said, and the volume in the atmosphere would

now have to double to increase temperature by a single degree.

Climate hoaxers know this and they have invented the most

ridiculously complicated series of ‘feedback’ loops to try to

overcome this rather devastating fact. You hear puppet Greta going

on cluelessly about feedback loops and this is why.

The Sun affects temperature? No you climate denier

Some other nonsense to contemplate: Climate graphs show that rises

in temperature do not follow rises in Co2 – it’s the other way round

with a lag between the two of some 800 years. If we go back 800

years from present time we hit the Medieval Warm Period when

temperatures were higher than now without any industrialisation

and this was followed by the Li�le Ice Age when temperatures

plummeted. The world was still emerging from these centuries of

serious cold when many climate records began which makes the

ever-repeated line of the ‘ho�est year since records began’

meaningless when you are not comparing like with like. The coldest

period of the Li�le Ice Age corresponded with the lowest period of

sunspot activity when the Sun was at its least active. Proper

scientists will not be at all surprised by this when it confirms the

obvious fact that earth temperature is affected by the scale of Sun

activity and the energetic power that it subsequently emits; but

when is the last time you heard a climate hoaxer talking about the

Sun as a source of earth temperature?? Everything has to be focussed

on Co2 which makes up just 0.117 percent of so-called greenhouse

gases and only a fraction of even that is generated by human activity.

The rest is natural. More than 90 percent of those greenhouse gases

are water vapour and clouds (Fig 9). Ban moisture I say. Have you

noticed that the climate hoaxers no longer use the polar bear as their

promotion image? That’s because far from becoming extinct polar



bear communities are stable or thriving. Joe Bastardi, American

meteorologist, weather forecaster and outspoken critic of the climate

lie, documents in his book The Climate Chronicles how weather

pa�erns and events claimed to be evidence of climate change have

been happening since long before industrialisation: ‘What happened

before naturally is happening again, as is to be expected given the

cyclical nature of the climate due to the design of the planet.’ If you

read the detailed background to the climate hoax in my other books

you will shake your head and wonder how anyone could believe the

crap which has spawned a multi-trillion dollar industry based on

absolute garbage (see HIV causes AIDs and Sars-Cov-2 causes

‘Covid-19’). Climate and ‘Covid’ have much in common given they

have the same source. They both have the contradictory everything

factor in which everything is explained by reference to them. It’s hot

– ‘it’s climate change’. It’s cold – ‘it’s climate change’. I got a sniffle –

‘it’s Covid’. I haven’t got a sniffle – ‘it’s Covid’. Not having a sniffle

has to be a symptom of ‘Covid’. Everything is and not having a

sniffle is especially dangerous if you are a slow walker. For sheer

audacity I offer you a Cambridge University ‘study’ that actually

linked ‘Covid’ to ‘climate change’. It had to happen eventually. They

concluded that climate change played a role in ‘Covid-19’ spreading

from animals to humans because … wait for it … I kid you not … the

two groups were forced closer together as populations grow. Er, that’s it.

The whole foundation on which this depended was that ‘Bats are the

likely zoonotic origin of SARS-CoV-1 and SARS-CoV-2’. Well, they

are not. They are nothing to do with it. Apart from bats not being the

origin and therefore ‘climate change’ effects on bats being irrelevant

I am in awe of their academic insight. Where would we be without

them? Not where we are that’s for sure.



Figure 9: The idea that the gas of life is disastrously changing the climate is an insult to brain
cell activity.

One other point about the weather is that climate modification is

now well advanced and not every major weather event is natural –

or earthquake come to that. I cover this subject at some length in

other books. China is openly planning a rapid expansion of its

weather modification programme which includes changing the

climate in an area more than one and a half times the size of India.

China used weather manipulation to ensure clear skies during the

2008 Olympics in Beĳing. I have quoted from US military documents

detailing how to employ weather manipulation as a weapon of war

and they did that in the 1960s and 70s during the conflict in Vietnam

with Operation Popeye manipulating monsoon rains for military

purposes. Why would there be international treaties on weather

modification if it wasn’t possible? Of course it is. Weather is

energetic information and it can be changed.

How was the climate hoax pulled off? See ‘Covid’

If you can get billions to believe in a ‘virus’ that doesn’t exist you can

get them to believe in human-caused climate change that doesn’t

exist. Both are being used by the Cult to transform global society in

the way it has long planned. Both hoaxes have been achieved in

pre�y much the same way. First you declare a lie is a fact. There’s a



‘virus’ you call SARS-Cov-2 or humans are warming the planet with

their behaviour. Next this becomes, via Cult networks, the

foundation of government, academic and science policy and belief.

Those who parrot the mantra are given big grants to produce

research that confirms the narrative is true and ever more

‘symptoms’ are added to make the ‘virus’/’climate change’ sound

even more scary. Scientists and researchers who challenge the

narrative have their grants withdrawn and their careers destroyed.

The media promote the lie as the unquestionable truth and censor

those with an alternative view or evidence. A great percentage of the

population believe what they are told as the lie becomes an

everybody-knows-that and the believing-masses turn on those with

a mind of their own. The technique has been used endlessly

throughout human history. Wokers are the biggest promotors of the

climate lie and ‘Covid’ fascism because their minds are owned by the

Cult; their sense of self-righteous self-purity knows no bounds; and

they exist in a bubble of reality in which facts are irrelevant and only

get in the way of looking without seeing.

Running through all of this like veins in a blue cheese is control of

information, which means control of perception, which means

control of behaviour, which collectively means control of human

society. The Cult owns the global media and Silicon Valley fascists

for the simple reason that it has to. Without control of information it

can’t control perception and through that human society. Examine

every facet of the Cult agenda and you will see that anything

supporting its introduction is never censored while anything

pushing back is always censored. I say again: Psychopaths that know

why they are doing this must go before Nuremberg trials and those

that follow their orders must trot along behind them into the same

dock. ‘I was just following orders’ didn’t work the first time and it

must not work now. Nuremberg trials must be held all over the

world before public juries for politicians, government officials,

police, compliant doctors, scientists and virologists, and all Cult

operatives such as Gates, Tedros, Fauci, Vallance, Whi�y, Ferguson,

Zuckerberg, Wojcicki, Brin, Page, Dorsey, the whole damn lot of



them – including, no especially, the psychopath psychologists.

Without them and the brainless, gutless excuses for journalists that

have repeated their lies, none of this could be happening. Nobody

can be allowed to escape justice for the psychological and economic

Armageddon they are all responsible for visiting upon the human

race.

As for the compliant, unquestioning, swathes of humanity, and the

self-obsessed, all-knowing ignorance of the Wokers … don’t start me.

God help their kids. God help their grandkids. God help them.



I

CHAPTER NINE

We must have it? So what is it?

Well I won’t back down. No, I won’t back down. You can stand me

up at the Gates of Hell. But I won’t back down

Tom Petty

will now focus on the genetically-manipulating ‘Covid vaccines’

which do not meet this official definition of a vaccine by the US

Centers for Disease Control (CDC): ‘A product that stimulates a

person’s immune system to produce immunity to a specific disease,

protecting the person from that disease.’ On that basis ‘Covid

vaccines’ are not a vaccine in that the makers don’t even claim they

stop infection or transmission.

They are instead part of a multi-levelled conspiracy to change the

nature of the human body and what it means to be ‘human’ and to

depopulate an enormous swathe of humanity. What I shall call

Human 1.0 is on the cusp of becoming Human 2.0 and for very

sinister reasons. Before I get to the ‘Covid vaccine’ in detail here’s

some background to vaccines in general. Government regulators do

not test vaccines – the makers do – and the makers control which

data is revealed and which isn’t. Children in America are given 50

vaccine doses by age six and 69 by age 19 and the effect of the whole

combined schedule has never been tested. Autoimmune diseases

when the immune system a�acks its own body have soared in the

mass vaccine era and so has disease in general in children and the

young. Why wouldn’t this be the case when vaccines target the

immune system? The US government gave Big Pharma drug



companies immunity from prosecution for vaccine death and injury

in the 1986 National Childhood Vaccine Injury Act (NCVIA) and

since then the government (taxpayer) has been funding

compensation for the consequences of Big Pharma vaccines. The

criminal and satanic drug giants can’t lose and the vaccine schedule

has increased dramatically since 1986 for this reason. There is no

incentive to make vaccines safe and a big incentive to make money

by introducing ever more. Even against a ridiculously high bar to

prove vaccine liability, and with the government controlling the

hearing in which it is being challenged for compensation, the vaccine

court has so far paid out more than $4 billion. These are the vaccines

we are told are safe and psychopaths like Zuckerberg censor posts

saying otherwise. The immunity law was even justified by a ruling

that vaccines by their nature were ‘unavoidably unsafe’.

Check out the ingredients of vaccines and you will be shocked if

you are new to this. They put that in children’s bodies?? What?? Try

aluminium, a brain toxin connected to dementia, aborted foetal

tissue and formaldehyde which is used to embalm corpses. World-

renowned aluminium expert Christopher Exley had his research into

the health effect of aluminium in vaccines shut down by Keele

University in the UK when it began taking funding from the Bill and

Melinda Gates Foundation. Research when diseases ‘eradicated’ by

vaccines began to decline and you will find the fall began long before

the vaccine was introduced. Sometimes the fall even plateaued a�er

the vaccine. Diseases like scarlet fever for which there was no

vaccine declined in the same way because of environmental and

other factors. A perfect case in point is the polio vaccine. Polio began

when lead arsenate was first sprayed as an insecticide and residues

remained in food products. Spraying started in 1892 and the first US

polio epidemic came in Vermont in 1894. The simple answer was to

stop spraying, but Rockefeller-created Big Pharma had a be�er idea.

Polio was decreed to be caused by the poliovirus which ‘spreads from

person to person and can infect a person’s spinal cord’. Lead

arsenate was replaced by the lethal DDT which had the same effect

of causing paralysis by damaging the brain and central nervous



system. Polio plummeted when DDT was reduced and then banned,

but the vaccine is still given the credit for something it didn’t do.

Today by far the biggest cause of polio is the vaccines promoted by

Bill Gates. Vaccine justice campaigner Robert Kennedy Jr, son of

assassinated (by the Cult) US A�orney General Robert Kennedy,

wrote:

In 2017, the World Health Organization (WHO) reluctantly admitted that the global explosion
in polio is predominantly vaccine strain. The most frightening epidemics in Congo,
Afghanistan, and the Philippines, are all linked to vaccines. In fact, by 2018, 70% of global
polio cases were vaccine strain.

Vaccines make fortunes for Cult-owned Gates and Big Pharma

while undermining the health and immune systems of the

population. We had a glimpse of the mentality behind the Big

Pharma cartel with a report on WION (World is One News), an

international English language TV station based in India, which

exposed the extraordinary behaviour of US drug company Pfizer

over its ‘Covid vaccine’. The WION report told how Pfizer had made

fantastic demands of Argentina, Brazil and other countries in return

for its ‘vaccine’. These included immunity from prosecution, even

for Pfizer negligence, government insurance to protect Pfizer from

law suits and handing over as collateral sovereign assets of the

country to include Argentina’s bank reserves, military bases and

embassy buildings. Pfizer demanded the same of Brazil in the form

of waiving sovereignty of its assets abroad; exempting Pfizer from

Brazilian laws; and giving Pfizer immunity from all civil liability.

This is a ‘vaccine’ developed with government funding. Big Pharma

is evil incarnate as a creation of the Cult and all must be handed

tickets to Nuremberg.

Phantom ‘vaccine’ for a phantom ‘disease’

I’ll expose the ‘Covid vaccine’ fraud and then go on to the wider

background of why the Cult has set out to ‘vaccinate’ every man,

woman and child on the planet for an alleged ‘new disease’ with a

survival rate of 99.77 percent (or more) even by the grotesquely-



manipulated figures of the World Health Organization and Johns

Hopkins University. The ‘infection’ to ‘death’ ratio is 0.23 to 0.15

percent according to Stanford epidemiologist Dr John Ioannidis and

while estimates vary the danger remains tiny. I say that if the truth

be told the fake infection to fake death ratio is zero. Never mind all

the evidence I have presented here and in The Answer that there is no

‘virus’ let us just focus for a moment on that death-rate figure of say

0.23 percent. The figure includes all those worldwide who have

tested positive with a test not testing for the ‘virus’ and then died

within 28 days or even longer of any other cause – any other cause.

Now subtract all those illusory ‘Covid’ deaths on the global data

sheets from the 0.23 percent. What do you think you would be le�

with? Zero. A vaccination has never been successfully developed for

a so-called coronavirus. They have all failed at the animal testing

stage when they caused hypersensitivity to what they were claiming

to protect against and made the impact of a disease far worse. Cult-

owned vaccine corporations got around that problem this time by

bypassing animal trials, going straight to humans and making the

length of the ‘trials’ before the public rollout as short as they could

get away with. Normally it takes five to ten years or more to develop

vaccines that still cause demonstrable harm to many people and

that’s without including the long-term effects that are never officially

connected to the vaccination. ‘Covid’ non-vaccines have been

officially produced and approved in a ma�er of months from a

standing start and part of the reason is that (a) they were developed

before the ‘Covid’ hoax began and (b) they are based on computer

programs and not natural sources. Official non-trials were so short

that government agencies gave emergency, not full, approval. ‘Trials’

were not even completed and full approval cannot be secured until

they are. Public ‘Covid vaccination’ is actually a continuation of the

trial. Drug company ‘trials’ are not scheduled to end until 2023 by

which time a lot of people are going to be dead. Data on which

government agencies gave this emergency approval was supplied by

the Big Pharma corporations themselves in the form of

Pfizer/BioNTech, AstraZeneca, Moderna, Johnson & Johnson, and



others, and this is the case with all vaccines. By its very nature

emergency approval means drug companies do not have to prove that

the ‘vaccine’ is ‘safe and effective’. How could they with trials way

short of complete? Government regulators only have to believe that

they could be safe and effective. It is criminal manipulation to get

products in circulation with no testing worth the name. Agencies

giving that approval are infested with Big Pharma-connected place-

people and they act in the interests of Big Pharma (the Cult) and not

the public about whom they do not give a damn.

More human lab rats

‘Covid vaccines’ produced in record time by Pfizer/BioNTech and

Moderna employ a technique never approved before for use on humans.

They are known as mRNA ‘vaccines’ and inject a synthetic version of

‘viral’ mRNA or ‘messenger RNA’. The key is in the term

‘messenger’. The body works, or doesn’t, on the basis of information

messaging. Communications are constantly passing between and

within the genetic system and the brain. Change those messages and

you change the state of the body and even its very nature and you

can change psychology and behaviour by the way the brain

processes information. I think you are going to see significant

changes in personality and perception of many people who have had

the ‘Covid vaccine’ synthetic potions. Insider Aldous Huxley

predicted the following in 1961 and mRNA ‘vaccines’ can be

included in the term ‘pharmacological methods’:

There will be, in the next generation or so, a pharmacological method of making people love
their servitude, and producing dictatorship without tears, so to speak, producing a kind of
painless concentration camp for entire societies, so that people will in fact have their own
liberties taken away from them, but rather enjoy it, because they will be distracted from any
desire to rebel by propaganda or brainwashing, or brainwashing enhanced by
pharmacological methods. And this seems to be the final revolution.

Apologists claim that mRNA synthetic ‘vaccines’ don’t change the

DNA genetic blueprint because RNA does not affect DNA only the

other way round. This is so disingenuous. A process called ‘reverse



transcription’ can convert RNA into DNA and be integrated into

DNA in the cell nucleus. This was highlighted in December, 2020, by

scientists at Harvard and Massachuse�s Institute of Technology

(MIT). Geneticists report that more than 40 percent of mammalian

genomes results from reverse transcription. On the most basic level

if messaging changes then that sequence must lead to changes in

DNA which is receiving and transmi�ing those communications.

How can introducing synthetic material into cells not change the

cells where DNA is located? The process is known as transfection

which is defined as ‘a technique to insert foreign nucleic acid (DNA

or RNA) into a cell, typically with the intention of altering the

properties of the cell’. Researchers at the Sloan Ke�ering Institute in

New York found that changes in messenger RNA can deactivate

tumour-suppressing proteins and thereby promote cancer. This is

what happens when you mess with messaging. ‘Covid vaccine’

maker Moderna was founded in 2010 by Canadian stem cell

biologist Derrick J. Rossi a�er his breakthrough discovery in the field

of transforming and reprogramming stem cells. These are neutral

cells that can be programmed to become any cell including sperm

cells. Moderna was therefore founded on the principle of genetic

manipulation and has never produced any vaccine or drug before its

genetically-manipulating synthetic ‘Covid’ shite. Look at the name –

Mode-RNA or Modify-RNA. Another important point is that the US

Supreme Court has ruled that genetically-modified DNA, or

complementary DNA (cDNA) synthesized in the laboratory from

messenger RNA, can be patented and owned. These psychopaths are

doing this to the human body.

Cells replicate synthetic mRNA in the ‘Covid vaccines’ and in

theory the body is tricked into making antigens which trigger

antibodies to target the ‘virus spike proteins’ which as Dr Tom

Cowan said have never been seen. Cut the crap and these ‘vaccines’

deliver self-replicating synthetic material to the cells with the effect of

changing human DNA. The more of them you have the more that

process is compounded while synthetic material is all the time self-

replicating. ‘Vaccine’-maker Moderna describes mRNA as ‘like



so�ware for the cell’ and so they are messing with the body’s

so�ware. What happens when you change the so�ware in a

computer? Everything changes. For this reason the Cult is preparing

a production line of mRNA ‘Covid vaccines’ and a long list of

excuses to use them as with all the ‘variants’ of a ‘virus’ never shown

to exist. The plan is further to transfer the mRNA technique to other

vaccines mostly given to children and young people. The cumulative

consequences will be a transformation of human DNA through a

constant infusion of synthetic genetic material which will kill many

and change the rest. Now consider that governments that have given

emergency approval for a vaccine that’s not a vaccine; never been

approved for humans before; had no testing worth the name; and

the makers have been given immunity from prosecution for any

deaths or adverse effects suffered by the public. The UK government

awarded permanent legal indemnity to itself and its employees for

harm done when a patient is being treated for ‘Covid-19’ or

‘suspected Covid-19’. That is quite a thought when these are possible

‘side-effects’ from the ‘vaccine’ (they are not ‘side’, they are effects)

listed by the US Food and Drug Administration:

Guillain-Barre syndrome; acute disseminated encephalomyelitis;

transverse myelitis; encephalitis; myelitis; encephalomyelitis;

meningoencephalitis; meningitis; encephalopathy; convulsions;

seizures; stroke; narcolepsy; cataplexy; anaphylaxis; acute

myocardial infarction (heart a�ack); myocarditis; pericarditis;

autoimmune disease; death; implications for pregnancy, and birth

outcomes; other acute demyelinating diseases; non anaphylactic

allergy reactions; thrombocytopenia ; disseminated intravascular

coagulation; venous thromboembolism; arthritis; arthralgia; joint

pain; Kawasaki disease; multisystem inflammatory syndrome in

children; vaccine enhanced disease. The la�er is the way the

‘vaccine’ has the potential to make diseases far worse than they

would otherwise be.



UK doctor and freedom campaigner Vernon Coleman described

the conditions in this list as ‘all unpleasant, most of them very

serious, and you can’t get more serious than death’. The thought that

anyone at all has had the ‘vaccine’ in these circumstances is

testament to the potential that humanity has for clueless,

unquestioning, stupidity and for many that programmed stupidity

has already been terminal.

An insider speaks

Dr Michael Yeadon is a former Vice President, head of research and

Chief Scientific Adviser at vaccine giant Pfizer. Yeadon worked on

the inside of Big Pharma, but that did not stop him becoming a vocal

critic of ‘Covid vaccines’ and their potential for multiple harms,

including infertility in women. By the spring of 2021 he went much

further and even used the no, no, term ‘conspiracy’. When you begin

to see what is going on it is impossible not to do so. Yeadon spoke

out in an interview with freedom campaigner James Delingpole and

I mentioned earlier how he said that no one had samples of ‘the

virus’. He explained that the mRNA technique originated in the anti-

cancer field and ways to turn on and off certain genes which could

be advantageous if you wanted to stop cancer growing out of

control. ‘That’s the origin of them. They are a very unusual

application, really.’ Yeadon said that treating a cancer patient with

an aggressive procedure might be understandable if the alternative

was dying, but it was quite another thing to use the same technique

as a public health measure. Most people involved wouldn’t catch the

infectious agent you were vaccinating against and if they did they

probably wouldn’t die:

If you are really using it as a public health measure you really want to as close as you can get
to zero sides-effects … I find it odd that they chose techniques that were really cutting their
teeth in the field of oncology and I’m worried that in using gene-based vaccines that have to
be injected in the body and spread around the body, get taken up into some cells, and the
regulators haven’t quite told us which cells they get taken up into … you are going to be
generating a wide range of responses … with multiple steps each of which could go well or
badly.



I doubt the Cult intends it to go well. Yeadon said that you can put

any gene you like into the body through the ‘vaccine’. ‘You can

certainly give them a gene that would do them some harm if you

wanted.’ I was intrigued when he said that when used in the cancer

field the technique could turn genes on and off. I explore this process

in The Answer and with different genes having different functions

you could create mayhem – physically and psychologically – if you

turned the wrong ones on and the right ones off. I read reports of an

experiment by researchers at the University of Washington’s school

of computer science and engineering in which they encoded DNA to

infect computers. The body is itself a biological computer and if

human DNA can inflict damage on a computer why can’t the

computer via synthetic material mess with the human body? It can.

The Washington research team said it was possible to insert

malicious malware into ‘physical DNA strands’ and corrupt the

computer system of a gene sequencing machine as it ‘reads gene

le�ers and stores them as binary digits 0 and 1’. They concluded that

hackers could one day use blood or spit samples to access computer

systems and obtain sensitive data from police forensics labs or infect

genome files. It is at this level of digital interaction that synthetic

‘vaccines’ need to be seen to get the full picture and that will become

very clear later on. Michael Yeadon said it made no sense to give the

‘vaccine’ to younger people who were in no danger from the ‘virus’.

What was the benefit? It was all downside with potential effects:

The fact that my government in what I thought was a civilised, rational country, is raining [the
‘vaccine’] on people in their 30s and 40s, even my children in their 20s, they’re getting letters
and phone calls, I know this is not right and any of you doctors who are vaccinating you
know it’s not right, too. They are not at risk. They are not at risk from the disease, so you are
now hoping that the side-effects are so rare that you get away with it. You don’t give new
technology … that you don’t understand to 100 percent of the population.

Blood clot problems with the AstraZeneca ‘vaccine’ have been

affecting younger people to emphasise the downside risks with no

benefit. AstraZeneca’s version, produced with Oxford University,

does not use mRNA, but still gets its toxic cocktail inside cells where



it targets DNA. The Johnson & Johnson ‘vaccine’ which uses a

similar technique has also produced blood clot effects to such an

extent that the United States paused its use at one point. They are all

‘gene therapy’ (cell modification) procedures and not ‘vaccines’. The

truth is that once the content of these injections enter cells we have

no idea what the effect will be. People can speculate and some can

give very educated opinions and that’s good. In the end, though,

only the makers know what their potions are designed to do and

even they won’t know every last consequence. Michael Yeadon was

scathing about doctors doing what they knew to be wrong.

‘Everyone’s mute’, he said. Doctors in the NHS must know this was

not right, coming into work and injecting people. ‘I don’t know how

they sleep at night. I know I couldn’t do it. I know that if I were in

that position I’d have to quit.’ He said he knew enough about

toxicology to know this was not a good risk-benefit. Yeadon had

spoken to seven or eight university professors and all except two

would not speak out publicly. Their universities had a policy that no

one said anything that countered the government and its medical

advisors. They were afraid of losing their government grants. This is

how intimidation has been used to silence the truth at every level of

the system. I say silence, but these people could still speak out if they

made that choice. Yeadon called them ‘moral cowards’ – ‘This is

about your children and grandchildren’s lives and you have just

buggered off and le� it.’

‘Variant’ nonsense

Some of his most powerful comments related to the alleged

‘variants’ being used to instil more fear, justify more lockdowns, and

introduce more ‘vaccines’. He said government claims about

‘variants’ were nonsense. He had checked the alleged variant ‘codes’

and they were 99.7 percent identical to the ‘original’. This was the

human identity difference equivalent to pu�ing a baseball cap on

and off or wearing it the other way round. A 0.3 percent difference

would make it impossible for that ‘variant’ to escape immunity from

the ‘original’. This made no sense of having new ‘vaccines’ for



‘variants’. He said there would have to be at least a 30 percent

difference for that to be justified and even then he believed the

immune system would still recognise what it was. Gates-funded

‘variant modeller’ and ‘vaccine’-pusher John Edmunds might care to

comment. Yeadon said drug companies were making new versions

of the ‘vaccine’ as a ‘top up’ for ‘variants’. Worse than that, he said,

the ‘regulators’ around the world like the MHRA in the UK had got

together and agreed that because ‘vaccines’ for ‘variants’ were so

similar to the first ‘vaccines’ they did not have to do safety studies. How

transparently sinister that is. This is when Yeadon said: ‘There is a

conspiracy here.’ There was no need for another vaccine for

‘variants’ and yet we were told that there was and the country had

shut its borders because of them. ‘They are going into hundreds of

millions of arms without passing ‘go’ or any regulator. Why did they

do that? Why did they pick this method of making the vaccine?’

The reason had to be something bigger than that it seemed and

‘it’s not protection against the virus’. It’s was a far bigger project that

meant politicians and advisers were willing to do things and not do

things that knowingly resulted in avoidable deaths – ‘that’s already

happened when you think about lockdown and deprivation of

health care for a year.’ He spoke of people prepared to do something

that results in the avoidable death of their fellow human beings and

it not bother them. This is the penny-drop I have been working to

get across for more than 30 years – the level of pure evil we are

dealing with. Yeadon said his friends and associates could not

believe there could be that much evil, but he reminded them of

Stalin, Pol Pot and Hitler and of what Stalin had said: ‘One death is a

tragedy. A million? A statistic.’ He could not think of a benign

explanation for why you need top-up vaccines ‘which I’m sure you

don’t’ and for the regulators ‘to just get out of the way and wave

them through’. Why would the regulators do that when they were

still wrestling with the dangers of the ‘parent’ vaccine? He was

clearly shocked by what he had seen since the ‘Covid’ hoax began

and now he was thinking the previously unthinkable:



If you wanted to depopulate a significant proportion of the world and to do it in a way that
doesn’t involve destruction of the environment with nuclear weapons, poisoning everyone
with anthrax or something like that, and you wanted plausible deniability while you had a
multi-year infectious disease crisis, I actually don’t think you could come up with a better plan
of work than seems to be in front of me. I can’t say that’s what they are going to do, but I can’t
think of a benign explanation why they are doing it.

He said he never thought that they would get rid of 99 percent of

humans, but now he wondered. ‘If you wanted to that this would be

a hell of a way to do it – it would be unstoppable folks.’ Yeadon had

concluded that those who submi�ed to the ‘vaccine’ would be

allowed to have some kind of normal life (but for how long?) while

screws were tightened to coerce and mandate the last few percent. ‘I

think they’ll put the rest of them in a prison camp. I wish I was

wrong, but I don’t think I am.’ Other points he made included: There

were no coronavirus vaccines then suddenly they all come along at

the same time; we have no idea of the long term affect with trials so

short; coercing or forcing people to have medical procedures is

against the Nuremberg Code instigated when the Nazis did just that;

people should at least delay having the ‘vaccine’; a quick Internet

search confirms that masks don’t reduce respiratory viral

transmission and ‘the government knows that’; they have smashed

civil society and they know that, too; two dozen peer-reviewed

studies show no connection between lockdown and reducing deaths;

he knew from personal friends the elite were still flying around and

going on holiday while the public were locked down; the elite were

not having the ‘vaccines’. He was also asked if ‘vaccines’ could be

made to target difference races. He said he didn’t know, but the

document by the Project for the New American Century in

September, 2000, said developing ‘advanced forms of biological

warfare that can target specific genotypes may transform biological

warfare from the realm of terror to a politically useful tool.’ Oh,

they’re evil all right. Of that we can be absolutely sure.

Another cull of old people



We have seen from the CDC definition that the mRNA ‘Covid

vaccine’ is not a vaccine and nor are the others that claim to reduce

‘severity of symptoms’ in some people, but not protect from infection

or transmission. What about all the lies about returning to ‘normal’ if

people were ‘vaccinated’? If they are not claimed to stop infection

and transmission of the alleged ‘virus’, how does anything change?

This was all lies to manipulate people to take the jabs and we are

seeing that now with masks and distancing still required for the

‘vaccinated’. How did they think that elderly people with fragile

health and immune responses were going to be affected by infusing

their cells with synthetic material and other toxic substances? They

knew that in the short and long term it would be devastating and

fatal as the culling of the old that began with the first lockdowns was

continued with the ‘vaccine’. Death rates in care homes soared

immediately residents began to be ‘vaccinated’ – infused with

synthetic material. Brave and commi�ed whistleblower nurses put

their careers at risk by exposing this truth while the rest kept their

heads down and their mouths shut to put their careers before those

they are supposed to care for. A long-time American Certified

Nursing Assistant who gave his name as James posted a video in

which he described emotionally what happened in his care home

when vaccination began. He said that during 2020 very few residents

were sick with ‘Covid’ and no one died during the entire year; but

shortly a�er the Pfizer mRNA injections 14 people died within two

weeks and many others were near death. ‘They’re dropping like

flies’, he said. Residents who walked on their own before the shot

could no longer and they had lost their ability to conduct an

intelligent conversation. The home’s management said the sudden

deaths were caused by a ‘super-spreader’ of ‘Covid-19’. Then how

come, James asked, that residents who refused to take the injections

were not sick? It was a case of inject the elderly with mRNA

synthetic potions and blame their illness and death that followed on

the ‘virus’. James described what was happening in care homes as

‘the greatest crime of genocide this country has ever seen’.

Remember the NHS staff nurse from earlier who used the same



word ‘genocide’ for what was happening with the ‘vaccines’ and

that it was an ‘act of human annihilation’. A UK care home

whistleblower told a similar story to James about the effect of the

‘vaccine’ in deaths and ‘outbreaks’ of illness dubbed ‘Covid’ a�er

ge�ing the jab. She told how her care home management and staff

had zealously imposed government regulations and no one was

allowed to even question the official narrative let alone speak out

against it. She said the NHS was even worse. Again we see the

results of reframing. A worker at a local care home where I live said

they had not had a single case of ‘Covid’ there for almost a year and

when the residents were ‘vaccinated’ they had 19 positive cases in

two weeks with eight dying.

It’s not the ‘vaccine’ – honest

The obvious cause and effect was being ignored by the media and

most of the public. Australia’s health minister Greg Hunt (a former

head of strategy at the World Economic Forum) was admi�ed to

hospital a�er he had the ‘vaccine’. He was suffering according to

reports from the skin infection ‘cellulitis’ and it must have been a

severe case to have warranted days in hospital. Immediately the

authorities said this was nothing to do with the ‘vaccine’ when an

effect of some vaccines is a ‘cellulitis-like reaction’. We had families

of perfectly healthy old people who died a�er the ‘vaccine’ saying

that if only they had been given the ‘vaccine’ earlier they would still

be alive. As a numbskull rating that is off the chart. A father of four

‘died of Covid’ at aged 48 when he was taken ill two days a�er

having the ‘vaccine’. The man, a health administrator, had been

‘shielding during the pandemic’ and had ‘not really le� the house’

until he went for the ‘vaccine’. Having the ‘vaccine’ and then falling

ill and dying does not seem to have qualified as a possible cause and

effect and ‘Covid-19’ went on his death certificate. His family said

they had no idea how he ‘caught the virus’. A family member said:

‘Tragically, it could be that going for a vaccination ultimately led to

him catching Covid …The sad truth is that they are never going to

know where it came from.’ The family warned people to remember



that the virus still existed and was ‘very real’. So was their stupidity.

Nurses and doctors who had the first round of the ‘vaccine’ were

collapsing, dying and ending up in a hospital bed while they or their

grieving relatives were saying they’d still have the ‘vaccine’ again

despite what happened. I kid you not. You mean if your husband

returned from the dead he’d have the same ‘vaccine’ again that killed

him??

Doctors at the VCU Medical Center in Richmond, Virginia, said

the Johnson & Johnson ‘vaccine’ was to blame for a man’s skin

peeling off. Patient Richard Terrell said: ‘It all just happened so fast.

My skin peeled off. It’s still coming off on my hands now.’ He said it

was stinging, burning and itching and when he bent his arms and

legs it was very painful with ‘the skin swollen and rubbing against

itself’. Pfizer/BioNTech and Moderna vaccines use mRNA to change

the cell while the Johnson & Johnson version uses DNA in a process

similar to AstraZeneca’s technique. Johnson & Johnson and

AstraZeneca have both had their ‘vaccines’ paused by many

countries a�er causing serious blood problems. Terrell’s doctor Fnu

Nutan said he could have died if he hadn’t got medical a�ention. It

sounds terrible so what did Nutan and Terrell say about the ‘vaccine’

now? Oh, they still recommend that people have it. A nurse in a

hospital bed 40 minutes a�er the vaccination and unable to swallow

due to throat swelling was told by a doctor that he lost mobility in

his arm for 36 hours following the vaccination. What did he say to

the ailing nurse? ‘Good for you for ge�ing the vaccination.’ We are

dealing with a serious form of cognitive dissonance madness in both

public and medical staff. There is a remarkable correlation between

those having the ‘vaccine’ and trumpeting the fact and suffering bad

happenings shortly a�erwards. Witold Rogiewicz, a Polish doctor,

made a video of his ‘vaccination’ and ridiculed those who were

questioning its safety and the intentions of Bill Gates: ‘Vaccinate

yourself to protect yourself, your loved ones, friends and also

patients. And to mention quickly I have info for anti-vaxxers and

anti-Coviders if you want to contact Bill Gates you can do this

through me.’ He further ridiculed the dangers of 5G. Days later he



was dead, but naturally the vaccination wasn’t mentioned in the

verdict of ‘heart a�ack’.

Lies, lies and more lies

So many members of the human race have slipped into extreme

states of insanity and unfortunately they include reframed doctors

and nursing staff. Having a ‘vaccine’ and dying within minutes or

hours is not considered a valid connection while death from any

cause within 28 days or longer of a positive test with a test not

testing for the ‘virus’ means ‘Covid-19’ goes on the death certificate.

How could that ‘vaccine’-death connection not have been made

except by calculated deceit? US figures in the initial rollout period to

February 12th, 2020, revealed that a third of the deaths reported to

the CDC a�er ‘Covid vaccines’ happened within 48 hours. Five men

in the UK suffered an ‘extremely rare’ blood clot problem a�er

having the AstraZeneca ‘vaccine’, but no causal link was established

said the Gates-funded Medicines and Healthcare products

Regulatory Agency (MHRA) which had given the ‘vaccine’

emergency approval to be used. Former Pfizer executive Dr Michael

Yeadon explained in his interview how the procedures could cause

blood coagulation and clots. People who should have been at no risk

were dying from blood clots in the brain and he said he had heard

from medical doctor friends that people were suffering from skin

bleeding and massive headaches. The AstraZeneca ‘shot’ was

stopped by some 20 countries over the blood clo�ing issue and still

the corrupt MHRA, the European Medicines Agency (EMA) and the

World Health Organization said that it should continue to be given

even though the EMA admi�ed that it ‘still cannot rule out

definitively’ a link between blood clo�ing and the ‘vaccine’. Later

Marco Cavaleri, head of EMA vaccine strategy, said there was indeed

a clear link between the ‘vaccine’ and thrombosis, but they didn’t

know why. So much for the trials showing the ‘vaccine’ is safe. Blood

clots were affecting younger people who would be under virtually

no danger from ‘Covid’ even if it existed which makes it all the more

stupid and sinister.



The British government responded to public alarm by wheeling

out June Raine, the terrifyingly weak infant school headmistress

sound-alike who heads the UK MHRA drug ‘regulator’. The idea

that she would stand up to Big Pharma and government pressure is

laughable and she told us that all was well in the same way that she

did when allowing untested, never-used-on-humans-before,

genetically-manipulating ‘vaccines’ to be exposed to the public in the

first place. Mass lying is the new normal of the ‘Covid’ era. The

MHRA later said 30 cases of rare blood clots had by then been

connected with the AstraZeneca ‘vaccine’ (that means a lot more in

reality) while stressing that the benefits of the jab in preventing

‘Covid-19’ outweighed any risks. A more ridiculous and

disingenuous statement with callous disregard for human health it is

hard to contemplate. Immediately a�er the mendacious ‘all-clears’

two hospital workers in Denmark experienced blood clots and

cerebral haemorrhaging following the AstraZeneca jab and one died.

Top Norwegian health official Pål Andre Holme said the ‘vaccine’

was the only common factor: ‘There is nothing in the patient history

of these individuals that can give such a powerful immune response

… I am confident that the antibodies that we have found are the

cause, and I see no other explanation than it being the vaccine which

triggers it.’ Strokes, a clot or bleed in the brain, were clearly

associated with the ‘vaccine’ from word of mouth and whistleblower

reports. Similar consequences followed with all these ‘vaccines’ that

we were told were so safe and as the numbers grew by the day it

was clear we were witnessing human carnage.

Learning the hard way

A woman interviewed by UKColumn told how her husband

suffered dramatic health effects a�er the vaccine when he’d been in

good health all his life. He went from being a li�le unwell to losing

all feeling in his legs and experiencing ‘excruciating pain’.

Misdiagnosis followed twice at Accident and Emergency (an

‘allergy’ and ‘sciatica’) before he was admi�ed to a neurology ward

where doctors said his serious condition had been caused by the



‘vaccine’. Another seven ‘vaccinated’ people were apparently being

treated on the same ward for similar symptoms. The woman said he

had the ‘vaccine’ because they believed media claims that it was safe.

‘I didn’t think the government would give out a vaccine that does

this to somebody; I believed they would be bringing out a

vaccination that would be safe.’ What a tragic way to learn that

lesson. Another woman posted that her husband was transporting

stroke patients to hospital on almost every shi� and when he asked

them if they had been ‘vaccinated’ for ‘Covid’ they all replied ‘yes’.

One had a ‘massive brain bleed’ the day a�er his second dose. She

said her husband reported the ‘just been vaccinated’ information

every time to doctors in A and E only for them to ignore it, make no

notes and appear annoyed that it was even mentioned. This

particular report cannot be verified, but it expresses a common

theme that confirms the monumental underreporting of ‘vaccine’

consequences. Interestingly as the ‘vaccines’ and their brain blood

clot/stroke consequences began to emerge the UK National Health

Service began a publicity campaign telling the public what to do in

the event of a stroke. A Sco�ish NHS staff nurse who quit in disgust

in March, 2021, said:

I have seen traumatic injuries from the vaccine, they’re not getting reported to the yellow card
[adverse reaction] scheme, they’re treating the symptoms, not asking why, why it’s happening.
It’s just treating the symptoms and when you speak about it you’re dismissed like you’re crazy,
I’m not crazy, I’m not crazy because every other colleague I’ve spoken to is terrified to speak
out, they’ve had enough.

Videos appeared on the Internet of people uncontrollably shaking

a�er the ‘vaccine’ with no control over muscles, limbs and even their

face. A Sco�ish mother broke out in a severe rash all over her body

almost immediately a�er she was given the AstraZeneca ‘vaccine’.

The pictures were horrific. Leigh King, a 41-year-old hairdresser

from Lanarkshire said: ‘Never in my life was I prepared for what I

was about to experience … My skin was so sore and constantly hot

… I have never felt pain like this …’ But don’t you worry, the

‘vaccine’ is perfectly safe. Then there has been the effect on medical



staff who have been pressured to have the ‘vaccine’ by psychopathic

‘health’ authorities and government. A London hospital consultant

who gave the name K. Polyakova wrote this to the British Medical

Journal or BMJ:

I am currently struggling with … the failure to report the reality of the morbidity caused by our
current vaccination program within the health service and staff population. The levels of
sickness after vaccination is unprecedented and staff are getting very sick and some with
neurological symptoms which is having a huge impact on the health service function. Even
the young and healthy are off for days, some for weeks, and some requiring medical
treatment. Whole teams are being taken out as they went to get vaccinated together.

Mandatory vaccination in this instance is stupid, unethical and irresponsible when it comes to
protecting our staff and public health. We are in the voluntary phase of vaccination, and
encouraging staff to take an unlicensed product that is impacting on their immediate health …
it is clearly stated that these vaccine products do not offer immunity or stop transmission. In
which case why are we doing it?

Not to protect health that’s for sure. Medical workers are lauded by

governments for agenda reasons when they couldn’t give a toss

about them any more than they can for the population in general.

Schools across America faced the same situation as they closed due

to the high number of teachers and other staff with bad reactions to

the Pfizer/BioNTech, Moderna, and Johnson & Johnson ‘Covid

vaccines’ all of which were linked to death and serious adverse

effects. The BMJ took down the consultant’s comments pre�y

quickly on the grounds that they were being used to spread

‘disinformation’. They were exposing the truth about the ‘vaccine’

was the real reason. The cover-up is breathtaking.

Hiding the evidence

The scale of the ‘vaccine’ death cover-up worldwide can be

confirmed by comparing official figures with the personal experience

of the public. I heard of many people in my community who died

immediately or soon a�er the vaccine that would never appear in the

media or even likely on the official totals of ‘vaccine’ fatalities and

adverse reactions when only about ten percent are estimated to be



reported and I have seen some estimates as low as one percent in a

Harvard study. In the UK alone by April 29th, 2021, some 757,654

adverse reactions had been officially reported from the

Pfizer/BioNTech, Oxford/AstraZeneca and Moderna ‘vaccines’ with

more than a thousand deaths linked to jabs and that means an

estimated ten times this number in reality from a ten percent

reporting rate percentage. That’s seven million adverse reactions and

10,000 potential deaths and a one percent reporting rate would be

ten times those figures. In 1976 the US government pulled the swine

flu vaccine a�er 53 deaths. The UK data included a combined 10,000

eye disorders from the ‘Covid vaccines’ with more than 750 suffering

visual impairment or blindness and again multiply by the estimated

reporting percentages. As ‘Covid cases’ officially fell hospitals

virtually empty during the ‘Covid crisis’ began to fill up with a

range of other problems in the wake of the ‘vaccine’ rollout. The

numbers across America have also been catastrophic. Deaths linked

to all types of vaccine increased by 6,000 percent in the first quarter of

2021 compared with 2020. A 39-year-old woman from Ogden, Utah,

died four days a�er receiving a second dose of Moderna’s ‘Covid

vaccine’ when her liver, heart and kidneys all failed despite the fact

that she had no known medical issues or conditions. Her family

sought an autopsy, but Dr Erik Christensen, Utah’s chief medical

examiner, said proving vaccine injury as a cause of death almost

never happened. He could think of only one instance where an

autopsy would name a vaccine as the official cause of death and that

would be anaphylaxis where someone received a vaccine and died

almost instantaneously. ‘Short of that, it would be difficult for us to

definitively say this is the vaccine,’ Christensen said. If that is true

this must be added to the estimated ten percent (or far less)

reporting rate of vaccine deaths and serious reactions and the

conclusion can only be that vaccine deaths and serious reactions –

including these ‘Covid’ potions’ – are phenomenally understated in

official figures. The same story can be found everywhere. Endless

accounts of deaths and serious reactions among the public, medical



and care home staff while official figures did not even begin to

reflect this.

Professional script-reader Dr David Williams, a ‘top public-health

official’ in Ontario, Canada, insulted our intelligence by claiming

only four serious adverse reactions and no deaths from the more

than 380,000 vaccine doses then given. This bore no resemblance to

what people knew had happened in their owns circles and we had

Dirk Huyer in charge of ge�ing millions vaccinated in Ontario while

at the same time he was Chief Coroner for the province investigating

causes of death including possible death from the vaccine. An aide

said he had stepped back from investigating deaths, but evidence

indicated otherwise. Rosemary Frei, who secured a Master of Science

degree in molecular biology at the Faculty of Medicine at Canada’s

University of Calgary before turning to investigative journalism, was

one who could see that official figures for ‘vaccine’ deaths and

reactions made no sense. She said that doctors seldom reported

adverse events and when people got really sick or died a�er ge�ing

a vaccination they would a�ribute that to anything except the

vaccines. It had been that way for years and anyone who wondered

aloud whether the ‘Covid vaccines’ or other shots cause harm is

immediately branded as ‘anti-vax’ and ‘anti-science’. This was

‘career-threatening’ for health professionals. Then there was the

huge pressure to support the push to ‘vaccinate’ billions in the

quickest time possible. Frei said:

So that’s where we’re at today. More than half a million vaccine doses have been given to
people in Ontario alone. The rush is on to vaccinate all 15 million of us in the province by
September. And the mainstream media are screaming for this to be sped up even more. That
all adds up to only a very slim likelihood that we’re going to be told the truth by officials
about how many people are getting sick or dying from the vaccines.

What is true of Ontario is true of everywhere.

They KNEW – and still did it

The authorities knew what was going to happen with multiple

deaths and adverse reactions. The UK government’s Gates-funded



and Big Pharma-dominated Medicines and Healthcare products

Regulatory Agency (MHRA) hired a company to employ AI in

compiling the projected reactions to the ‘vaccine’ that would

otherwise be uncountable. The request for applications said: ‘The

MHRA urgently seeks an Artificial Intelligence (AI) so�ware tool to

process the expected high volume of Covid-19 vaccine Adverse Drug

Reaction …’ This was from the agency, headed by the disingenuous

June Raine, that gave the ‘vaccines’ emergency approval and the

company was hired before the first shot was given. ‘We are going to

kill and maim you – is that okay?’ ‘Oh, yes, perfectly fine – I’m very

grateful, thank you, doctor.’ The range of ‘Covid vaccine’ adverse

reactions goes on for page a�er page in the MHRA criminally

underreported ‘Yellow Card’ system and includes affects to eyes,

ears, skin, digestion, blood and so on. Raine’s MHRA amazingly

claimed that the ‘overall safety experience … is so far as expected

from the clinical trials’. The death, serious adverse effects, deafness

and blindness were expected? When did they ever mention that? If

these human tragedies were expected then those that gave approval

for the use of these ‘vaccines’ must be guilty of crimes against

humanity including murder – a definition of which is ‘killing a

person with malice aforethought or with recklessness manifesting

extreme indifference to the value of human life.’ People involved at

the MHRA, the CDC in America and their equivalent around the

world must go before Nuremberg trials to answer for their callous

inhumanity. We are only talking here about the immediate effects of

the ‘vaccine’. The longer-term impact of the DNA synthetic

manipulation is the main reason they are so hysterically desperate to

inoculate the entire global population in the shortest possible time.

Africa and the developing world are a major focus for the ‘vaccine’

depopulation agenda and a mass vaccination sales-pitch is

underway thanks to caring people like the Rockefellers and other

Cult assets. The Rockefeller Foundation, which pre-empted the

‘Covid pandemic’ in a document published in 2010 that ‘predicted’

what happened a decade later, announced an initial $34.95 million

grant in February, 2021, ‘to ensure more equitable access to Covid-19



testing and vaccines’ among other things in Africa in collaboration

with ‘24 organizations, businesses, and government agencies’. The

pan-Africa initiative would focus on 10 countries: Burkina Faso,

Ethiopia, Ghana, Kenya, Nigeria, Rwanda, South Africa, Tanzania,

Uganda, and Zambia’. Rajiv Shah, President of the Rockefeller

Foundation and former administrator of CIA-controlled USAID, said

that if Africa was not mass-vaccinated (to change the DNA of its

people) it was a ‘threat to all of humanity’ and not fair on Africans.

When someone from the Rockefeller Foundation says they want to

do something to help poor and deprived people and countries it is

time for a belly-laugh. They are doing this out of the goodness of

their ‘heart’ because ‘vaccinating’ the entire global population is

what the ‘Covid’ hoax set out to achieve. Official ‘decolonisation’ of

Africa by the Cult was merely a prelude to financial colonisation on

the road to a return to physical colonisation. The ‘vaccine’ is vital to

that and the sudden and convenient death of the ‘Covid’ sceptic

president of Tanzania can be seen in its true light. A lot of people in

Africa are aware that this is another form of colonisation and

exploitation and they need to stand their ground.

The ‘vaccine is working’ scam

A potential problem for the Cult was that the ‘vaccine’ is meant to

change human DNA and body messaging and not to protect anyone

from a ‘virus’ never shown to exist. The vaccine couldn’t work

because it was not designed to work and how could they make it

appear to be working so that more people would have it? This was

overcome by lowering the amplification rate of the PCR test to

produce fewer ‘cases’ and therefore fewer ‘deaths’. Some of us had

been pointing out since March, 2020, that the amplification rate of

the test not testing for the ‘virus’ had been made artificially high to

generate positive tests which they could call ‘cases’ to justify

lockdowns. The World Health Organization recommended an

absurdly high 45 amplification cycles to ensure the high positives

required by the Cult and then remained silent on the issue until

January 20th, 2021 – Biden’s Inauguration Day. This was when the



‘vaccinations’ were seriously underway and on that day the WHO

recommended a�er discussions with America’s CDC that

laboratories lowered their testing amplification. Dr David Samadi, a

certified urologist and health writer, said the WHO was encouraging

all labs to reduce their cycle count for PCR tests. He said the current

cycle was much too high and was ‘resulting in any particle being

declared a positive case’. Even one mainstream news report I saw

said this meant the number of ‘Covid’ infections may have been

‘dramatically inflated’. Oh, just a li�le bit. The CDC in America

issued new guidance to laboratories in April, 2021, to use 28 cycles

but only for ‘vaccinated’ people. The timing of the CDC/WHO

interventions were cynically designed to make it appear the

‘vaccines’ were responsible for falling cases and deaths when the real

reason can be seen in the following examples. New York’s state lab,

the Wadsworth Center, identified 872 positive tests in July, 2020,

based on a threshold of 40 cycles. When the figure was lowered to 35

cycles 43 percent of the 872 were no longer ‘positives’. At 30 cycles

the figure was 63 percent. A Massachuse�s lab found that between

85 to 90 percent of people who tested positive in July with a cycle

threshold of 40 would be negative at 30 cycles, Ashish Jha, MD,

director of the Harvard Global Health Institute, said: ‘I’m really

shocked that it could be that high … Boy, does it really change the

way we need to be thinking about testing.’ I’m shocked that I could

see the obvious in the spring of 2020, with no medical background,

and most medical professionals still haven’t worked it out. No, that’s

not shocking – it’s terrifying.

Three weeks a�er the WHO directive to lower PCR cycles the

London Daily Mail ran this headline: ‘Why ARE Covid cases

plummeting? New infections have fallen 45% in the US and 30%

globally in the past 3 weeks but experts say vaccine is NOT the main

driver because only 8% of Americans and 13% of people worldwide

have received their first dose.’ They acknowledged that the drop

could not be a�ributed to the ‘vaccine’, but soon this morphed

throughout the media into the ‘vaccine’ has caused cases and deaths

to fall when it was the PCR threshold. In December, 2020, there was



chaos at English Channel ports with truck drivers needing negative

‘Covid’ tests before they could board a ferry home for Christmas.

The government wanted to remove the backlog as fast as possible

and they brought in troops to do the ‘testing’. Out of 1,600 drivers

just 36 tested positive and the rest were given the all clear to cross

the Channel. I guess the authorities thought that 36 was the least

they could get away with without the unquestioning catching on.

The amplification trick which most people believed in the absence of

information in the mainstream applied more pressure on those

refusing the ‘vaccine’ to succumb when it ‘obviously worked’. The

truth was the exact opposite with deaths in care homes soaring with

the ‘vaccine’ and in Israel the term used was ‘skyrocket’. A re-

analysis of published data from the Israeli Health Ministry led by Dr

Hervé Seligmann at the Medicine Emerging Infectious and Tropical

Diseases at Aix-Marseille University found that Pfizer’s ‘Covid

vaccine’ killed ‘about 40 times more [elderly] people than the disease

itself would have killed’ during a five-week vaccination period and

260 times more younger people than would have died from the

‘virus’ even according to the manipulated ‘virus’ figures. Dr

Seligmann and his co-study author, Haim Yativ, declared a�er

reviewing the Israeli ‘vaccine’ death data: ‘This is a new Holocaust.’

Then, in mid-April, 2021, a�er vast numbers of people worldwide

had been ‘vaccinated’, the story changed with clear coordination.

The UK government began to prepare the ground for more future

lockdowns when Nuremberg-destined Boris Johnson told yet

another whopper. He said that cases had fallen because of lockdowns

not ‘vaccines’. Lockdowns are irrelevant when there is no ‘virus’ and

the test and fraudulent death certificates are deciding the number of

‘cases’ and ‘deaths’. Study a�er study has shown that lockdowns

don’t work and instead kill and psychologically destroy people.

Meanwhile in the United States Anthony Fauci and Rochelle

Walensky, the ultra-Zionist head of the CDC, peddled the same line.

More lockdown was the answer and not the ‘vaccine’, a line repeated

on cue by the moron that is Canadian Prime Minister Justin Trudeau.

Why all the hysteria to get everyone ‘vaccinated’ if lockdowns and



not ‘vaccines’ made the difference? None of it makes sense on the

face of it. Oh, but it does. The Cult wants lockdowns and the

‘vaccine’ and if the ‘vaccine’ is allowed to be seen as the total answer

lockdowns would no longer be justified when there are still

livelihoods to destroy. ‘Variants’ and renewed upward manipulation

of PCR amplification are planned to instigate never-ending

lockdown and more ‘vaccines’.

You must have it – we’re desperate

Israel, where the Jewish and Arab population are ruled by the

Sabbatian Cult, was the front-runner in imposing the DNA-

manipulating ‘vaccine’ on its people to such an extent that Jewish

refusers began to liken what was happening to the early years of

Nazi Germany. This would seem to be a fantastic claim. Why would

a government of Jewish people be acting like the Nazis did? If you

realise that the Sabbatian Cult was behind the Nazis and that

Sabbatians hate Jews the pieces start to fit and the question of why a

‘Jewish’ government would treat Jews with such callous disregard

for their lives and freedom finds an answer. Those controlling the

government of Israel aren’t Jewish – they’re Sabbatian. Israeli lawyer

Tamir Turgal was one who made the Nazi comparison in comments

to German lawyer Reiner Fuellmich who is leading a class action

lawsuit against the psychopaths for crimes against humanity. Turgal

described how the Israeli government was vaccinating children and

pregnant women on the basis that there was no evidence that this

was dangerous when they had no evidence that it wasn’t dangerous

either. They just had no evidence. This was medical experimentation

and Turgal said this breached the Nuremberg Code about medical

experimentation and procedures requiring informed consent and

choice. Think about that. A Nuremberg Code developed because of

Nazi experimentation on Jews and others in concentration camps by

people like the evil-beyond-belief Josef Mengele is being breached by

the Israeli government; but when you know that it’s a Sabbatian

government along with its intelligence and military agencies like

Mossad, Shin Bet and the Israeli Defense Forces, and that Sabbatians



were the force behind the Nazis, the kaleidoscope comes into focus.

What have we come to when Israeli Jews are suing their government

for violating the Nuremberg Code by essentially making Israelis

subject to a medical experiment using the controversial ‘vaccines’?

It’s a shocker that this has to be done in the light of what happened

in Nazi Germany. The Anshe Ha-Emet, or ‘People of the Truth’,

made up of Israeli doctors, lawyers, campaigners and public, have

launched a lawsuit with the International Criminal Court. It says:

When the heads of the Ministry of Health as well as the prime minister presented the vaccine
in Israel and began the vaccination of Israeli residents, the vaccinated were not advised, that,
in practice, they are taking part in a medical experiment and that their consent is required for
this under the Nuremberg Code.

The irony is unbelievable, but easily explained in one word:

Sabbatians. The foundation of Israeli ‘Covid’ apartheid is the ‘green

pass’ or ‘green passport’ which allows Jews and Arabs who have

had the DNA-manipulating ‘vaccine’ to go about their lives – to

work, fly, travel in general, go to shopping malls, bars, restaurants,

hotels, concerts, gyms, swimming pools, theatres and sports venues,

while non-’vaccinated’ are banned from all those places and

activities. Israelis have likened the ‘green pass’ to the yellow stars

that Jews in Nazi Germany were forced to wear – the same as the

yellow stickers that a branch of UK supermarket chain Morrisons

told exempt mask-wears they had to display when shopping. How

very sensitive. The Israeli system is blatant South African-style

apartheid on the basis of compliance or non-compliance to fascism

rather than colour of the skin. How appropriate that the Sabbatian

Israeli government was so close to the pre-Mandela apartheid

regime in Pretoria. The Sabbatian-instigated ‘vaccine passport’ in

Israel is planned for everywhere. Sabbatians struck a deal with

Pfizer that allowed them to lead the way in the percentage of a

national population infused with synthetic material and the result

was catastrophic. Israeli freedom activist Shai Dannon told me how

chairs were appearing on beaches that said ‘vaccinated only’. Health

Minister Yuli Edelstein said that anyone unwilling or unable to get



the jabs that ‘confer immunity’ will be ‘le� behind’. The man’s a liar.

Not even the makers claim the ‘vaccines’ confer immunity. When

you see those figures of ‘vaccine’ deaths these psychopaths were

saying that you must take the chance the ‘vaccine’ will kill you or

maim you while knowing it will change your DNA or lockdown for

you will be permanent. That’s fascism. The Israeli parliament passed

a law to allow personal information of the non-vaccinated to be

shared with local and national authorities for three months. This was

claimed by its supporters to be a way to ‘encourage’ people to be

vaccinated. Hadas Ziv from Physicians for Human Rights described

this as a ‘draconian law which crushed medical ethics and the

patient rights’. But that’s the idea, the Sabbatians would reply.

Your papers, please

Sabbatian Israel was leading what has been planned all along to be a

global ‘vaccine pass’ called a ‘green passport’ without which you

would remain in permanent lockdown restriction and unable to do

anything. This is how badly – desperately – the Cult is to get everyone

‘vaccinated’. The term and colour ‘green’ was not by chance and

related to the psychology of fusing the perception of the green

climate hoax with the ‘Covid’ hoax and how the ‘solution’ to both is

the same Great Reset. Lying politicians, health officials and

psychologists denied there were any plans for mandatory

vaccinations or restrictions based on vaccinations, but they knew

that was exactly what was meant to happen with governments of all

countries reaching agreements to enforce a global system. ‘Free’

Denmark and ‘free’ Sweden unveiled digital vaccine certification.

Cyprus, Czech Republic, Estonia, Greece, Hungary, Iceland, Italy,

Poland, Portugal, Slovakia, and Spain have all commi�ed to a

vaccine passport system and the rest including the whole of the EU

would follow. The satanic UK government will certainly go this way

despite mendacious denials and at the time of writing it is trying to

manipulate the public into having the ‘vaccine’ so they could go

abroad on a summer holiday. How would that work without

something to prove you had the synthetic toxicity injected into you?



Documents show that the EU’s European Commission was moving

towards ‘vaccine certificates’ in 2018 and 2019 before the ‘Covid’

hoax began. They knew what was coming. Abracadabra – Ursula

von der Leyen, the German President of the Commission,

announced in March, 2021, an EU ‘Digital Green Certificate’ – green

again – to track the public’s ‘Covid status’. The passport sting is

worldwide and the Far East followed the same pa�ern with South

Korea ruling that only those with ‘vaccination’ passports – again the

green pass – would be able to ‘return to their daily lives’.

Bill Gates has been preparing for this ‘passport’ with other Cult

operatives for years and beyond the paper version is a Gates-funded

‘digital ta�oo’ to identify who has been vaccinated and who hasn’t.

The ‘ta�oo’ is reported to include a substance which is externally

readable to confirm who has been vaccinated. This is a bio-luminous

light-generating enzyme (think fireflies) called … Luciferase. Yes,

named a�er the Cult ‘god’ Lucifer the ‘light bringer’ of whom more

to come. Gates said he funded the readable ta�oo to ensure children

in the developing world were vaccinated and no one was missed out.

He cares so much about poor kids as we know. This was just the

cover story to develop a vaccine tagging system for everyone on the

planet. Gates has been funding the ID2020 ‘alliance’ to do just that in

league with other lovely people at Microso�, GAVI, the Rockefeller

Foundation, Accenture and IDEO.org. He said in interviews in

March, 2020, before any ‘vaccine’ publicly existed, that the world

must have a globalised digital certificate to track the ‘virus’ and who

had been vaccinated. Gates knew from the start that the mRNA

vaccines were coming and when they would come and that the plan

was to tag the ‘vaccinated’ to marginalise the intelligent and stop

them doing anything including travel. Evil just doesn’t suffice. Gates

was exposed for offering a $10 million bribe to the Nigerian House

of Representatives to invoke compulsory ‘Covid’ vaccination of all

Nigerians. Sara Cunial, a member of the Italian Parliament, called

Gates a ‘vaccine criminal’. She urged the Italian President to hand

him over to the International Criminal Court for crimes against



humanity and condemned his plans to ‘chip the human race’

through ID2020.

You know it’s a long-planned agenda when war criminal and Cult

gofer Tony Blair is on the case. With the scale of arrogance only

someone as dark as Blair can muster he said: ‘Vaccination in the end

is going to be your route to liberty.’ Blair is a disgusting piece of

work and he confirms that again. The media has given a lot of

coverage to a bloke called Charlie Mullins, founder of London’s

biggest independent plumbing company, Pimlico Plumbers, who has

said he won’t employ anyone who has not been vaccinated or have

them go to any home where people are not vaccinated. He said that

if he had his way no one would be allowed to walk the streets if they

have not been vaccinated. Gates was cheering at the time while I was

alerting the white coats. The plan is that people will qualify for

‘passports’ for having the first two doses and then to keep it they

will have to have all the follow ups and new ones for invented

‘variants’ until human genetics is transformed and many are dead

who can’t adjust to the changes. Hollywood celebrities – the usual

propaganda stunt – are promoting something called the WELL

Health-Safety Rating to verify that a building or space has ‘taken the

necessary steps to prioritize the health and safety of their staff,

visitors and other stakeholders’. They included Lady Gaga, Jennifer

Lopez, Michael B. Jordan, Robert DeNiro, Venus Williams, Wolfgang

Puck, Deepak Chopra and 17th Surgeon General Richard Carmona.

Yawn. WELL Health-Safety has big connections with China. Parent

company Delos is headed by former Goldman Sachs partner Paul

Scialla. This is another example – and we will see so many others –

of using the excuse of ‘health’ to dictate the lives and activities of the

population. I guess one confirmation of the ‘safety’ of buildings is

that only ‘vaccinated’ people can go in, right?

Electronic concentration camps

I wrote decades ago about the plans to restrict travel and here we are

for those who refuse to bow to tyranny. This can be achieved in one

go with air travel if the aviation industry makes a blanket decree.



The ‘vaccine’ and guaranteed income are designed to be part of a

global version of China’s social credit system which tracks behaviour

24/7 and awards or deletes ‘credits’ based on whether your

behaviour is supported by the state or not. I mean your entire

lifestyle – what you do, eat, say, everything. Once your credit score

falls below a certain level consequences kick in. In China tens of

millions have been denied travel by air and train because of this. All

the locations and activities denied to refusers by the ‘vaccine’

passports will be included in one big mass ban on doing almost

anything for those that don’t bow their head to government. It’s

beyond fascist and a new term is required to describe its extremes – I

guess fascist technocracy will have to do. The way the Chinese

system of technological – technocratic – control is sweeping the West

can be seen in the Los Angeles school system and is planned to be

expanded worldwide. Every child is required to have a ‘Covid’-

tracking app scanned daily before they can enter the classroom. The

so-called Daily Pass tracking system is produced by Gates’ Microso�

which I’m sure will shock you rigid. The pass will be scanned using

a barcode (one step from an inside-the-body barcode) and the

information will include health checks, ‘Covid’ tests and

vaccinations. Entry codes are for one specific building only and

access will only be allowed if a student or teacher has a negative test

with a test not testing for the ‘virus’, has no symptoms of anything

alleged to be related to ‘Covid’ (symptoms from a range of other

illness), and has a temperature under 100 degrees. No barcode, no

entry, is planned to be the case for everywhere and not only schools.

Kids are being psychologically prepared to accept this as ‘normal’

their whole life which is why what they can impose in schools is so

important to the Cult and its gofers. Long-time American freedom

campaigner John Whitehead of the Rutherford Institute was not

exaggerating when he said: ‘Databit by databit, we are building our

own electronic concentration camps.’ Canada under its Cult gofer

prime minister Justin Trudeau has taken a major step towards the

real thing with people interned against their will if they test positive

with a test not testing for the ‘virus’ when they arrive at a Canadian



airport. They are jailed in internment hotels o�en without food or

water for long periods and with many doors failing to lock there

have been sexual assaults. The interned are being charged

sometimes $2,000 for the privilege of being abused in this way.

Trudeau is fully on board with the Cult and says the ‘Covid

pandemic’ has provided an opportunity for a global ‘reset’ to

permanently change Western civilisation. His number two, Deputy

Prime Minister Chrystia Freeland, is a trustee of the World Economic

Forum and a Rhodes Scholar. The Trudeau family have long been

servants of the Cult. See The Biggest Secret and Cathy O’Brien’s book

Trance-Formation of America for the horrific background to Trudeau’s

father Pierre Trudeau another Canadian prime minister. Hide your

fascism behind the façade of a heart-on-the-sleeve liberal. It’s a well-

honed Cult technique.

What can the ‘vaccine’ really do?

We have a ‘virus’ never shown to exist and ‘variants’ of the ‘virus’

that have also never been shown to exist except, like the ‘original’, as

computer-generated fictions. Even if you believe there’s a ‘virus’ the

‘case’ to ‘death’ rate is in the region of 0.23 to 0.15 percent and those

‘deaths’ are concentrated among the very old around the same

average age that people die anyway. In response to this lack of threat

(in truth none) psychopaths and idiots, knowingly and unknowingly

answering to Gates and the Cult, are seeking to ‘vaccinate’ every

man, woman and child on Planet Earth. Clearly the ‘vaccine’ is not

about ‘Covid’ – none of this ever has been. So what is it all about

really? Why the desperation to infuse genetically-manipulating

synthetic material into everyone through mRNA fraudulent

‘vaccines’ with the intent of doing this over and over with the

excuses of ‘variants’ and other ‘virus’ inventions? Dr Sherri

Tenpenny, an osteopathic medical doctor in the United States, has

made herself an expert on vaccines and their effects as a vehement

campaigner against their use. Tenpenny was board certified in

emergency medicine, the director of a level two trauma centre for 12

years, and moved to Cleveland in 1996 to start an integrative



medicine practice which has treated patients from all 50 states and

some 17 other countries. Weaning people off pharmaceutical drugs is

a speciality.

She became interested in the consequences of vaccines a�er

a�ending a meeting at the National Vaccine Information Center in

Washington DC in 2000 where she ‘sat through four days of listening

to medical doctors and scientists and lawyers and parents of vaccine

injured kids’ and asked: ‘What’s going on?’ She had never been

vaccinated and never got ill while her father was given a list of

vaccines to be in the military and was ‘sick his entire life’. The

experience added to her questions and she began to examine vaccine

documents from the Centers for Disease Control (CDC). A�er

reading the first one, the 1998 version of The General Recommendations

of Vaccination, she thought: ‘This is it?’ The document was poorly

wri�en and bad science and Tenpenny began 20 years of research

into vaccines that continues to this day. She began her research into

‘Covid vaccines’ in March, 2020, and she describes them as ‘deadly’.

For many, as we have seen, they already have been. Tenpenny said

that in the first 30 days of the ‘vaccine’ rollout in the United States

there had been more than 40,000 adverse events reported to the

vaccine adverse event database. A document had been delivered to

her the day before that was 172 pages long. ‘We have over 40,000

adverse events; we have over 3,100 cases of [potentially deadly]

anaphylactic shock; we have over 5,000 neurological reactions.’

Effects ranged from headaches to numbness, dizziness and vertigo,

to losing feeling in hands or feet and paraesthesia which is when

limbs ‘fall asleep’ and people have the sensation of insects crawling

underneath their skin. All this happened in the first 30 days and

remember that only about ten percent (or far less) of adverse reactions

and vaccine-related deaths are estimated to be officially reported.

Tenpenny said:

So can you think of one single product in any industry, any industry, for as long as products
have been made on the planet that within 30 days we have 40,000 people complaining of
side effects that not only is still on the market but … we’ve got paid actors telling us how great



they are for getting their vaccine. We’re offering people $500 if they will just get their vaccine
and we’ve got nurses and doctors going; ‘I got the vaccine, I got the vaccine’.

Tenpenny said they were not going to be ‘happy dancing folks’

when they began to suffer Bell’s palsy (facial paralysis),

neuropathies, cardiac arrhythmias and autoimmune reactions that

kill through a blood disorder. ‘They’re not going to be so happy,

happy then, but we’re never going to see pictures of those people’

she said. Tenpenny described the ‘vaccine’ as ‘a well-designed killing

tool’.

No off-switch

Bad as the initial consequences had been Tenpenny said it would be

maybe 14 months before we began to see the ‘full ravage’ of what is

going to happen to the ‘Covid vaccinated’ with full-out

consequences taking anything between two years and 20 years to

show. You can understand why when you consider that variations of

the ‘Covid vaccine’ use mRNA (messenger RNA) to in theory

activate the immune system to produce protective antibodies

without using the actual ‘virus’. How can they when it’s a computer

program and they’ve never isolated what they claim is the ‘real

thing’? Instead they use synthetic mRNA. They are inoculating

synthetic material into the body which through a technique known

as the Trojan horse is absorbed into cells to change the nature of

DNA. Human DNA is changed by an infusion of messenger RNA

and with each new ‘vaccine’ of this type it is changed even more. Say

so and you are banned by Cult Internet platforms. The contempt the

contemptuous Mark Zuckerberg has for the truth and human health

can be seen in an internal Facebook video leaked to the Project

Veritas investigative team in which he said of the ‘Covid vaccines’:

‘… I share some caution on this because we just don’t know the long

term side-effects of basically modifying people’s DNA and RNA.’ At

the same time this disgusting man’s Facebook was censoring and

banning anyone saying exactly the same. He must go before a

Nuremberg trial for crimes against humanity when he knows that he



is censoring legitimate concerns and denying the right of informed

consent on behalf of the Cult that owns him. People have been killed

and damaged by the very ‘vaccination’ technique he cast doubt on

himself when they may not have had the ‘vaccine’ with access to

information that he denied them. The plan is to have at least annual

‘Covid vaccinations’, add others to deal with invented ‘variants’, and

change all other vaccines into the mRNA system. Pfizer executives

told shareholders at a virtual Barclays Global Healthcare Conference

in March, 2021, that the public may need a third dose of ‘Covid

vaccine’, plus regular yearly boosters and the company planned to

hike prices to milk the profits in a ‘significant opportunity for our

vaccine’. These are the professional liars, cheats and opportunists

who are telling you their ‘vaccine’ is safe. Given this volume of

mRNA planned to be infused into the human body and its ability to

then replicate we will have a transformation of human genetics from

biological to synthetic biological – exactly the long-time Cult plan for

reasons we’ll see – and many will die. Sherri Tenpenny said of this

replication:

It’s like having an on-button but no off-button and that whole mechanism … they actually
give it a name and they call it the Trojan horse mechanism, because it allows that [synthetic]
virus and that piece of that [synthetic] virus to get inside of your cells, start to replicate and
even get inserted into other parts of your DNA as a Trojan-horse.

Ask the overwhelming majority of people who have the ‘vaccine’

what they know about the contents and what they do and they

would reply: ‘The government says it will stop me ge�ing the virus.’

Governments give that false impression on purpose to increase take-

up. You can read Sherri Tenpenny’s detailed analysis of the health

consequences in her blog at Vaxxter.com, but in summary these are

some of them. She highlights the statement by Bill Gates about how

human beings can become their own ‘vaccine manufacturing

machine’. The man is insane. [‘Vaccine’-generated] ‘antibodies’ carry

synthetic messenger RNA into the cells and the damage starts,

Tenpenny contends, and she says that lungs can be adversely

affected through varying degrees of pus and bleeding which

http://vaxxter.com/


obviously affects breathing and would be dubbed ‘Covid-19’. Even

more sinister was the impact of ‘antibodies’ on macrophages, a white

blood cell of the immune system. They consist of Type 1 and Type 2

which have very different functions. She said Type 1 are ‘hyper-

vigilant’ white blood cells which ‘gobble up’ bacteria etc. However,

in doing so, this could cause inflammation and in extreme

circumstances be fatal. She says these affects are mitigated by Type 2

macrophages which kick in to calm down the system and stop it

going rogue. They clear up dead tissue debris and reduce

inflammation that the Type 1 ‘fire crews’ have caused. Type 1 kills

the infection and Type 2 heals the damage, she says. This is her

punchline with regard to ‘Covid vaccinations’: She says that mRNA

‘antibodies’ block Type 2 macrophages by a�aching to them and

deactivating them. This meant that when the Type 1 response was

triggered by infection there was nothing to stop that ge�ing out of

hand by calming everything down. There’s an on-switch, but no off-

switch, she says. What follows can be ‘over and out, see you when I

see you’.

Genetic suicide

Tenpenny also highlights the potential for autoimmune disease – the

body a�acking itself – which has been associated with vaccines since

they first appeared. Infusing a synthetic foreign substance into cells

could cause the immune system to react in a panic believing that the

body is being overwhelmed by an invader (it is) and the

consequences can again be fatal. There is an autoimmune response

known as a ‘cytokine storm’ which I have likened to a homeowner

panicked by an intruder and picking up a gun to shoot randomly in

all directions before turning the fire on himself. The immune system

unleashes a storm of inflammatory response called cytokines to a

threat and the body commits hara-kiri. The lesson is that you mess

with the body’s immune response at your peril and these ‘vaccines’

seriously – fundamentally – mess with immune response. Tenpenny

refers to a consequence called anaphylactic shock which is a severe

and highly dangerous allergic reaction when the immune system



floods the body with chemicals. She gives the example of having a

bee sting which primes the immune system and makes it sensitive to

those chemicals. When people are stung again maybe years later the

immune response can be so powerful that it leads to anaphylactic

shock. Tenpenny relates this ‘shock’ with regard to the ‘Covid

vaccine’ to something called polyethylene glycol or PEG. Enormous

numbers of people have become sensitive to this over decades of use

in a whole range of products and processes including food, drink,

skin creams and ‘medicine’. Studies have claimed that some 72

percent of people have antibodies triggered by PEG compared with

two percent in the 1960s and allergic hypersensitive reactions to this

become a gathering cause for concern. Tenpenny points out that the

‘mRNA vaccine’ is coated in a ‘bubble’ of polyethylene glycol which

has the potential to cause anaphylactic shock through immune

sensitivity. Many reports have appeared of people reacting this way

a�er having the ‘Covid vaccine’. What do we think is going to

happen as humanity has more and more of these ‘vaccines’?

Tenpenny said: ‘All these pictures we have seen with people with

these rashes … these weepy rashes, big reactions on their arms and

things like that – it’s an acute allergic reaction most likely to the

polyethylene glycol that you’ve been previously primed and

sensitised to.’

Those who have not studied the conspiracy and its perpetrators at

length might think that making the population sensitive to PEG and

then pu�ing it in these ‘vaccines’ is just a coincidence. It is not. It is

instead testament to how carefully and coldly-planned current

events have been and the scale of the conspiracy we are dealing

with. Tenpenny further explains that the ‘vaccine’ mRNA procedure

can breach the blood-brain barrier which protects the brain from

toxins and other crap that will cause malfunction. In this case they

could make two proteins corrupt brain function to cause

Amyotrophic lateral sclerosis (ALS) , a progressive nervous system

disease leading to loss of muscle control, and frontal lobe

degeneration – Alzheimer’s and dementia. Immunologist J. Bart

Classon published a paper connecting mRNA ‘vaccines’ to prion



disease which can lead to Alzheimer’s and other forms of

neurogenerative disease while others have pointed out the potential

to affect the placenta in ways that make women infertile. This will

become highly significant in the next chapter when I will discuss

other aspects of this non-vaccine that relate to its nanotechnology

and transmission from the injected to the uninjected.

Qualified in idiocy

Tenpenny describes how research has confirmed that these ‘vaccine’-

generated antibodies can interact with a range of other tissues in the

body and a�ack many other organs including the lungs. ‘This means

that if you have a hundred people standing in front of you that all

got this shot they could have a hundred different symptoms.’

Anyone really think that Cult gofers like the Queen, Tony Blair,

Christopher Whi�y, Anthony Fauci, and all the other psychopaths

have really had this ‘vaccine’ in the pictures we’ve seen? Not a

bloody chance. Why don’t doctors all tell us about all these dangers

and consequences of the ‘Covid vaccine’? Why instead do they

encourage and pressure patients to have the shot? Don’t let’s think

for a moment that doctors and medical staff can’t be stupid, lazy, and

psychopathic and that’s without the financial incentives to give the

jab. Tenpenny again:

Some people are going to die from the vaccine directly but a large number of people are
going to start to get horribly sick and get all kinds of autoimmune diseases 42 days to maybe a
year out. What are they going to do, these stupid doctors who say; ‘Good for you for getting
that vaccine.’ What are they going to say; ‘Oh, it must be a mutant, we need to give an extra
dose of that vaccine.’

Because now the vaccine, instead of one dose or two doses we need three or four because the
stupid physicians aren’t taking the time to learn anything about it. If I can learn this sitting in
my living room reading a 19 page paper and several others so can they. There’s nothing
special about me, I just take the time to do it.

Remember how Sara Kayat, the NHS and TV doctor, said that the

‘Covid vaccine’ would ‘100 percent prevent hospitalisation and

death’. Doctors can be idiots like every other profession and they



should not be worshipped as infallible. They are not and far from it.

Behind many medical and scientific ‘experts’ lies an uninformed prat

trying to hide themselves from you although in the ‘Covid’ era many

have failed to do so as with UK narrative-repeating ‘TV doctor’

Hilary Jones. Pushing back against the minority of proper doctors

and scientists speaking out against the ‘vaccine’ has been the entire

edifice of the Cult global state in the form of governments, medical

systems, corporations, mainstream media, Silicon Valley, and an

army of compliant doctors, medical staff and scientists willing to say

anything for money and to enhance their careers by promoting the

party line. If you do that you are an ‘expert’ and if you won’t you are

an ‘anti-vaxxer’ and ‘Covidiot’. The pressure to be ‘vaccinated’ is

incessant. We have even had reports claiming that the ‘vaccine’ can

help cure cancer and Alzheimer’s and make the lame walk. I am

waiting for the announcement that it can bring you coffee in the

morning and cook your tea. Just as the symptoms of ‘Covid’ seem to

increase by the week so have the miracles of the ‘vaccine’. American

supermarket giant Kroger Co. offered nearly 500,000 employees in

35 states a $100 bonus for having the ‘vaccine’ while donut chain

Krispy Kreme promised ‘vaccinated’ customers a free glazed donut

every day for the rest of 2021. Have your DNA changed and you will

get a doughnut although we might not have to give you them for

long. Such offers and incentives confirm the desperation.

Perhaps the worse vaccine-stunt of them all was UK ‘Health’

Secretary Ma�-the-prat Hancock on live TV a�er watching a clip of

someone being ‘vaccinated’ when the roll-out began. Hancock faked

tears so badly it was embarrassing. Brain-of-Britain Piers Morgan,

the lockdown-supporting, ‘vaccine’ supporting, ‘vaccine’ passport-

supporting, TV host played along with Hancock – ‘You’re quite

emotional about that’ he said in response to acting so atrocious it

would have been called out at a school nativity which will

presumably today include Mary and Jesus in masks, wise men

keeping their camels six feet apart, and shepherds under tent arrest.

System-serving Morgan tweeted this: ‘Love the idea of covid vaccine

passports for everywhere: flights, restaurants, clubs, football, gyms,



shops etc. It’s time covid-denying, anti-vaxxer loonies had their

bullsh*t bluff called & bar themselves from going anywhere that

responsible citizens go.’ If only I could aspire to his genius. To think

that Morgan, who specialises in shouting over anyone he disagrees

with, was lauded as a free speech hero when he lost his job a�er

storming off the set of his live show like a child throwing his dolly

out of the pram. If he is a free speech hero we are in real trouble. I

have no idea what ‘bullsh*t’ means, by the way, the * throws me

completely.

The Cult is desperate to infuse its synthetic DNA-changing

concoction into everyone and has been using every lie, trick and

intimidation to do so. The question of ‘Why?’ we shall now address.



I

CHAPTER TEN

Human 2.0

I believe that at the end of the century the use of words and general

educated opinion will have altered so much that one will be able to

speak of machines thinking without expecting to be contradicted –

Alan Turing (1912-1954), the ‘Father of artificial intelligence‘

have been exposing for decades the plan to transform the human

body from a biological to a synthetic-biological state. The new

human that I will call Human 2.0 is planned to be connected to

artificial intelligence and a global AI ‘Smart Grid’ that would operate

as one global system in which AI would control everything from

your fridge to your heating system to your car to your mind.

Humans would no longer be ‘human’, but post-human and sub-

human, with their thinking and emotional processes replaced by AI.

What I said sounded crazy and beyond science fiction and I could

understand that. To any balanced, rational, mind it is crazy. Today,

however, that world is becoming reality and it puts the ‘Covid

vaccine’ into its true context. Ray Kurzweil is the ultra-Zionist

‘computer scientist, inventor and futurist’ and co-founder of the

Singularity University. Singularity refers to the merging of humans

with machines or ‘transhumanism’. Kurzweil has said humanity

would be connected to the cyber ‘cloud’ in the period of the ever-

recurring year of 2030:

Our thinking … will be a hybrid of biological and non-biological thinking … humans will be
able to extend their limitations and ‘think in the cloud’ … We’re going to put gateways to the



cloud in our brains ... We’re going to gradually merge and enhance ourselves ... In my view,
that’s the nature of being human – we transcend our limitations. As the technology becomes
vastly superior to what we are then the small proportion that is still human gets smaller and
smaller and smaller until it’s just utterly negligible.

They are trying to sell this end-of-humanity-as-we-know-it as the

next stage of ‘evolution’ when we become super-human and ‘like the

gods’. They are lying to you. Shocked, eh? The population, and again

especially the young, have been manipulated into addiction to

technologies designed to enslave them for life. First they induced an

addiction to smartphones (holdables); next they moved to

technology on the body (wearables); and then began the invasion of

the body (implantables). I warned way back about the plan for

microchipped people and we are now entering that era. We should

not be diverted into thinking that this refers only to chips we can see.

Most important are the nanochips known as smart dust, neural dust

and nanobots which are far too small to be seen by the human eye.

Nanotechnology is everywhere, increasingly in food products, and

released into the atmosphere by the geoengineering of the skies

funded by Bill Gates to ‘shut out the Sun’ and ‘save the planet from

global warming’. Gates has been funding a project to spray millions

of tonnes of chalk (calcium carbonate) into the stratosphere over

Sweden to ‘dim the Sun’ and cool the Earth. Scientists warned the

move could be disastrous for weather systems in ways no one can

predict and opposition led to the Swedish space agency announcing

that the ‘experiment’ would not be happening as planned in the

summer of 2021; but it shows where the Cult is going with dimming

the impact of the Sun and there’s an associated plan to change the

planet’s atmosphere. Who gives psychopath Gates the right to

dictate to the entire human race and dismantle planetary systems?

The world will not be safe while this man is at large.

The global warming hoax has made the Sun, like the gas of life,

something to fear when both are essential to good health and human

survival (more inversion). The body transforms sunlight into vital

vitamin D through a process involving … cholesterol. This is the

cholesterol we are also told to fear. We are urged to take Big Pharma



statin drugs to reduce cholesterol and it’s all systematic. Reducing

cholesterol means reducing vitamin D uptake with all the multiple

health problems that will cause. At least if you take statins long term

it saves the government from having to pay you a pension. The

delivery system to block sunlight is widely referred to as chemtrails

although these have a much deeper agenda, too. They appear at first

to be contrails or condensation trails streaming from aircra� into

cold air at high altitudes. Contrails disperse very quickly while

chemtrails do not and spread out across the sky before eventually

their content falls to earth. Many times I have watched aircra� cross-

cross a clear blue sky releasing chemtrails until it looks like a cloudy

day. Chemtrails contain many things harmful to humans and the

natural world including toxic heavy metals, aluminium (see

Alzheimer’s) and nanotechnology. Ray Kurzweil reveals the reason

without actually saying so: ‘Nanobots will infuse all the ma�er

around us with information. Rocks, trees, everything will become

these intelligent creatures.’ How do you deliver that? From the sky.

Self-replicating nanobots would connect everything to the Smart

Grid. The phenomenon of Morgellons disease began in the chemtrail

era and the correlation has led to it being dubbed the ‘chemtrail

disease’. Self-replicating fibres appear in the body that can be pulled

out through the skin. Morgellons fibres continue to grow outside the

body and have a form of artificial intelligence. I cover this at greater

length in Phantom Self.

‘Vaccine’ operating system

‘Covid vaccines’ with their self-replicating synthetic material are also

designed to make the connection between humanity and Kurzweil’s

‘cloud’. American doctor and dedicated campaigner for truth, Carrie

Madej, an Internal Medicine Specialist in Georgia with more than 20

years medical experience, has highlighted the nanotechnology aspect

of the fake ‘vaccines’. She explains how one of the components in at

least the Moderna and Pfizer synthetic potions are ‘lipid

nanoparticles’ which are ‘like li�le tiny computer bits’ – a ‘sci-fi

substance’ known as nanobots and hydrogel which can be ‘triggered



at any moment to deliver its payload’ and act as ‘biosensors’. The

synthetic substance had ‘the ability to accumulate data from your

body like your breathing, your respiration, thoughts and emotions,

all kind of things’ and each syringe could carry a million nanobots:

This substance because it’s like little bits of computers in your body, crazy, but it’s true, it can
do that, [and] obviously has the ability to act through Wi-Fi. It can receive and transmit
energy, messages, frequencies or impulses. That issue has never been addressed by these
companies. What does that do to the human?

Just imagine getting this substance in you and it can react to things all around you, the 5G,
your smart device, your phones, what is happening with that? What if something is triggering
it, too, like an impulse, a frequency? We have something completely foreign in the human
body.

Madej said her research revealed that electromagnetic (EMF)

frequencies emi�ed by phones and other devices had increased

dramatically in the same period of the ‘vaccine’ rollout and she was

seeing more people with radiation problems as 5G and other

electromagnetic technology was expanded and introduced to schools

and hospitals. She said she was ‘floored with the EMF coming off’

the devices she checked. All this makes total sense and syncs with

my own work of decades when you think that Moderna refers in

documents to its mRNA ‘vaccine’ as an ‘operating system’:

Recognizing the broad potential of mRNA science, we set out to create an mRNA technology
platform that functions very much like an operating system on a computer. It is designed so
that it can plug and play interchangeably with different programs. In our case, the ‘program’
or ‘app’ is our mRNA drug – the unique mRNA sequence that codes for a protein …

… Our MRNA Medicines – ‘The ‘Software Of Life’: When we have a concept for a new
mRNA medicine and begin research, fundamental components are already in place.
Generally, the only thing that changes from one potential mRNA medicine to another is the
coding region – the actual genetic code that instructs ribosomes to make protein. Utilizing
these instruction sets gives our investigational mRNA medicines a software-like quality. We
also have the ability to combine different mRNA sequences encoding for different proteins in
a single mRNA investigational medicine.



Who needs a real ‘virus’ when you can create a computer version to

justify infusing your operating system into the entire human race on

the road to making living, breathing people into cyborgs? What is

missed with the ‘vaccines’ is the digital connection between synthetic

material and the body that I highlighted earlier with the study that

hacked a computer with human DNA. On one level the body is

digital, based on mathematical codes, and I’ll have more about that

in the next chapter. Those who ridiculously claim that mRNA

‘vaccines’ are not designed to change human genetics should explain

the words of Dr Tal Zaks, chief medical officer at Moderna, in a 2017

TED talk. He said that over the last 30 years ‘we’ve been living this

phenomenal digital scientific revolution, and I’m here today to tell

you, that we are actually hacking the software of life, and that it’s

changing the way we think about prevention and treatment of

disease’:

In every cell there’s this thing called messenger RNA, or mRNA for short, that transmits the
critical information from the DNA in our genes to the protein, which is really the stuff we’re
all made out of. This is the critical information that determines what the cell will do. So we
think about it as an operating system. So if you could change that, if you could introduce a
line of code, or change a line of code, it turns out, that has profound implications for
everything, from the flu to cancer.

Zaks should more accurately have said that this has profound

implications for the human genetic code and the nature of DNA.

Communications within the body go both ways and not only one.

But, hey, no, the ‘Covid vaccine’ will not affect your genetics. Cult

fact-checkers say so even though the man who helped to develop the

mRNA technique says that it does. Zaks said in 2017:

If you think about what it is we’re trying to do. We’ve taken information and our
understanding of that information and how that information is transmitted in a cell, and we’ve
taken our understanding of medicine and how to make drugs, and we’re fusing the two. We
think of it as information therapy.

I have been writing for decades that the body is an information

field communicating with itself and the wider world. This is why



radiation which is information can change the information field of

body and mind through phenomena like 5G and change their nature

and function. ‘Information therapy’ means to change the body’s

information field and change the way it operates. DNA is a receiver-

transmi�er of information and can be mutated by information like

mRNA synthetic messaging. Technology to do this has been ready

and waiting in the underground bases and other secret projects to be

rolled out when the ‘Covid’ hoax was played. ‘Trials’ of such short

and irrelevant duration were only for public consumption. When

they say the ‘vaccine’ is ‘experimental’ that is not true. It may appear

to be ‘experimental’ to those who don’t know what’s going on, but

the trials have already been done to ensure the Cult gets the result it

desires. Zaks said that it took decades to sequence the human

genome, completed in 2003, but now they could do it in a week. By

‘they’ he means scientists operating in the public domain. In the

secret projects they were sequencing the genome in a week long

before even 2003.

Deluge of mRNA

Highly significantly the Moderna document says the guiding

premise is that if using mRNA as a medicine works for one disease

then it should work for many diseases. They were leveraging the

flexibility afforded by their platform and the fundamental role

mRNA plays in protein synthesis to pursue mRNA medicines for a

broad spectrum of diseases. Moderna is confirming what I was

saying through 2020 that multiple ‘vaccines’ were planned for

‘Covid’ (and later invented ‘variants’) and that previous vaccines

would be converted to the mRNA system to infuse the body with

massive amounts of genetically-manipulating synthetic material to

secure a transformation to a synthetic-biological state. The ‘vaccines’

are designed to kill stunning numbers as part of the long-exposed

Cult depopulation agenda and transform the rest. Given this is the

goal you can appreciate why there is such hysterical demand for

every human to be ‘vaccinated’ for an alleged ‘disease’ that has an

estimated ‘infection’ to ‘death’ ratio of 0.23-0.15 percent. As I write



•

•

•

children are being given the ‘vaccine’ in trials (their parents are a

disgrace) and ever-younger people are being offered the vaccine for

a ‘virus’ that even if you believe it exists has virtually zero chance of

harming them. Horrific effects of the ‘trials’ on a 12-year-old girl

were revealed by a family member to be serious brain and gastric

problems that included a bowel obstruction and the inability to

swallow liquids or solids. She was unable to eat or drink without

throwing up, had extreme pain in her back, neck and abdomen, and

was paralysed from the waist down which stopped her urinating

unaided. When the girl was first taken to hospital doctors said it was

all in her mind. She was signed up for the ‘trial’ by her parents for

whom no words suffice. None of this ‘Covid vaccine’ insanity makes

any sense unless you see what the ‘vaccine’ really is – a body-

changer. Synthetic biology or ‘SynBio’ is a fast-emerging and

expanding scientific discipline which includes everything from

genetic and molecular engineering to electrical and computer

engineering. Synthetic biology is defined in these ways:

A multidisciplinary area of research that seeks to create new

biological parts, devices, and systems, or to redesign systems that

are already found in nature.

The use of a mixture of physical engineering and genetic

engineering to create new (and therefore synthetic) life forms.

An emerging field of research that aims to combine the

knowledge and methods of biology, engineering and related

disciplines in the design of chemically-synthesized DNA to create

organisms with novel or enhanced characteristics and traits

(synthetic organisms including humans).

We now have synthetic blood, skin, organs and limbs being

developed along with synthetic body parts produced by 3D printers.

These are all elements of the synthetic human programme and this

comment by Kurzweil’s co-founder of the Singularity University,



Peter Diamandis, can be seen in a whole new light with the ‘Covid’

hoax and the sanctions against those that refuse the ‘vaccine’:

Anybody who is going to be resisting the progress forward [to transhumanism] is going to be
resisting evolution and, fundamentally, they will die out. It’s not a matter of whether it’s good
or bad. It’s going to happen.

‘Resisting evolution’? What absolute bollocks. The arrogance of these

people is without limit. His ‘it’s going to happen’ mantra is another

way of saying ‘resistance is futile’ to break the spirit of those pushing

back and we must not fall for it. Ge�ing this genetically-

transforming ‘vaccine’ into everyone is crucial to the Cult plan for

total control and the desperation to achieve that is clear for anyone

to see. Vaccine passports are a major factor in this and they, too, are a

form of resistance is futile. It’s NOT. The paper funded by the

Rockefeller Foundation for the 2013 ‘health conference’ in China

said:

We will interact more with artificial intelligence. The use of robotics, bio-engineering to
augment human functioning is already well underway and will advance. Re-engineering of
humans into potentially separate and unequal forms through genetic engineering or mixed
human-robots raises debates on ethics and equality.

A new demography is projected to emerge after 2030 [that year again] of technologies
(robotics, genetic engineering, nanotechnology) producing robots, engineered organisms,
‘nanobots’ and artificial intelligence (AI) that can self-replicate. Debates will grow on the
implications of an impending reality of human designed life.

What is happening today is so long planned. The world army

enforcing the will of the world government is intended to be a robot

army, not a human one. Today’s military and its technologically

‘enhanced’ troops, pilotless planes and driverless vehicles are just

stepping stones to that end. Human soldiers are used as Cult fodder

and its time they woke up to that and worked for the freedom of the

population instead of their own destruction and their family’s

destruction – the same with the police. Join us and let’s sort this out.

The phenomenon of enforce my own destruction is widespread in

the ‘Covid’ era with Woker ‘luvvies’ in the acting and entertainment



industries supporting ‘Covid’ rules which have destroyed their

profession and the same with those among the public who put signs

on the doors of their businesses ‘closed due to Covid – stay safe’

when many will never reopen. It’s a form of masochism and most

certainly insanity.

Transgender = transhumanism

When something explodes out of nowhere and is suddenly

everywhere it is always the Cult agenda and so it is with the tidal

wave of claims and demands that have infiltrated every aspect of

society under the heading of ‘transgenderism’. The term ‘trans’ is so

‘in’ and this is the dictionary definition:

A prefix meaning ‘across’, ’through’, occurring … in loanwords from Latin, used in particular
for denoting movement or conveyance from place to place (transfer; transmit; transplant) or
complete change (transform; transmute), or to form adjectives meaning ’crossing’, ‘on the
other side of’, or ‘going beyond’ the place named (transmontane; transnational; trans-
Siberian).

Transgender means to go beyond gender and transhuman means

to go beyond human. Both are aspects of the Cult plan to transform

the human body to a synthetic state with no gender. Human 2.0 is not

designed to procreate and would be produced technologically with

no need for parents. The new human would mean the end of parents

and so men, and increasingly women, are being targeted for the

deletion of their rights and status. Parental rights are disappearing at

an ever-quickening speed for the same reason. The new human

would have no need for men or women when there is no procreation

and no gender. Perhaps the transgender movement that appears to

be in a permanent state of frenzy might now contemplate on how it

is being used. This was never about transgender rights which are

only the interim excuse for confusing gender, particularly in the

young, on the road to fusing gender. Transgender activism is not an

end; it is a means to an end. We see again the technique of creative

destruction in which you destroy the status quo to ‘build back be�er’

in the form that you want. The gender status quo had to be



destroyed by persuading the Cult-created Woke mentality to believe

that you can have 100 genders or more. A programme for 9 to 12

year olds produced by the Cult-owned BBC promoted the 100

genders narrative. The very idea may be the most monumental

nonsense, but it is not what is true that counts, only what you can

make people believe is true. Once the gender of 2 + 2 = 4 has been

dismantled through indoctrination, intimidation and 2 + 2 = 5 then

the new no-gender normal can take its place with Human 2.0.

Aldous Huxley revealed the plan in his prophetic Brave New World in

1932:

Natural reproduction has been done away with and children are created, decanted’, and
raised in ‘hatcheries and conditioning centres’. From birth, people are genetically designed to
fit into one of five castes, which are further split into ‘Plus’ and ‘Minus’ members and designed
to fulfil predetermined positions within the social and economic strata of the World State.

How could Huxley know this in 1932? For the same reason George

Orwell knew about the Big Brother state in 1948, Cult insiders I have

quoted knew about it in 1969, and I have known about it since the

early 1990s. If you are connected to the Cult or you work your balls

off to uncover the plan you can predict the future. The process is

simple. If there is a plan for the world and nothing intervenes to stop

it then it will happen. Thus if you communicate the plan ahead of

time you are perceived to have predicted the future, but you haven’t.

You have revealed the plan which without intervention will become

the human future. The whole reason I have done what I have is to

alert enough people to inspire an intervention and maybe at last that

time has come with the Cult and its intentions now so obvious to

anyone with a brain in working order.

The future is here

Technological wombs that Huxley described to replace parent

procreation are already being developed and they are only the

projects we know about in the public arena. Israeli scientists told The

Times of Israel in March, 2021, that they have grown 250-cell embryos



into mouse foetuses with fully formed organs using artificial wombs

in a development they say could pave the way for gestating humans

outside the womb. Professor Jacob Hanna of the Weizmann Institute

of Science said:

We took mouse embryos from the mother at day five of development, when they are just of
250 cells, and had them in the incubator from day five until day 11, by which point they had
grown all their organs.

By day 11 they make their own blood and have a beating heart, a fully developed brain.
Anybody would look at them and say, ‘this is clearly a mouse foetus with all the
characteristics of a mouse.’ It’s gone from being a ball of cells to being an advanced foetus.

A special liquid is used to nourish embryo cells in a laboratory

dish and they float on the liquid to duplicate the first stage of

embryonic development. The incubator creates all the right

conditions for its development, Hanna said. The liquid gives the

embryo ‘all the nutrients, hormones and sugars they need’ along

with a custom-made electronic incubator which controls gas

concentration, pressure and temperature. The cu�ing-edge in the

underground bases and other secret locations will be light years

ahead of that, however, and this was reported by the London

Guardian in 2017:

We are approaching a biotechnological breakthrough. Ectogenesis, the invention of a
complete external womb, could completely change the nature of human reproduction. In
April this year, researchers at the Children’s Hospital of Philadelphia announced their
development of an artificial womb.

The article was headed ‘Artificial wombs could soon be a reality.

What will this mean for women?’ What would it mean for children is

an even bigger question. No mother to bond with only a machine in

preparation for a life of soulless interaction and control in a world

governed by machines (see the Matrix movies). Now observe the

calculated manipulations of the ‘Covid’ hoax as human interaction

and warmth has been curtailed by distancing, isolation and fear with

people communicating via machines on a scale never seen before.



These are all dots in the same picture as are all the personal

assistants, gadgets and children’s toys through which kids and

adults communicate with AI as if it is human. The AI ‘voice’ on Sat-

Nav should be included. All these things are psychological

preparation for the Cult endgame. Before you can make a physical

connection with AI you have to make a psychological connection

and that is what people are being conditioned to do with this ever

gathering human-AI interaction. Movies and TV programmes

depicting the transhuman, robot dystopia relate to a phenomenon

known as ‘pre-emptive programming’ in which the world that is

planned is portrayed everywhere in movies, TV and advertising.

This is conditioning the conscious and subconscious mind to become

familiar with the planned reality to dilute resistance when it

happens for real. What would have been a shock such is the change

is made less so. We have young children put on the road to

transgender transition surgery with puberty blocking drugs at an

age when they could never be able to make those life-changing

decisions.

Rachel Levine, a professor of paediatrics and psychiatry who

believes in treating children this way, became America’s highest-

ranked openly-transgender official when she was confirmed as US

Assistant Secretary at the Department of Health and Human

Services a�er being nominated by Joe Biden (the Cult). Activists and

governments press for laws to deny parents a say in their children’s

transition process so the kids can be isolated and manipulated into

agreeing to irreversible medical procedures. A Canadian father

Robert Hoogland was denied bail by the Vancouver Supreme Court

in 2021 and remained in jail for breaching a court order that he stay

silent over his young teenage daughter, a minor, who was being

offered life-changing hormone therapy without parental consent. At

the age of 12 the girl’s ‘school counsellor’ said she may be

transgender, referred her to a doctor and told the school to treat her

like a boy. This is another example of state-serving schools imposing

ever more control over children’s lives while parents have ever less.



Contemptible and extreme child abuse is happening all over the

world as the Cult gender-fusion operation goes into warp-speed.

Why the war on men – and now women?

The question about what artificial wombs mean for women should

rightly be asked. The answer can be seen in the deletion of women’s

rights involving sport, changing rooms, toilets and status in favour

of people in male bodies claiming to identify as women. I can

identify as a mountain climber, but it doesn’t mean I can climb a

mountain any more than a biological man can be a biological

woman. To believe so is a triumph of belief over factual reality which

is the very perceptual basis of everything Woke. Women’s sport is

being destroyed by allowing those with male bodies who say they

identify as female to ‘compete’ with girls and women. Male body

‘women’ dominate ‘women’s’ competition with their greater muscle

mass, bone density, strength and speed. With that disadvantage

sport for women loses all meaning. To put this in perspective nearly

300 American high school boys can run faster than the quickest

woman sprinter in the world. Women are seeing their previously

protected spaces invaded by male bodies simply because they claim

to identify as women. That’s all they need to do to access all women’s

spaces and activities under the Biden ‘Equality Act’ that destroys

equality for women with the usual Orwellian Woke inversion. Male

sex offenders have already commi�ed rapes in women’s prisons a�er

claiming to identify as women to get them transferred. Does this not

ma�er to the Woke ‘equality’ hypocrites? Not in the least. What

ma�ers to Cult manipulators and funders behind transgender

activists is to advance gender fusion on the way to the no-gender

‘human’. When you are seeking to impose transparent nonsense like

this, or the ‘Covid’ hoax, the only way the nonsense can prevail is

through censorship and intimidation of dissenters, deletion of

factual information, and programming of the unquestioning,

bewildered and naive. You don’t have to scan the world for long to

see that all these things are happening.



Many women’s rights organisations have realised that rights and

status which took such a long time to secure are being eroded and

that it is systematic. Kara Dansky of the global Women’s Human

Rights Campaign said that Biden’s transgender executive order

immediately he took office, subsequent orders, and Equality Act

legislation that followed ‘seek to erase women and girls in the law as

a category’. Exactly. I said during the long ago-started war on men

(in which many women play a crucial part) that this was going to

turn into a war on them. The Cult is phasing out both male and

female genders. To get away with that they are brought into conflict

so they are busy fighting each other while the Cult completes the job

with no unity of response. Unity, people, unity. We need unity

everywhere. Transgender is the only show in town as the big step

towards the no-gender human. It’s not about rights for transgender

people and never has been. Woke political correctness is deleting

words relating to genders to the same end. Wokers believe this is to

be ‘inclusive’ when the opposite is true. They are deleting words

describing gender because gender itself is being deleted by Human

2.0. Terms like ‘man’, ‘woman’, ‘mother’ and ‘father’ are being

deleted in the universities and other institutions to be replaced by

the no-gender, not trans-gender, ‘individuals’ and ‘guardians’.

Women’s rights campaigner Maria Keffler of Partners for Ethical

Care said: ‘Children are being taught from kindergarten upward that

some boys have a vagina, some girls have a penis, and that kids can

be any gender they want to be.’ Do we really believe that suddenly

countries all over the world at the same time had the idea of having

drag queens go into schools or read transgender stories to very

young children in the local library? It’s coldly-calculated confusion

of gender on the way to the fusion of gender. Suzanne Vierling, a

psychologist from Southern California, made another important

point:

Yesterday’s slave woman who endured gynecological medical experiments is today’s girl-
child being butchered in a booming gender-transitioning sector. Ovaries removed, pushing her
into menopause and osteoporosis, uncharted territory, and parents’ rights and authority
decimated.



The erosion of parental rights is a common theme in line with the

Cult plans to erase the very concept of parents and ‘ovaries removed,

pushing her into menopause’ means what? Those born female lose

the ability to have children – another way to discontinue humanity

as we know it.

Eliminating Human 1.0 (before our very eyes)

To pave the way for Human 2.0 you must phase out Human 1.0. This

is happening through plummeting sperm counts and making

women infertile through an onslaught of chemicals, radiation

(including smartphones in pockets of men) and mRNA ‘vaccines’.

Common agriculture pesticides are also having a devastating impact

on human fertility. I have been tracking collapsing sperm counts in

the books for a long time and in 2021 came a book by fertility

scientist and reproductive epidemiologist Shanna Swan, Count

Down: How Our Modern World Is Threatening Sperm Counts, Altering

Male and Female Reproductive Development and Imperiling the Future of

the Human Race. She reports how the global fertility rate dropped by

half between 1960 and 2016 with America’s birth rate 16 percent

below where it needs to be to sustain the population. Women are

experiencing declining egg quality, more miscarriages, and more

couples suffer from infertility. Other findings were an increase in

erectile dysfunction, infant boys developing more genital

abnormalities, male problems with conception, and plunging levels

of the male hormone testosterone which would explain why so

many men have lost their backbone and masculinity. This has been

very evident during the ‘Covid’ hoax when women have been

prominent among the Pushbackers and big strapping blokes have

bowed their heads, covered their faces with a nappy and quietly

submi�ed. Mind control expert Cathy O’Brien also points to how

global education introduced the concept of ‘we’re all winners’ in

sport and classrooms: ‘Competition was defused, and it in turn

defused a sense of fighting back.’ This is another version of the

‘equity’ doctrine in which you drive down rather than raise up.

What a contrast in Cult-controlled China with its global ambitions



where the government published plans in January, 2021, to ‘cultivate

masculinity’ in boys from kindergarten through to high school in the

face of a ‘masculinity crisis’. A government adviser said boys would

be soon become ‘delicate, timid and effeminate’ unless action was

taken. Don’t expect any similar policy in the targeted West. A 2006

study showed that a 65-year-old man in 2002 had testosterone levels

15 percent lower than a 65-year-old man in 1987 while a 2020 study

found a similar story with young adults and adolescents. Men are

ge�ing prescriptions for testosterone replacement therapy which

causes an even greater drop in sperm count with up to 99 percent

seeing sperm counts drop to zero during the treatment. More sperm

is defective and malfunctioning with some having two heads or not

pursuing an egg.

A class of synthetic chemicals known as phthalates are being

blamed for the decline. These are found everywhere in plastics,

shampoos, cosmetics, furniture, flame retardants, personal care

products, pesticides, canned foods and even receipts. Why till

receipts? Everyone touches them. Let no one delude themselves that

all this is not systematic to advance the long-time agenda for human

body transformation. Phthalates mimic hormones and disrupt the

hormone balance causing testosterone to fall and genital birth

defects in male infants. Animals and fish have been affected in the

same way due to phthalates and other toxins in rivers. When fish

turn gay or change sex through chemicals in rivers and streams it is

a pointer to why there has been such an increase in gay people and

the sexually confused. It doesn’t ma�er to me what sexuality people

choose to be, but if it’s being affected by chemical pollution and

consumption then we need to know. Does anyone really think that

this is not connected to the transgender agenda, the war on men and

the condemnation of male ‘toxic masculinity’? You watch this being

followed by ‘toxic femininity’. It’s already happening. When

breastfeeding becomes ‘chest-feeding’, pregnant women become

pregnant people along with all the other Woke claptrap you know

that the world is going insane and there’s a Cult scam in progress.

Transgender activists are promoting the Cult agenda while Cult



billionaires support and fund the insanity as they laugh themselves

to sleep at the sheer stupidity for which humans must be infamous

in galaxies far, far away.

‘Covid vaccines’ and female infertility

We can now see why the ‘vaccine’ has been connected to potential

infertility in women. Dr Michael Yeadon, former Vice President and

Chief Scientific Advisor at Pfizer, and Dr Wolfgang Wodarg in

Germany, filed a petition with the European Medicines Agency in

December, 2020, urging them to stop trials for the Pfizer/BioNTech

shot and all other mRNA trials until further studies had been done.

They were particularly concerned about possible effects on fertility

with ‘vaccine’-produced antibodies a�acking the protein Syncytin-1

which is responsible for developing the placenta. The result would

be infertility ‘of indefinite duration’ in women who have the

‘vaccine’ with the placenta failing to form. Section 10.4.2 of the

Pfizer/BioNTech trial protocol says that pregnant women or those

who might become so should not have mRNA shots. Section 10.4

warns men taking mRNA shots to ‘be abstinent from heterosexual

intercourse’ and not to donate sperm. The UK government said that

it did not know if the mRNA procedure had an effect on fertility. Did

not know? These people have to go to jail. UK government advice did

not recommend at the start that pregnant women had the shot and

said they should avoid pregnancy for at least two months a�er

‘vaccination’. The ‘advice’ was later updated to pregnant women

should only have the ‘vaccine’ if the benefits outweighed the risks to

mother and foetus. What the hell is that supposed to mean? Then

‘spontaneous abortions’ began to appear and rapidly increase on the

adverse reaction reporting schemes which include only a fraction of

adverse reactions. Thousands and ever-growing numbers of

‘vaccinated’ women are describing changes to their menstrual cycle

with heavier blood flow, irregular periods and menstruating again

a�er going through the menopause – all links to reproduction

effects. Women are passing blood clots and the lining of their uterus

while men report erectile dysfunction and blood effects. Most



significantly of all unvaccinated women began to report similar

menstrual changes a�er interaction with ‘vaccinated’ people and men

and children were also affected with bleeding noses, blood clots and

other conditions. ‘Shedding’ is when vaccinated people can emit the

content of a vaccine to affect the unvaccinated, but this is different.

‘Vaccinated’ people were not shedding a ‘live virus’ allegedly in

‘vaccines’ as before because the fake ‘Covid vaccines’ involve

synthetic material and other toxicity. Doctors exposing what is

happening prefer the term ‘transmission’ to shedding. Somehow

those that have had the shots are transmi�ing effects to those that

haven’t. Dr Carrie Madej said the nano-content of the ‘vaccines’ can

‘act like an antenna’ to others around them which fits perfectly with

my own conclusions. This ‘vaccine’ transmission phenomenon was

becoming known as the book went into production and I deal with

this further in the Postscript.

Vaccine effects on sterility are well known. The World Health

Organization was accused in 2014 of sterilising millions of women in

Kenya with the evidence confirmed by the content of the vaccines

involved. The same WHO behind the ‘Covid’ hoax admi�ed its

involvement for more than ten years with the vaccine programme.

Other countries made similar claims. Charges were lodged by

Tanzania, Nicaragua, Mexico, and the Philippines. The Gardasil

vaccine claimed to protect against a genital ‘virus’ known as HPV

has also been linked to infertility. Big Pharma and the WHO (same

thing) are criminal and satanic entities. Then there’s the Bill Gates

Foundation which is connected through funding and shared

interests with 20 pharmaceutical giants and laboratories. He stands

accused of directing the policy of United Nations Children’s Fund

(UNICEF), vaccine alliance GAVI, and other groupings, to advance

the vaccine agenda and silence opposition at great cost to women

and children. At the same time Gates wants to reduce the global

population. Coincidence?

Great Reset = Smart Grid = new human



The Cult agenda I have been exposing for 30 years is now being

openly promoted by Cult assets like Gates and Klaus Schwab of the

World Economic Forum under code-terms like the ‘Great Reset’,

‘Build Back Be�er’ and ‘a rare but narrow window of opportunity to

reflect, reimagine, and reset our world’. What provided this ‘rare but

narrow window of opportunity’? The ‘Covid’ hoax did. Who created

that? They did. My books from not that long ago warned about the

planned ‘Internet of Things’ (IoT) and its implications for human

freedom. This was the plan to connect all technology to the Internet

and artificial intelligence and today we are way down that road with

an estimated 36 billion devices connected to the World Wide Web

and that figure is projected to be 76 billion by 2025. I further warned

that the Cult planned to go beyond that to the Internet of Everything

when the human brain was connected via AI to the Internet and

Kurzweil’s ‘cloud’. Now we have Cult operatives like Schwab calling

for precisely that under the term ‘Internet of Bodies’, a fusion of the

physical, digital and biological into one centrally-controlled Smart

Grid system which the Cult refers to as the ‘Fourth Industrial

Revolution’. They talk about the ‘biological’, but they really mean

the synthetic-biological which is required to fully integrate the

human body and brain into the Smart Grid and artificial intelligence

planned to replace the human mind. We have everything being

synthetically manipulated including the natural world through

GMO and smart dust, the food we eat and the human body itself

with synthetic ‘vaccines’. I said in The Answer that we would see the

Cult push for synthetic meat to replace animals and in February,

2021, the so predictable psychopath Bill Gates called for the

introduction of synthetic meat to save us all from ‘climate change’.

The climate hoax just keeps on giving like the ‘Covid’ hoax. The war

on meat by vegan activists is a carbon (oops, sorry) copy of the

manipulation of transgender activists. They have no idea (except

their inner core) that they are being used to promote and impose the

agenda of the Cult or that they are only the vehicle and not the reason.

This is not to say those who choose not to eat meat shouldn’t be

respected and supported in that right, but there are ulterior motives



•

•

•

for those in power. A Forbes article in December, 2019, highlighted

the plan so beloved of Schwab and the Cult under the heading:

‘What Is The Internet of Bodies? And How Is It Changing Our

World?’ The article said the human body is the latest data platform

(remember ‘our vaccine is an operating system’). Forbes described

the plan very accurately and the words could have come straight out

of my books from long before:

The Internet of Bodies (IoB) is an extension of the IoT and basically connects the human body
to a network through devices that are ingested, implanted, or connected to the body in some
way. Once connected, data can be exchanged, and the body and device can be remotely
monitored and controlled.

They were really describing a human hive mind with human

perception centrally-dictated via an AI connection as well as

allowing people to be ‘remotely monitored and controlled’.

Everything from a fridge to a human mind could be directed from a

central point by these insane psychopaths and ‘Covid vaccines’ are

crucial to this. Forbes explained the process I mentioned earlier of

holdable and wearable technology followed by implantable. The

article said there were three generations of the Internet of Bodies that

include:

Body external: These are wearable devices such as Apple Watches

or Fitbits that can monitor our health.

Body internal: These include pacemakers, cochlear implants, and

digital pills that go inside our bodies to monitor or control various

aspects of health.

Body embedded: The third generation of the Internet of Bodies is

embedded technology where technology and the human body are

melded together and have a real-time connection to a remote

machine.



Forbes noted the development of the Brain Computer Interface (BCI)

which merges the brain with an external device for monitoring and

controlling in real-time. ‘The ultimate goal is to help restore function

to individuals with disabilities by using brain signals rather than

conventional neuromuscular pathways.’ Oh, do fuck off. The goal of

brain interface technology is controlling human thought and

emotion from the central point in a hive mind serving its masters

wishes. Many people are now agreeing to be chipped to open doors

without a key. You can recognise them because they’ll be wearing a

mask, social distancing and lining up for the ‘vaccine’. The Cult

plans a Great Reset money system a�er they have completed the

demolition of the global economy in which ‘money’ will be

exchanged through communication with body operating systems.

Rand Corporation, a Cult-owned think tank, said of the Internet of

Bodies or IoB:

Internet of Bodies technologies fall under the broader IoT umbrella. But as the name suggests,
IoB devices introduce an even more intimate interplay between humans and gadgets. IoB
devices monitor the human body, collect health metrics and other personal information, and
transmit those data over the Internet. Many devices, such as fitness trackers, are already in use
… IoB devices … and those in development can track, record, and store users’ whereabouts,
bodily functions, and what they see, hear, and even think.

Schwab’s World Economic Forum, a long-winded way of saying

‘fascism’ or ‘the Cult’, has gone full-on with the Internet of Bodies in

the ‘Covid’ era. ‘We’re entering the era of the Internet of Bodies’, it

declared, ‘collecting our physical data via a range of devices that can

be implanted, swallowed or worn’. The result would be a huge

amount of health-related data that could improve human wellbeing

around the world, and prove crucial in fighting the ‘Covid-19

pandemic’. Does anyone think these clowns care about ‘human

wellbeing’ a�er the death and devastation their pandemic hoax has

purposely caused? Schwab and co say we should move forward with

the Internet of Bodies because ‘Keeping track of symptoms could

help us stop the spread of infection, and quickly detect new cases’.

How wonderful, but keeping track’ is all they are really bothered



about. Researchers were investigating if data gathered from

smartwatches and similar devices could be used as viral infection

alerts by tracking the user’s heart rate and breathing. Schwab said in

his 2018 book Shaping the Future of the Fourth Industrial Revolution:

The lines between technologies and beings are becoming blurred and not just by the ability to
create lifelike robots or synthetics. Instead it is about the ability of new technologies to literally
become part of us. Technologies already influence how we understand ourselves, how we
think about each other, and how we determine our realities. As the technologies … give us
deeper access to parts of ourselves, we may begin to integrate digital technologies into our
bodies.

You can see what the game is. Twenty-four hour control and people

– if you could still call them that – would never know when

something would go ping and take them out of circulation. It’s the

most obvious rush to a global fascist dictatorship and the complete

submission of humanity and yet still so many are locked away in

their Cult-induced perceptual coma and can’t see it.

Smart Grid control centres

The human body is being transformed by the ‘vaccines’ and in other

ways into a synthetic cyborg that can be a�ached to the global Smart

Grid which would be controlled from a central point and other sub-

locations of Grid manipulation. Where are these planned to be? Well,

China for a start which is one of the Cult’s biggest centres of

operation. The technological control system and technocratic rule

was incubated here to be unleashed across the world a�er the

‘Covid’ hoax came out of China in 2020. Another Smart Grid location

that will surprise people new to this is Israel. I have exposed in The

Trigger how Sabbatian technocrats, intelligence and military

operatives were behind the horrors of 9/11 and not 1̀9 Arab hĳackers’

who somehow manifested the ability to pilot big passenger airliners

when instructors at puddle-jumping flying schools described some

of them as a joke. The 9/11 a�acks were made possible through

control of civilian and military air computer systems and those of the

White House, Pentagon and connected agencies. See The Trigger – it



will blow your mind. The controlling and coordinating force were

the Sabbatian networks in Israel and the United States which by then

had infiltrated the entire US government, military and intelligence

system. The real name of the American Deep State is ‘Sabbatian

State’. Israel is a tiny country of only nine million people, but it is

one of the global centres of cyber operations and fast catching Silicon

Valley in importance to the Cult. Israel is known as the ‘start-up

nation’ for all the cyber companies spawned there with the

Sabbatian specialisation of ‘cyber security’ that I mentioned earlier

which gives those companies access to computer systems of their

clients in real time through ‘backdoors’ wri�en into the coding when

security so�ware is downloaded. The Sabbatian centre of cyber

operations outside Silicon Valley is the Israeli military Cyber

Intelligence Unit, the biggest infrastructure project in Israel’s history,

headquartered in the desert-city of Beersheba and involving some

20,000 ‘cyber soldiers’. Here are located a literal army of Internet

trolls scanning social media, forums and comment lists for anyone

challenging the Cult agenda. The UK military has something similar

with its 77th Brigade and associated operations. The Beersheba

complex includes research and development centres for other Cult

operations such as Intel, Microso�, IBM, Google, Apple, Hewle�-

Packard, Cisco Systems, Facebook and Motorola. Techcrunch.com

ran an article about the Beersheba global Internet technology centre

headlined ‘Israel’s desert city of Beersheba is turning into a cybertech

oasis’:

The military’s massive relocation of its prestigious technology units, the presence of
multinational and local companies, a close proximity to Ben Gurion University and generous
government subsidies are turning Beersheba into a major global cybertech hub. Beersheba has
all of the ingredients of a vibrant security technology ecosystem, including Ben Gurion
University with its graduate program in cybersecurity and Cyber Security Research Center, and
the presence of companies such as EMC, Deutsche Telekom, PayPal, Oracle, IBM, and
Lockheed Martin. It’s also the future home of the INCB (Israeli National Cyber Bureau); offers
a special income tax incentive for cyber security companies, and was the site for the
relocation of the army’s intelligence corps units.

http://techcrunch.com/


Sabbatians have taken over the cyber world through the following

process: They scan the schools for likely cyber talent and develop

them at Ben Gurion University and their period of conscription in

the Israeli Defense Forces when they are stationed at the Beersheba

complex. When the cyber talented officially leave the army they are

funded to start cyber companies with technology developed by

themselves or given to them by the state. Much of this is stolen

through backdoors of computer systems around the world with

America top of the list. Others are sent off to Silicon Valley to start

companies or join the major ones and so we have many major

positions filled by apparently ‘Jewish’ but really Sabbatian

operatives. Google, YouTube and Facebook are all run by ‘Jewish’

CEOs while Twi�er is all but run by ultra-Zionist hedge-fund shark

Paul Singer. At the centre of the Sabbatian global cyber web is the

Israeli army’s Unit 8200 which specialises in hacking into computer

systems of other countries, inserting viruses, gathering information,

instigating malfunction, and even taking control of them from a

distance. A long list of Sabbatians involved with 9/11, Silicon Valley

and Israeli cyber security companies are operatives of Unit 8200.

This is not about Israel. It’s about the Cult. Israel is planned to be a

Smart Grid hub as with China and what is happening at Beersheba is

not for the benefit of Jewish people who are treated disgustingly by

the Sabbatian elite that control the country. A glance at the

Nuremberg Codes will tell you that.

The story is much bigger than ‘Covid’, important as that is to

where we are being taken. Now, though, it’s time to really strap in.

There’s more … much more …



I

CHAPTER ELEVEN

Who controls the Cult?

Awake, arise or be forever fall’n

John Milton, Paradise Lost

have exposed this far the level of the Cult conspiracy that operates

in the world of the seen and within the global secret society and

satanic network which operates in the shadows one step back from

the seen. The story, however, goes much deeper than that.

The ‘Covid’ hoax is major part of the Cult agenda, but only part,

and to grasp the biggest picture we have to expand our a�ention

beyond the realm of human sight and into the infinity of possibility

that we cannot see. It is from here, ultimately, that humanity is being

manipulated into a state of total control by the force which dictates

the actions of the Cult. How much of reality can we see? Next to

damn all is the answer. We may appear to see all there is to see in the

‘space’ our eyes survey and observe, but li�le could be further from

the truth. The human ‘world’ is only a tiny band of frequency that

the body’s visual and perceptual systems can decode into perception

of a ‘world’. According to mainstream science the electromagnetic

spectrum is 0.005 percent of what exists in the Universe (Fig 10). The

maximum estimate I have seen is 0.5 percent and either way it’s

miniscule. I say it is far, far, smaller even than 0.005 percent when

you compare reality we see with the totality of reality that we don’t.

Now get this if you are new to such information: Visible light, the

only band of frequency that we can see, is a fraction of the 0.005



percent (Fig 11 overleaf). Take this further and realise that our

universe is one of infinite universes and that universes are only a

fragment of overall reality – infinite reality. Then compare that with

the almost infinitesimal frequency band of visible light or human

sight. You see that humans are as near blind as it is possible to be

without actually being so. Artist and filmmaker, Sergio Toporek,

said:

Figure 10: Humans can perceive such a tiny band of visual reality it’s laughable.

Figure 11: We can see a smear of the 0.005 percent electromagnetic spectrum, but we still
know it all. Yep, makes sense.

Consider that you can see less than 1% of the electromagnetic spectrum and hear less than
1% of the acoustic spectrum. 90% of the cells in your body carry their own microbial DNA
and are not ‘you’. The atoms in your body are 99.9999999999999999% empty space and
none of them are the ones you were born with ... Human beings have 46 chromosomes, two
less than a potato.



The existence of the rainbow depends on the conical photoreceptors in your eyes; to animals
without cones, the rainbow does not exist. So you don’t just look at a rainbow, you create it.
This is pretty amazing, especially considering that all the beautiful colours you see represent
less than 1% of the electromagnetic spectrum.

Suddenly the ‘world’ of humans looks a very different place. Take

into account, too, that Planet Earth when compared with the

projected size of this single universe is the equivalent of a billionth of

a pinhead. Imagine the ratio that would be when compared to

infinite reality. To think that Christianity once insisted that Earth and

humanity were the centre of everything. This background is vital if

we are going to appreciate the nature of ‘human’ and how we can be

manipulated by an unseen force. To human visual reality virtually

everything is unseen and yet the prevailing perception within the

institutions and so much of the public is that if we can’t see it, touch

it, hear it, taste it and smell it then it cannot exist. Such perception is

indoctrinated and encouraged by the Cult and its agents because it

isolates believers in the strictly limited, village-idiot, realm of the five

senses where perceptions can be firewalled and information

controlled. Most of those perpetuating the ‘this-world-is-all-there-is’

insanity are themselves indoctrinated into believing the same

delusion. While major players and influencers know that official

reality is laughable most of those in science, academia and medicine

really believe the nonsense they peddle and teach succeeding

generations. Those who challenge the orthodoxy are dismissed as

nu�ers and freaks to protect the manufactured illusion from

exposure. Observe the dynamic of the ‘Covid’ hoax and you will see

how that takes the same form. The inner-circle psychopaths knows

it’s a gigantic scam, but almost the entirety of those imposing their

fascist rules believe that ‘Covid’ is all that they’re told it is.

Stolen identity

Ask people who they are and they will give you their name, place of

birth, location, job, family background and life story. Yet that is not

who they are – it is what they are experiencing. The difference is

absolutely crucial. The true ‘I’, the eternal, infinite ‘I’, is consciousness,



a state of being aware. Forget ‘form’. That is a vehicle for a brief

experience. Consciousness does not come from the brain, but through

the brain and even that is more symbolic than literal. We are

awareness, pure awareness, and this is what withdraws from the

body at what we call ‘death’ to continue our eternal beingness,

isness, in other realms of reality within the limitlessness of infinity or

the Biblical ‘many mansions in my father’s house’. Labels of a

human life, man, woman, transgender, black, white, brown,

nationality, circumstances and income are not who we are. They are

what we are – awareness – is experiencing in a brief connection with a

band of frequency we call ‘human’. The labels are not the self; they

are, to use the title of one of my books, a Phantom Self. I am not

David Icke born in Leicester, England, on April 29th, 1952. I am the

consciousness having that experience. The Cult and its non-human

masters seek to convince us through the institutions of ‘education’,

science, medicine, media and government that what we are

experiencing is who we are. It’s so easy to control and direct

perception locked away in the bewildered illusions of the five senses

with no expanded radar. Try, by contrast, doing the same with a

humanity aware of its true self and its true power to consciously

create its reality and experience. How is it possible to do this? We do

it all day every day. If you perceive yourself as ‘li�le me’ with no

power to impact upon your life and the world then your life

experience will reflect that. You will hand the power you don’t think

you have to authority in all its forms which will use it to control your

experience. This, in turn, will appear to confirm your perception of

‘li�le me’ in a self-fulfilling feedback loop. But that is what ‘li�le me’

really is – a perception. We are all ‘big-me’, infinite me, and the Cult

has to make us forget that if its will is to prevail. We are therefore

manipulated and pressured into self-identifying with human labels

and not the consciousness/awareness experiencing those human

labels.

The phenomenon of identity politics is a Cult-instigated

manipulation technique to sub-divide previous labels into even

smaller ones. A United States university employs this list of le�ers to



describe student identity: LGBTTQQFAGPBDSM or lesbian, gay,

bisexual, transgender, transsexual, queer, questioning, flexual,

asexual, gender-fuck, polyamorous, bondage/discipline,

dominance/submission and sadism/masochism. I’m sure other lists

are even longer by now as people feel the need to self-identity the ‘I’

with the minutiae of race and sexual preference. Wokers

programmed by the Cult for generations believe this is about

‘inclusivity’ when it’s really the Cult locking them away into smaller

and smaller versions of Phantom Self while firewalling them from

the influence of their true self, the infinite, eternal ‘I’. You may notice

that my philosophy which contends that we are all unique points of

a�ention/awareness within the same infinite whole or Oneness is the

ultimate non-racism. The very sense of Oneness makes the

judgement of people by their body-type, colour or sexuality u�erly

ridiculous and confirms that racism has no understanding of reality

(including anti-white racism). Yet despite my perception of life Cult

agents and fast-asleep Wokers label me racist to discredit my

information while they are themselves phenomenally racist and

sexist. All they see is race and sexuality and they judge people as

good or bad, demons or untouchables, by their race and sexuality.

All they see is Phantom Self and perceive themselves in terms of

Phantom Self. They are pawns and puppets of the Cult agenda to

focus a�ention and self-identity in the five senses and play those

identities against each other to divide and rule. Columbia University

has introduced segregated graduations in another version of social

distancing designed to drive people apart and teach them that

different racial and cultural groups have nothing in common with

each other. The last thing the Cult wants is unity. Again the pump-

primers of this will be Cult operatives in the knowledge of what they

are doing, but the rest are just the Phantom Self blind leading the

Phantom Self blind. We do have something in common – we are all

the same consciousness having different temporary experiences.

What is this ‘human’?



Yes, what is ‘human’? That is what we are supposed to be, right? I

mean ‘human’? True, but ‘human’ is the experience not the ‘I’. Break

it down to basics and ‘human’ is the way that information is

processed. If we are to experience and interact with this band of

frequency we call the ‘world’ we must have a vehicle that operates

within that band of frequency. Our consciousness in its prime form

cannot do that; it is way beyond the frequency of the human realm.

My consciousness or awareness could not tap these keys and pick up

the cup in front of me in the same way that radio station A cannot

interact with radio station B when they are on different frequencies.

The human body is the means through which we have that

interaction. I have long described the body as a biological computer

which processes information in a way that allows consciousness to

experience this reality. The body is a receiver, transmi�er and

processor of information in a particular way that we call human. We

visually perceive only the world of the five senses in a wakened state

– that is the limit of the body’s visual decoding system. In truth it’s

not even visual in the way we experience ‘visual reality’ as I will

come to in a moment. We are ‘human’ because the body processes

the information sources of human into a reality and behaviour

system that we perceive as human. Why does an elephant act like an

elephant and not like a human or a duck? The elephant’s biological

computer is a different information field and processes information

according to that program into a visual and behaviour type we call

an elephant. The same applies to everything in our reality. These

body information fields are perpetuated through procreation (like

making a copy of a so�ware program). The Cult wants to break that

cycle and intervene technologically to transform the human

information field into one that will change what we call humanity. If

it can change the human information field it will change the way

that field processes information and change humanity both

‘physically’ and psychologically. Hence the messenger (information)

RNA ‘vaccines’ and so much more that is targeting human genetics

by changing the body’s information – messaging – construct through

food, drink, radiation, toxicity and other means.



Reality that we experience is nothing like reality as it really is in

the same way that the reality people experience in virtual reality

games is not the reality they are really living in. The game is only a

decoded source of information that appears to be a reality. Our

world is also an information construct – a simulation (more later). In

its base form our reality is a wavefield of information much the same

in theme as Wi-Fi. The five senses decode wavefield information into

electrical information which they communicate to the brain to

decode into holographic (illusory ‘physical’) information. Different

parts of the brain specialise in decoding different senses and the

information is fused into a reality that appears to be outside of us

but is really inside the brain and the genetic structure in general (Fig

12 overleaf). DNA is a receiver-transmi�er of information and a vital

part of this decoding process and the body’s connection to other

realities. Change DNA and you change the way we decode and

connect with reality – see ‘Covid vaccines’. Think of computers

decoding Wi-Fi. You have information encoded in a radiation field

and the computer decodes that information into a very different

form on the screen. You can’t see the Wi-Fi until its information is

made manifest on the screen and the information on the screen is

inside the computer and not outside. I have just described how we

decode the ‘human world’. All five senses decode the waveform ‘Wi-

Fi’ field into electrical signals and the brain (computer) constructs

reality inside the brain and not outside – ‘You don’t just look at a

rainbow, you create it’. Sound is a simple example. We don’t hear

sound until the brain decodes it. Waveform sound waves are picked

up by the hearing sense and communicated to the brain in an

electrical form to be decoded into the sounds that we hear.

Everything we hear is inside the brain along with everything we see,

feel, smell and taste. Words and language are waveform fields

generated by our vocal chords which pass through this process until

they are decoded by the brain into words that we hear. Different

languages are different frequency fields or sound waves generated

by vocal chords. Late British philosopher Alan Wa�s said:



Figure 12: The brain receives information from the five senses and constructs from that our
perceived reality.

[Without the brain] the world is devoid of light, heat, weight, solidity, motion, space, time or
any other imaginable feature. All these phenomena are interactions, or transactions, of
vibrations with a certain arrangement of neurons.

That’s exactly what they are and scientist Robert Lanza describes in

his book, Biocentrism, how we decode electromagnetic waves and

energy into visual and ‘physical’ experience. He uses the example of

a flame emi�ing photons, electromagnetic energy, each pulsing

electrically and magnetically:

… these … invisible electromagnetic waves strike a human retina, and if (and only if) the
waves happen to measure between 400 and 700 nano meters in length from crest to crest,
then their energy is just right to deliver a stimulus to the 8 million cone-shaped cells in the
retina.

Each in turn send an electrical pulse to a neighbour neuron, and on up the line this goes, at
250 mph, until it reaches the … occipital lobe of the brain, in the back of the head. There, a
cascading complex of neurons fire from the incoming stimuli, and we subjectively perceive
this experience as a yellow brightness occurring in a place we have been conditioned to call
the ‘external world’.

You hear what you decode



If a tree falls or a building collapses they make no noise unless

someone is there to decode the energetic waves generated by the

disturbance into what we call sound. Does a falling tree make a

noise? Only if you hear it – decode it. Everything in our reality is a

frequency field of information operating within the overall ‘Wi-Fi’

field that I call The Field. A vibrational disturbance is generated in

The Field by the fields of the falling tree or building. These

disturbance waves are what we decode into the sound of them

falling. If no one is there to do that then neither will make any noise.

Reality is created by the observer – decoder – and the perceptions of

the observer affect the decoding process. For this reason different

people – different perceptions – will perceive the same reality or

situation in a different way. What one may perceive as a nightmare

another will see as an opportunity. The question of why the Cult is

so focused on controlling human perception now answers itself. All

experienced reality is the act of decoding and we don’t experience

Wi-Fi until it is decoded on the computer screen. The sight and

sound of an Internet video is encoded in the Wi-Fi all around us, but

we don’t see or hear it until the computer decodes that information.

Taste, smell and touch are all phenomena of the brain as a result of

the same process. We don’t taste, smell or feel anything except in the

brain and there are pain relief techniques that seek to block the

signal from the site of discomfort to the brain because if the brain

doesn’t decode that signal we don’t feel pain. Pain is in the brain and

only appears to be at the point of impact thanks to the feedback loop

between them. We don’t see anything until electrical information

from the sight senses is decoded in an area at the back of the brain. If

that area is damaged we can go blind when our eyes are perfectly

okay. So why do we go blind if we damage an eye? We damage the

information processing between the waveform visual information

and the visual decoding area of the brain. If information doesn’t

reach the brain in a form it can decode then we can’t see the visual

reality that it represents. What’s more the brain is decoding only a

fraction of the information it receives and the rest is absorbed by the



sub-conscious mind. This explanation is from the science magazine,

Wonderpedia:

Every second, 11 million sensations crackle along these [brain] pathways ... The brain is
confronted with an alarming array of images, sounds and smells which it rigorously filters
down until it is left with a manageable list of around 40. Thus 40 sensations per second make
up what we perceive as reality.

The ‘world’ is not what people are told to believe that is it and the

inner circles of the Cult know that.

Illusory ‘physical’ reality

We can only see a smear of 0.005 percent of the Universe which is

only one of a vast array of universes – ‘mansions’ – within infinite

reality. Even then the brain decodes only 40 pieces of information

(‘sensations’) from a potential 11 million that we receive every

second. Two points strike you from this immediately: The sheer

breathtaking stupidity of believing we know anything so rigidly that

there’s nothing more to know; and the potential for these processes

to be manipulated by a malevolent force to control the reality of the

population. One thing I can say for sure with no risk of contradiction

is that when you can perceive an almost indescribable fraction of

infinite reality there is always more to know as in tidal waves of it.

Ancient Greek philosopher Socrates was so right when he said that

wisdom is to know how li�le we know. How obviously true that is

when you think that we are experiencing a physical world of solidity

that is neither physical nor solid and a world of apartness when

everything is connected. Cult-controlled ‘science’ dismisses the so-

called ‘paranormal’ and all phenomena related to that when the

‘para’-normal is perfectly normal and explains the alleged ‘great

mysteries’ which dumbfound scientific minds. There is a reason for

this. A ‘scientific mind’ in terms of the mainstream is a material

mind, a five-sense mind imprisoned in see it, touch it, hear it, smell it

and taste it. Phenomena and happenings that can’t be explained that

way leave the ‘scientific mind’ bewildered and the rule is that if they



can’t account for why something is happening then it can’t, by

definition, be happening. I beg to differ. Telepathy is thought waves

passing through The Field (think wave disturbance again) to be

decoded by someone able to connect with that wavelength

(information). For example: You can pick up the thought waves of a

friend at any distance and at the very least that will bring them to

mind. A few minutes later the friend calls you. ‘My god’, you say,

‘that’s incredible – I was just thinking of you.’ Ah, but they were

thinking of you before they made the call and that’s what you

decoded. Native peoples not entrapped in five-sense reality do this

so well it became known as the ‘bush telegraph’. Those known as

psychics and mediums (genuine ones) are doing the same only

across dimensions of reality. ‘Mind over ma�er’ comes from the fact

that ma�er and mind are the same. The state of one influences the

state of the other. Indeed one and the other are illusions. They are

aspects of the same field. Paranormal phenomena are all explainable

so why are they still considered ‘mysteries’ or not happening? Once

you go down this road of understanding you begin to expand

awareness beyond the five senses and that’s the nightmare for the

Cult.

Figure 13: Holograms are not solid, but the best ones appear to be.



Figure 14: How holograms are created by capturing a waveform version of the subject image.

Holographic ‘solidity’

Our reality is not solid, it is holographic. We are now well aware of

holograms which are widely used today. Two-dimensional

information is decoded into a three-dimensional reality that is not

solid although can very much appear to be (Fig 13). Holograms are

created with a laser divided into two parts. One goes directly onto a

holographic photographic print (‘reference beam’) and the other

takes a waveform image of the subject (‘working beam’) before being

directed onto the print where it ‘collides’ with the other half of the

laser (Fig 14). This creates a waveform interference pa�ern which

contains the wavefield information of whatever is being

photographed (Fig 15 overleaf). The process can be likened to

dropping pebbles in a pond. Waves generated by each one spread

out across the water to collide with the others and create a wave

representation of where the stones fell and at what speed, weight

and distance. A waveform interference pa�ern of a hologram is akin

to the waveform information in The Field which the five senses

decode into electrical signals to be decoded by the brain into a

holographic illusory ‘physical’ reality. In the same way when a laser

(think human a�ention) is directed at the waveform interference

pa�ern a three-dimensional version of the subject is projected into

apparently ‘solid’ reality (Fig 16). An amazing trait of holograms

reveals more ‘paranormal mysteries’. Information of the whole



hologram is encoded in waveform in every part of the interference

pa�ern by the way they are created. This means that every part of a

hologram is a smaller version of the whole. Cut the interference

wave-pa�ern into four and you won’t get four parts of the image.

You get quarter-sized versions of the whole image. The body is a

hologram and the same applies. Here we have the basis of

acupuncture, reflexology and other forms of healing which identify

representations of the whole body in all of the parts, hands, feet,

ears, everywhere. Skilled palm readers can do what they do because

the information of whole body is encoded in the hand. The concept

of as above, so below, comes from this.

Figure 15: A waveform interference pattern that holds the information that transforms into a
hologram.

Figure 16: Holographic people including ‘Elvis’ holographically inserted to sing a duet with
Celine Dion.



The question will be asked of why, if solidity is illusory, we can’t

just walk through walls and each other. The resistance is not solid

against solid; it is electromagnetic field against electromagnetic field

and we decode this into the experience of solid against solid. We

should also not underestimate the power of belief to dictate reality.

What you believe is impossible will be. Your belief impacts on your

decoding processes and they won’t decode what you think is

impossible. What we believe we perceive and what we perceive we

experience. ‘Can’t dos’ and ‘impossibles’ are like a firewall in a

computer system that won’t put on the screen what the firewall

blocks. How vital that is to understanding how human experience

has been hĳacked. I explain in The Answer, Everything You Need To

Know But Have Never Been Told and other books a long list of

‘mysteries’ and ‘paranormal’ phenomena that are not mysterious

and perfectly normal once you realise what reality is and how it

works. ‘Ghosts’ can be seen to pass through ‘solid’ walls because the

walls are not solid and the ghost is a discarnate entity operating on a

frequency so different to that of the wall that it’s like two radio

stations sharing the same space while never interfering with each

other. I have seen ghosts do this myself. The apartness of people and

objects is also an illusion. Everything is connected by the Field like

all sea life is connected by the sea. It’s just that within the limits of

our visual reality we only ‘see’ holographic information and not the

field of information that connects everything and from which the

holographic world is made manifest. If you can only see holographic

‘objects’ and not the field that connects them they will appear to you

as unconnected to each other in the same way that we see the

computer while not seeing the Wi-Fi.

What you don’t know can hurt you

Okay, we return to those ‘two worlds’ of human society and the Cult

with its global network of interconnecting secret societies and

satanic groups which manipulate through governments,

corporations, media, religions, etc. The fundamental difference

between them is knowledge. The idea has been to keep humanity



ignorant of the plan for its total enslavement underpinned by a

crucial ignorance of reality – who we are and where we are – and

how we interact with it. ‘Human’ should be the interaction between

our expanded eternal consciousness and the five-sense body

experience. We are meant to be in this world in terms of the five

senses but not of this world in relation to our greater consciousness

and perspective. In that state we experience the small picture of the

five senses within the wider context of the big picture of awareness

beyond the five senses. Put another way the five senses see the dots

and expanded awareness connects them into pictures and pa�erns

that give context to the apparently random and unconnected.

Without the context of expanded awareness the five senses see only

apartness and randomness with apparently no meaning. The Cult

and its other-dimensional controllers seek to intervene in the

frequency realm where five-sense reality is supposed to connect with

expanded reality and to keep the two apart (more on this in the final

chapter). When that happens five-sense mental and emotional

processes are no longer influenced by expanded awareness, or the

True ‘I’, and instead are driven by the isolated perceptions of the

body’s decoding systems. They are in the world and of it. Here we

have the human plight and why humanity with its potential for

infinite awareness can be so easily manipulatable and descend into

such extremes of stupidity.

Once the Cult isolates five-sense mind from expanded awareness

it can then program the mind with perceptions and beliefs by

controlling information that the mind receives through the

‘education’ system of the formative years and the media perceptual

bombardment and censorship of an entire lifetime. Limit perception

and a sense of the possible through limiting knowledge by limiting

and skewing information while censoring and discrediting that

which could set people free. As the title of another of my books says

… And The Truth Shall Set You Free. For this reason the last thing the

Cult wants in circulation is the truth about anything – especially the

reality of the eternal ‘I’ – and that’s why it is desperate to control

information. The Cult knows that information becomes perception



which becomes behaviour which, collectively, becomes human

society. Cult-controlled and funded mainstream ‘science’ denies the

existence of an eternal ‘I’ and seeks to dismiss and trash all evidence

to the contrary. Cult-controlled mainstream religion has a version of

‘God’ that is li�le more than a system of control and dictatorship

that employs threats of damnation in an a�erlife to control

perceptions and behaviour in the here and now through fear and

guilt. Neither is true and it’s the ‘neither’ that the Cult wishes to

suppress. This ‘neither’ is that everything is an expression, a point of

a�ention, within an infinite state of consciousness which is the real

meaning of the term ‘God’.

Perceptual obsession with the ‘physical body’ and five-senses

means that ‘God’ becomes personified as a bearded bloke si�ing

among the clouds or a raging bully who loves us if we do what ‘he’

wants and condemns us to the fires of hell if we don’t. These are no

more than a ‘spiritual’ fairy tales to control and dictate events and

behaviour through fear of this ‘God’ which has bizarrely made ‘God-

fearing’ in religious circles a state to be desired. I would suggest that

fearing anything is not to be encouraged and celebrated, but rather

deleted. You can see why ‘God fearing’ is so beneficial to the Cult

and its religions when they decide what ‘God’ wants and what ‘God’

demands (the Cult demands) that everyone do. As the great

American comedian Bill Hicks said satirising a Christian zealot: ‘I

think what God meant to say.’ How much of this infinite awareness

(‘God’) that we access is decided by how far we choose to expand

our perceptions, self-identity and sense of the possible. The scale of

self-identity reflects itself in the scale of awareness that we can

connect with and are influenced by – how much knowing and

insight we have instead of programmed perception. You cannot

expand your awareness into the infinity of possibility when you

believe that you are li�le me Peter the postman or Mary in marketing

and nothing more. I’ll deal with this in the concluding chapter

because it’s crucial to how we turnaround current events.

Where the Cult came from



When I realised in the early 1990s there was a Cult network behind

global events I asked the obvious question: When did it start? I took

it back to ancient Rome and Egypt and on to Babylon and Sumer in

Mesopotamia, the ‘Land Between Two Rivers’, in what we now call

Iraq. The two rivers are the Tigris and Euphrates and this region is of

immense historical and other importance to the Cult, as is the land

called Israel only 550 miles away by air. There is much more going

with deep esoteric meaning across this whole region. It’s not only

about ‘wars for oil’. Priceless artefacts from Mesopotamia were

stolen or destroyed a�er the American and British invasion of Iraq in

2003 justified by the lies of Boy Bush and Tony Blair (their Cult

masters) about non-existent ‘weapons of mass destruction’.

Mesopotamia was the location of Sumer (about 5,400BC to 1,750BC),

and Babylon (about 2,350BC to 539BC). Sabbatians may have become

immensely influential in the Cult in modern times but they are part

of a network that goes back into the mists of history. Sumer is said by

historians to be the ‘cradle of civilisation’. I disagree. I say it was the

re-start of what we call human civilisation a�er cataclysmic events

symbolised in part as the ‘Great Flood’ destroyed the world that

existed before. These fantastic upheavals that I have been describing

in detail in the books since the early1990s appear in accounts and

legends of ancient cultures across the world and they are supported

by geological and biological evidence. Stone tablets found in Iraq

detailing the Sumer period say the cataclysms were caused by non-

human ‘gods’ they call the Anunnaki. These are described in terms

of extraterrestrial visitations in which knowledge supplied by the

Anunnaki is said to have been the source of at least one of the

world’s oldest writing systems and developments in astronomy,

mathematics and architecture that were way ahead of their time. I

have covered this subject at length in The Biggest Secret and Children

of the Matrix and the same basic ‘Anunnaki’ story can be found in

Zulu accounts in South Africa where the late and very great Zulu

high shaman Credo Mutwa told me that the Sumerian Anunnaki

were known by Zulus as the Chitauri or ‘children of the serpent’. See

my six-hour video interview with Credo on this subject entitled The



Reptilian Agenda recorded at his then home near Johannesburg in

1999 which you can watch on the Ickonic media platform.

The Cult emerged out of Sumer, Babylon and Egypt (and

elsewhere) and established the Roman Empire before expanding

with the Romans into northern Europe from where many empires

were savagely imposed in the form of Cult-controlled societies all

over the world. Mass death and destruction was their calling card.

The Cult established its centre of operations in Europe and European

Empires were Cult empires which allowed it to expand into a global

force. Spanish and Portuguese colonialists headed for Central and

South America while the British and French targeted North America.

Africa was colonised by Britain, France, Belgium, the Netherlands,

Portugal, Spain, Italy, and Germany. Some like Britain and France

moved in on the Middle East. The British Empire was by far the

biggest for a simple reason. By now Britain was the headquarters of

the Cult from which it expanded to form Canada, the United States,

Australia and New Zealand. The Sun never set on the British Empire

such was the scale of its occupation. London remains a global centre

for the Cult along with Rome and the Vatican although others have

emerged in Israel and China. It is no accident that the ‘virus’ is

alleged to have come out of China while Italy was chosen as the

means to terrify the Western population into compliance with

‘Covid’ fascism. Nor that Israel has led the world in ‘Covid’ fascism

and mass ‘vaccination’.

You would think that I would mention the United States here, but

while it has been an important means of imposing the Cult’s will it is

less significant than would appear and is currently in the process of

having what power it does have deleted. The Cult in Europe has

mostly loaded the guns for the US to fire. America has been

controlled from Europe from the start through Cult operatives in

Britain and Europe. The American Revolution was an illusion to

make it appear that America was governing itself while very

different forces were pulling the strings in the form of Cult families

such as the Rothschilds through the Rockefellers and other

subordinates. The Rockefellers are extremely close to Bill Gates and



established both scalpel and drug ‘medicine’ and the World Health

Organization. They play a major role in the development and

circulation of vaccines through the Rockefeller Foundation on which

Bill Gates said his Foundation is based. Why wouldn’t this be the

case when the Rockefellers and Gates are on the same team? Cult

infiltration of human society goes way back into what we call history

and has been constantly expanding and centralising power with the

goal of establishing a global structure to dictate everything. Look

how this has been advanced in great leaps with the ‘Covid’ hoax.

The non-human dimension

I researched and observed the comings and goings of Cult operatives

through the centuries and even thousands of years as they were

born, worked to promote the agenda within the secret society and

satanic networks, and then died for others to replace them. Clearly

there had to be a coordinating force that spanned this entire period

while operatives who would not have seen the end goal in their

lifetimes came and went advancing the plan over millennia. I went

in search of that coordinating force with the usual support from the

extraordinary synchronicity of my life which has been an almost

daily experience since 1990. I saw common themes in religious texts

and ancient cultures about a non-human force manipulating human

society from the hidden. Christianity calls this force Satan, the Devil

and demons; Islam refers to the Jinn or Djinn; Zulus have their

Chitauri (spelt in other ways in different parts of Africa); and the

Gnostic people in Egypt in the period around and before 400AD

referred to this phenomena as the ‘Archons’, a word meaning rulers

in Greek. Central American cultures speak of the ‘Predators’ among

other names and the same theme is everywhere. I will use ‘Archons’

as a collective name for all of them. When you see how their nature

and behaviour is described all these different sources are clearly

talking about the same force. Gnostics described the Archons in

terms of ‘luminous fire’ while Islam relates the Jinn to ‘smokeless

fire’. Some refer to beings in form that could occasionally be seen,

but the most common of common theme is that they operate from



unseen realms which means almost all existence to the visual

processes of humans. I had concluded that this was indeed the

foundation of human control and that the Cult was operating within

the human frequency band on behalf of this hidden force when I

came across the writings of Gnostics which supported my

conclusions in the most extraordinary way.

A sealed earthen jar was found in 1945 near the town of Nag

Hammadi about 75-80 miles north of Luxor on the banks of the River

Nile in Egypt. Inside was a treasure trove of manuscripts and texts

le� by the Gnostic people some 1,600 years earlier. They included 13

leather-bound papyrus codices (manuscripts) and more than 50 texts

wri�en in Coptic Egyptian estimated to have been hidden in the jar

in the period of 400AD although the source of the information goes

back much further. Gnostics oversaw the Great or Royal Library of

Alexandria, the fantastic depository of ancient texts detailing

advanced knowledge and accounts of human history. The Library

was dismantled and destroyed in stages over a long period with the

death-blow delivered by the Cult-established Roman Church in the

period around 415AD. The Church of Rome was the Church of

Babylon relocated as I said earlier. Gnostics were not a race. They

were a way of perceiving reality. Whenever they established

themselves and their information circulated the terrorists of the

Church of Rome would target them for destruction. This happened

with the Great Library and with the Gnostic Cathars who were

burned to death by the psychopaths a�er a long period of

oppression at the siege of the Castle of Monségur in southern France

in 1244. The Church has always been terrified of Gnostic information

which demolishes the official Christian narrative although there is

much in the Bible that supports the Gnostic view if you read it in

another way. To anyone studying the texts of what became known as

the Nag Hammadi Library it is clear that great swathes of Christian

and Biblical belief has its origin with Gnostics sources going back to

Sumer. Gnostic themes have been twisted to manipulate the

perceived reality of Bible believers. Biblical texts have been in the

open for centuries where they could be changed while Gnostic



documents found at Nag Hammadi were sealed away and

untouched for 1,600 years. What you see is what they wrote.

Use your pneuma not your nous

Gnosticism and Gnostic come from ‘gnosis’ which means

knowledge, or rather secret knowledge, in the sense of spiritual

awareness – knowledge about reality and life itself. The desperation

of the Cult’s Church of Rome to destroy the Gnostics can be

understood when the knowledge they were circulating was the last

thing the Cult wanted the population to know. Sixteen hundred

years later the same Cult is working hard to undermine and silence

me for the same reason. The dynamic between knowledge and

ignorance is a constant. ‘Time’ appears to move on, but essential

themes remain the same. We are told to ‘use your nous’, a Gnostic

word for head/brain/intelligence. They said, however, that spiritual

awakening or ‘salvation’ could only be secured by expanding

awareness beyond what they called nous and into pneuma or Infinite

Self. Obviously as I read these texts the parallels with what I have

been saying since 1990 were fascinating to me. There is a universal

truth that spans human history and in that case why wouldn’t we be

talking the same language 16 centuries apart? When you free

yourself from the perception program of the five senses and explore

expanded realms of consciousness you are going to connect with the

same information no ma�er what the perceived ‘era’ within a

manufactured timeline of a single and tiny range of manipulated

frequency. Humans working with ‘smart’ technology or knocking

rocks together in caves is only a timeline appearing to operate within

the human frequency band. Expanded awareness and the

knowledge it holds have always been there whether the era be Stone

Age or computer age. We can only access that knowledge by

opening ourselves to its frequency which the five-sense prison cell is

designed to stop us doing. Gates, Fauci, Whi�y, Vallance,

Zuckerberg, Brin, Page, Wojcicki, Bezos, and all the others behind

the ‘Covid’ hoax clearly have a long wait before their range of

frequency can make that connection given that an open heart is



crucial to that as we shall see. Instead of accessing knowledge

directly through expanded awareness it is given to Cult operatives

by the secret society networks of the Cult where it has been passed

on over thousands of years outside the public arena. Expanded

realms of consciousness is where great artists, composers and

writers find their inspiration and where truth awaits anyone open

enough to connect with it. We need to go there fast.

Archon hijack

A fi�h of the Nag Hammadi texts describe the existence and

manipulation of the Archons led by a ‘Chief Archon’ they call

‘Yaldabaoth’, or the ‘Demiurge’, and this is the Christian ‘Devil’,

‘Satan’, ‘Lucifer’, and his demons. Archons in Biblical symbolism are

the ‘fallen ones’ which are also referred to as fallen angels a�er the

angels expelled from heaven according to the Abrahamic religions of

Judaism, Christianity and Islam. These angels are claimed to tempt

humans to ‘sin’ ongoing and you will see how accurate that

symbolism is during the rest of the book. The theme of ‘original sin’

is related to the ‘Fall’ when Adam and Eve were ‘tempted by the

serpent’ and fell from a state of innocence and ‘obedience’

(connection) with God into a state of disobedience (disconnection).

The Fall is said to have brought sin into the world and corrupted

everything including human nature. Yaldabaoth, the ‘Lord Archon’,

is described by Gnostics as a ‘counterfeit spirit’, ‘The Blind One’,

‘The Blind God’, and ‘The Foolish One’. The Jewish name for

Yaldabaoth in Talmudic writings is Samael which translates as

‘Poison of God’, or ‘Blindness of God’. You see the parallels.

Yaldabaoth in Islamic belief is the Muslim Jinn devil known as

Shaytan – Shaytan is Satan as the same themes are found all over the

world in every religion and culture. The ‘Lord God’ of the Old

Testament is the ‘Lord Archon’ of Gnostic manuscripts and that’s

why he’s such a bloodthirsty bastard. Satan is known by Christians

as ‘the Demon of Demons’ and Gnostics called Yaldabaoth the

‘Archon of Archons’. Both are known as ‘The Deceiver’. We are

talking about the same ‘bloke’ for sure and these common themes



using different names, storylines and symbolism tell a common tale

of the human plight.

Archons are referred to in Nag Hammadi documents as mind

parasites, inverters, guards, gatekeepers, detainers, judges, pitiless

ones and deceivers. The ‘Covid’ hoax alone is a glaring example of

all these things. The Biblical ‘God’ is so different in the Old and New

Testaments because they are not describing the same phenomenon.

The vindictive, angry, hate-filled, ‘God’ of the Old Testament, known

as Yahweh, is Yaldabaoth who is depicted in Cult-dictated popular

culture as the ‘Dark Lord’, ‘Lord of Time’, Lord (Darth) Vader and

Dormammu, the evil ruler of the ‘Dark Dimension’ trying to take

over the ‘Earth Dimension’ in the Marvel comic movie, Dr Strange.

Yaldabaoth is both the Old Testament ‘god’ and the Biblical ‘Satan’.

Gnostics referred to Yaldabaoth as the ‘Great Architect of the

Universe’and the Cult-controlled Freemason network calls their god

‘the ‘Great Architect of the Universe’ (also Grand Architect). The

‘Great Architect’ Yaldabaoth is symbolised by the Cult as the all-

seeing eye at the top of the pyramid on the Great Seal of the United

States and the dollar bill. Archon is encoded in arch-itect as it is in

arch-angels and arch-bishops. All religions have the theme of a force

for good and force for evil in some sort of spiritual war and there is a

reason for that – the theme is true. The Cult and its non-human

masters are quite happy for this to circulate. They present

themselves as the force for good fighting evil when they are really

the force of evil (absence of love). The whole foundation of Cult

modus operandi is inversion. They promote themselves as a force for

good and anyone challenging them in pursuit of peace, love,

fairness, truth and justice is condemned as a satanic force for evil.

This has been the game plan throughout history whether the Church

of Rome inquisitions of non-believers or ‘conspiracy theorists’ and

‘anti-vaxxers’ of today. The technique is the same whatever the

timeline era.

Yaldabaoth is revolting (true)



Yaldabaoth and the Archons are said to have revolted against God

with Yaldabaoth claiming to be God – the All That Is. The Old

Testament ‘God’ (Yaldabaoth) demanded to be worshipped as such: ‘

I am the LORD, and there is none else, there is no God beside me’

(Isaiah 45:5). I have quoted in other books a man who said he was

the unofficial son of the late Baron Philippe de Rothschild of the

Mouton-Rothschild wine producing estates in France who died in

1988 and he told me about the Rothschild ‘revolt from God’. The

man said he was given the name Phillip Eugene de Rothschild and

we shared long correspondence many years ago while he was living

under another identity. He said that he was conceived through

‘occult incest’ which (within the Cult) was ‘normal and to be

admired’. ‘Phillip’ told me about his experience a�ending satanic

rituals with rich and famous people whom he names and you can

see them and the wider background to Cult Satanism in my other

books starting with The Biggest Secret. Cult rituals are interactions

with Archontic ‘gods’. ‘Phillip’ described Baron Philippe de

Rothschild as ‘a master Satanist and hater of God’ and he used the

same term ‘revolt from God’ associated with

Yaldabaoth/Satan/Lucifer/the Devil in describing the Sabbatian

Rothschild dynasty. ‘I played a key role in my family’s revolt from

God’, he said. That role was to infiltrate in classic Sabbatian style the

Christian Church, but eventually he escaped the mind-prison to live

another life. The Cult has been targeting religion in a plan to make

worship of the Archons the global one-world religion. Infiltration of

Satanism into modern ‘culture’, especially among the young,

through music videos, stage shows and other means, is all part of

this.

Nag Hammadi texts describe Yaldabaoth and the Archons in their

prime form as energy – consciousness – and say they can take form if

they choose in the same way that consciousness takes form as a

human. Yaldabaoth is called ‘formless’ and represents a deeply

inverted, distorted and chaotic state of consciousness which seeks to

a�ached to humans and turn them into a likeness of itself in an

a�empt at assimilation. For that to happen it has to manipulate



humans into low frequency mental and emotional states that match

its own. Archons can certainly appear in human form and this is the

origin of the psychopathic personality. The energetic distortion

Gnostics called Yaldabaoth is psychopathy. When psychopathic

Archons take human form that human will be a psychopath as an

expression of Yaldabaoth consciousness. Cult psychopaths are

Archons in human form. The principle is the same as that portrayed

in the 2009 Avatar movie when the American military travelled to a

fictional Earth-like moon called Pandora in the Alpha Centauri star

system to infiltrate a society of blue people, or Na’vi, by hiding

within bodies that looked like the Na’vi. Archons posing as humans

have a particular hybrid information field, part human, part Archon,

(the ancient ‘demigods’) which processes information in a way that

manifests behaviour to match their psychopathic evil, lack of

empathy and compassion, and stops them being influenced by the

empathy, compassion and love that a fully-human information field

is capable of expressing. Cult bloodlines interbreed, be they royalty

or dark suits, for this reason and you have their obsession with

incest. Interbreeding with full-blown humans would dilute the

Archontic energy field that guarantees psychopathy in its

representatives in the human realm.

Gnostic writings say the main non-human forms that Archons

take are serpentine (what I have called for decades ‘reptilian’ amid

unbounded ridicule from the Archontically-programmed) and what

Gnostics describe as ‘an unborn baby or foetus with grey skin and

dark, unmoving eyes’. This is an excellent representation of the ET

‘Greys’ of UFO folklore which large numbers of people claim to have

seen and been abducted by – Zulu shaman Credo Mutwa among

them. I agree with those that believe in extraterrestrial or

interdimensional visitations today and for thousands of years past.

No wonder with their advanced knowledge and technological

capability they were perceived and worshipped as gods for

technological and other ‘miracles’ they appeared to perform.

Imagine someone arriving in a culture disconnected from the

modern world with a smartphone and computer. They would be



seen as a ‘god’ capable of ‘miracles’. The Renegade Mind, however,

wants to know the source of everything and not only the way that

source manifests as human or non-human. In the same way that a

Renegade Mind seeks the original source material for the ‘Covid

virus’ to see if what is claimed is true. The original source of

Archons in form is consciousness – the distorted state of

consciousness known to Gnostics as Yaldabaoth.

‘Revolt from God’ is energetic disconnection

Where I am going next will make a lot of sense of religious texts and

ancient legends relating to ‘Satan’, Lucifer’ and the ‘gods’. Gnostic

descriptions sync perfectly with the themes of my own research over

the years in how they describe a consciousness distortion seeking to

impose itself on human consciousness. I’ve referred to the core of

infinite awareness in previous books as Infinite Awareness in

Awareness of Itself. By that I mean a level of awareness that knows

that it is all awareness and is aware of all awareness. From here

comes the frequency of love in its true sense and balance which is

what love is on one level – the balance of all forces into a single

whole called Oneness and Isness. The more we disconnect from this

state of love that many call ‘God’ the constituent parts of that

Oneness start to unravel and express themselves as a part and not a

whole. They become individualised as intellect, mind, selfishness,

hatred, envy, desire for power over others, and such like. This is not

a problem in the greater scheme in that ‘God’, the All That Is, can

experience all these possibilities through different expressions of

itself including humans. What we as expressions of the whole

experience the All That Is experiences. We are the All That Is

experiencing itself. As we withdraw from that state of Oneness we

disconnect from its influence and things can get very unpleasant and

very stupid. Archontic consciousness is at the extreme end of that. It

has so disconnected from the influence of Oneness that it has become

an inversion of unity and love, an inversion of everything, an

inversion of life itself. Evil is appropriately live wri�en backwards.

Archontic consciousness is obsessed with death, an inversion of life,



and so its manifestations in Satanism are obsessed with death. They

use inverted symbols in their rituals such as the inverted pentagram

and cross. Sabbatians as Archontic consciousness incarnate invert

Judaism and every other religion and culture they infiltrate. They

seek disunity and chaos and they fear unity and harmony as they

fear love like garlic to a vampire. As a result the Cult, Archons

incarnate, act with such evil, psychopathy and lack of empathy and

compassion disconnected as they are from the source of love. How

could Bill Gates and the rest of the Archontic psychopaths do what

they have to human society in the ‘Covid’ era with all the death,

suffering and destruction involved and have no emotional

consequence for the impact on others? Now you know. Why have

Zuckerberg, Brin, Page, Wojcicki and company callously censored

information warning about the dangers of the ‘vaccine’ while

thousands have been dying and having severe, sometimes life-

changing reactions? Now you know. Why have Tedros, Fauci,

Whi�y, Vallance and their like around the world been using case and

death figures they’re aware are fraudulent to justify lockdowns and

all the deaths and destroyed lives that have come from that? Now

you know. Why did Christian Drosten produce and promote a

‘testing’ protocol that he knew couldn’t test for infectious disease

which led to a global human catastrophe. Now you know. The

Archontic mind doesn’t give a shit (Fig 17). I personally think that

Gates and major Cult insiders are a form of AI cyborg that the

Archons want humans to become.



Figure 17: Artist Neil Hague’s version of the ‘Covid’ hierarchy.

Human batteries

A state of such inversion does have its consequences, however. The

level of disconnection from the Source of All means that you

withdraw from that source of energetic sustenance and creativity.

This means that you have to find your own supply of energetic

power and it has – us. When the Morpheus character in the first

Matrix movie held up a ba�ery he spoke a profound truth when he

said: ‘The Matrix is a computer-generated dream world built to keep

us under control in order to change the human being into one of



these.’ The statement was true in all respects. We do live in a

technologically-generated virtual reality simulation (more very

shortly) and we have been manipulated to be an energy source for

Archontic consciousness. The Disney-Pixar animated movie

Monsters, Inc. in 2001 symbolised the dynamic when monsters in

their world had no energy source and they would enter the human

world to terrify children in their beds, catch the child’s scream, terror

(low-vibrational frequencies), and take that energy back to power

the monster world. The lead character you might remember was a

single giant eye and the symbolism of the Cult’s all-seeing eye was

obvious. Every thought and emotion is broadcast as a frequency

unique to that thought and emotion. Feelings of love and joy,

empathy and compassion, are high, quick, frequencies while fear,

depression, anxiety, suffering and hate are low, slow, dense

frequencies. Which kind do you think Archontic consciousness can

connect with and absorb? In such a low and dense frequency state

there’s no way it can connect with the energy of love and joy.

Archons can only feed off energy compatible with their own

frequency and they and their Cult agents want to delete the human

world of love and joy and manipulate the transmission of low

vibrational frequencies through low-vibrational human mental and

emotional states. We are their energy source. Wars are energetic

banquets to the Archons – a world war even more so – and think

how much low-frequency mental and emotional energy has been

generated from the consequences for humanity of the ‘Covid’ hoax

orchestrated by Archons incarnate like Gates.

The ancient practice of human sacrifice ‘to the gods’, continued in

secret today by the Cult, is based on the same principle. ‘The gods’

are Archontic consciousness in different forms and the sacrifice is

induced into a state of intense terror to generate the energy the

Archontic frequency can absorb. Incarnate Archons in the ritual

drink the blood which contains an adrenaline they crave which

floods into the bloodstream when people are terrorised. Most of the

sacrifices, ancient and modern, are children and the theme of

‘sacrificing young virgins to the gods’ is just code for children. They



have a particular pre-puberty energy that Archons want more than

anything and the energy of the young in general is their target. The

California Department of Education wants students to chant the

names of Aztec gods (Archontic gods) once worshipped in human

sacrifice rituals in a curriculum designed to encourage them to

‘challenge racist, bigoted, discriminatory, imperialist/colonial

beliefs’, join ‘social movements that struggle for social justice’, and

‘build new possibilities for a post-racist, post-systemic racism

society’. It’s the usual Woke crap that inverts racism and calls it anti-

racism. In this case solidarity with ‘indigenous tribes’ is being used

as an excuse to chant the names of ‘gods’ to which people were

sacrificed (and still are in secret). What an example of Woke’s

inability to see beyond black and white, us and them, They condemn

the colonisation of these tribal cultures by Europeans (quite right),

but those cultures sacrificing people including children to their

‘gods’, and mass murdering untold numbers as the Aztecs did, is

just fine. One chant is to the Aztec god Tezcatlipoca who had a man

sacrificed to him in the 5th month of the Aztec calendar. His heart

was cut out and he was eaten. Oh, that’s okay then. Come on

children … a�er three … Other sacrificial ‘gods’ for the young to

chant their allegiance include Quetzalcoatl, Huitzilopochtli and Xipe

Totec. The curriculum says that ‘chants, affirmations, and energizers

can be used to bring the class together, build unity around ethnic

studies principles and values, and to reinvigorate the class following

a lesson that may be emotionally taxing or even when student

engagement may appear to be low’. Well, that’s the cover story,

anyway. Chanting and mantras are the repetition of a particular

frequency generated from the vocal cords and chanting the names of

these Archontic ‘gods’ tunes you into their frequency. That is the last

thing you want when it allows for energetic synchronisation,

a�achment and perceptual influence. Initiates chant the names of

their ‘Gods’ in their rituals for this very reason.

Vampires of the Woke



Paedophilia is another way that Archons absorb the energy of

children. Paedophiles possessed by Archontic consciousness are

used as the conduit during sexual abuse for discarnate Archons to

vampire the energy of the young they desire so much. Stupendous

numbers of children disappear every year never to be seen again

although you would never know from the media. Imagine how

much low-vibrational energy has been generated by children during

the ‘Covid’ hoax when so many have become depressed and

psychologically destroyed to the point of killing themselves.

Shocking numbers of children are now taken by the state from

loving parents to be handed to others. I can tell you from long

experience of researching this since 1996 that many end up with

paedophiles and assets of the Cult through corrupt and Cult-owned

social services which in the reframing era has hired many

psychopaths and emotionless automatons to do the job. Children are

even stolen to order using spurious reasons to take them by the

corrupt and secret (because they’re corrupt) ‘family courts’. I have

wri�en in detail in other books, starting with The Biggest Secret in

1997, about the ubiquitous connections between the political,

corporate, government, intelligence and military elites (Cult

operatives) and Satanism and paedophilia. If you go deep enough

both networks have an interlocking leadership. The Woke mentality

has been developed by the Cult for many reasons: To promote

almost every aspect of its agenda; to hĳack the traditional political

le� and turn it fascist; to divide and rule; and to target agenda

pushbackers. But there are other reasons which relate to what I am

describing here. How many happy and joyful Wokers do you ever

see especially at the extreme end? They are a mental and

psychological mess consumed by emotional stress and constantly

emotionally cocked for the next explosion of indignation at someone

referring to a female as a female. They are walking, talking, ba�eries

as Morpheus might say emi�ing frequencies which both enslave

them in low-vibrational bubbles of perceptual limitation and feed

the Archons. Add to this the hatred claimed to be love; fascism

claimed to ‘anti-fascism’, racism claimed to be ‘anti-racism’;



exclusion claimed to inclusion; and the abuse-filled Internet trolling.

You have a purpose-built Archontic energy system with not a wind

turbine in sight and all founded on Archontic inversion. We have

whole generations now manipulated to serve the Archons with their

actions and energy. They will be doing so their entire adult lives

unless they snap out of their Archon-induced trance. Is it really a

surprise that Cult billionaires and corporations put so much money

their way? Where is the energy of joy and laughter, including

laughing at yourself which is confirmation of your own emotional

security? Mark Twain said: ‘The human race has one really effective

weapon, and that is laughter.‘ We must use it all the time. Woke has

destroyed comedy because it has no humour, no joy, sense of irony,

or self-deprecation. Its energy is dense and intense. Mmmmm, lunch

says the Archontic frequency. Rudolf Steiner (1861-1925) was the

Austrian philosopher and famous esoteric thinker who established

Waldorf education or Steiner schools to treat children like unique

expressions of consciousness and not minds to be programmed with

the perceptions determined by authority. I’d been writing about this

energy vampiring for decades when I was sent in 2016 a quote by

Steiner. He was spot on:

There are beings in the spiritual realms for whom anxiety and fear emanating from human
beings offer welcome food. When humans have no anxiety and fear, then these creatures
starve. If fear and anxiety radiates from people and they break out in panic, then these
creatures find welcome nutrition and they become more and more powerful. These beings are
hostile towards humanity. Everything that feeds on negative feelings, on anxiety, fear and
superstition, despair or doubt, are in reality hostile forces in super-sensible worlds, launching
cruel attacks on human beings, while they are being fed ... These are exactly the feelings that
belong to contemporary culture and materialism; because it estranges people from the
spiritual world, it is especially suited to evoke hopelessness and fear of the unknown in
people, thereby calling up the above mentioned hostile forces against them.

Pause for a moment from this perspective and reflect on what has

happened in the world since the start of 2020. Not only will pennies

drop, but billion dollar bills. We see the same theme from Don Juan

Matus, a Yaqui Indian shaman in Mexico and the information source

for Peruvian-born writer, Carlos Castaneda, who wrote a series of



books from the 1960s to 1990s. Don Juan described the force

manipulating human society and his name for the Archons was the

predator:

We have a predator that came from the depths of the cosmos and took over the rule of our
lives. Human beings are its prisoners. The predator is our lord and master. It has rendered us
docile, helpless. If we want to protest, it suppresses our protest. If we want to act
independently, it demands that we don’t do so ... indeed we are held prisoner!

They took us over because we are food to them, and they squeeze us mercilessly because we
are their sustenance. Just as we rear chickens in coops, the predators rear us in human coops,
humaneros. Therefore, their food is always available to them.

Different cultures, different eras, same recurring theme.

The ‘ennoia’ dilemma

Nag Hammadi Gnostic manuscripts say that Archon consciousness

has no ‘ennoia’. This is directly translated as ‘intentionality’, but I’ll

use the term ‘creative imagination’. The All That Is in awareness of

itself is the source of all creativity – all possibility – and the more

disconnected you are from that source the more you are

subsequently denied ‘creative imagination’. Given that Archon

consciousness is almost entirely disconnected it severely lacks

creativity and has to rely on far more mechanical processes of

thought and exploit the creative potential of those that do have

‘ennoia’. You can see cases of this throughout human society. Archon

consciousness almost entirely dominates the global banking system

and if we study how that system works you will appreciate what I

mean. Banks manifest ‘money’ out of nothing by issuing lines of

‘credit’ which is ‘money’ that has never, does not, and will never

exist except in theory. It’s a confidence trick. If you think ‘credit’

figures-on-a-screen ‘money’ is worth anything you accept it as

payment. If you don’t then the whole system collapses through lack

of confidence in the value of that ‘money’. Archontic bankers with

no ‘ennoia’ are ‘lending’ ‘money’ that doesn’t exist to humans that do

have creativity – those that have the inspired ideas and create

businesses and products. Archon banking feeds off human creativity



which it controls through ‘money’ creation and debt. Humans have

the creativity and Archons exploit that for their own benefit and

control while having none themselves. Archon Internet platforms

like Facebook claim joint copyright of everything that creative users

post and while Archontic minds like Zuckerberg may officially head

that company it will be human creatives on the staff that provide the

creative inspiration. When you have limitless ‘money’ you can then

buy other companies established by creative humans. Witness the

acquisition record of Facebook, Google and their like. Survey the

Archon-controlled music industry and you see non-creative dark

suit executives making their fortune from the human creativity of

their artists. The cases are endless. Research the history of people

like Gates and Zuckerberg and how their empires were built on

exploiting the creativity of others. Archon minds cannot create out of

nothing, but they are skilled (because they have to be) in what

Gnostic texts call ‘countermimicry’. They can imitate, but not

innovate. Sabbatians trawl the creativity of others through

backdoors they install in computer systems through their

cybersecurity systems. Archon-controlled China is globally infamous

for stealing intellectual property and I remember how Hong Kong,

now part of China, became notorious for making counterfeit copies

of the creativity of others – ‘countermimicry’. With the now

pervasive and all-seeing surveillance systems able to infiltrate any

computer you can appreciate the potential for Archons to vampire

the creativity of humans. Author John Lamb Lash wrote in his book

about the Nag Hammadi texts, Not In His Image:

Although they cannot originate anything, because they lack the divine factor of ennoia
(intentionality), Archons can imitate with a vengeance. Their expertise is simulation (HAL,
virtual reality). The Demiurge [Yaldabaoth] fashions a heaven world copied from the fractal
patterns [of the original] ... His construction is celestial kitsch, like the fake Italianate villa of a
Mafia don complete with militant angels to guard every portal.

This brings us to something that I have been speaking about since

the turn of the millennium. Our reality is a simulation; a virtual

reality that we think is real. No, I’m not kidding.



Human reality? Well, virtually

I had pondered for years about whether our reality is ‘real’ or some

kind of construct. I remembered being immensely affected on a visit

as a small child in the late 1950s to the then newly-opened

Planetarium on the Marylebone Road in London which is now

closed and part of the adjacent Madame Tussauds wax museum. It

was in the middle of the day, but when the lights went out there was

the night sky projected in the Planetarium’s domed ceiling and it

appeared to be so real. The experience never le� me and I didn’t

know why until around the turn of the millennium when I became

certain that our ‘night sky’ and entire reality is a projection, a virtual

reality, akin to the illusory world portrayed in the Matrix movies. I

looked at the sky one day in this period and it appeared to me like

the domed roof of the Planetarium. The release of the first Matrix

movie in 1999 also provided a synchronistic and perfect visual

representation of where my mind had been going for a long time. I

hadn’t come across the Gnostic Nag Hammadi texts then. When I

did years later the correlation was once again astounding. As I read

Gnostic accounts from 1,600 years and more earlier it was clear that

they were describing the same simulation phenomenon. They tell

how the Yaldabaoth ‘Demiurge’ and Archons created a ‘bad copy’ of

original reality to rule over all that were captured by its illusions and

the body was a prison to trap consciousness in the ‘bad copy’ fake

reality. Read how Gnostics describe the ‘bad copy’ and update that

to current times and they are referring to what we would call today a

virtual reality simulation.

Author John Lamb Lash said ‘the Demiurge fashions a heaven

world copied from the fractal pa�erns’ of the original through

expertise in ‘HAL’ or virtual reality simulation. Fractal pa�erns are

part of the energetic information construct of our reality, a sort of

blueprint. If these pa�erns were copied in computer terms it would

indeed give you a copy of a ‘natural’ reality in a non-natural

frequency and digital form. The principle is the same as making a

copy of a website. The original website still exists, but now you can

change the copy version to make it whatever you like and it can



become very different to the original website. Archons have done

this with our reality, a synthetic copy of prime reality that still exists

beyond the frequency walls of the simulation. Trapped within the

illusions of this synthetic Matrix, however, were and are human

consciousness and other expressions of prime reality and this is why

the Archons via the Cult are seeking to make the human body

synthetic and give us synthetic AI minds to complete the job of

turning the entire reality synthetic including what we perceive to be

the natural world. To quote Kurzweil: ‘Nanobots will infuse all the

ma�er around us with information. Rocks, trees, everything will

become these intelligent creatures.’ Yes, synthetic ‘creatures’ just as

‘Covid’ and other genetically-manipulating ‘vaccines’ are designed

to make the human body synthetic. From this perspective it is

obvious why Archons and their Cult are so desperate to infuse

synthetic material into every human with their ‘Covid’ scam.

Let there be (electromagnetic) light

Yaldabaoth, the force that created the simulation, or Matrix, makes

sense of the Gnostic reference to ‘The Great Architect’ and its use by

Cult Freemasonry as the name of its deity. The designer of the Matrix

in the movies is called ‘The Architect’ and that trilogy is jam-packed

with symbolism relating to these subjects. I have contended for years

that the angry Old Testament God (Yaldabaoth) is the ‘God’ being

symbolically ‘quoted’ in the opening of Genesis as ‘creating the

world’. This is not the creation of prime reality – it’s the creation of

the simulation. The Genesis ‘God’ says: ‘Let there be Light: and there

was light.’ But what is this ‘Light’? I have said for decades that the

speed of light (186,000 miles per second) is not the fastest speed

possible as claimed by mainstream science and is in fact the

frequency walls or outer limits of the Matrix. You can’t have a fastest

or slowest anything within all possibility when everything is

possible. The human body is encoded to operate within the speed of

light or within the simulation and thus we see only the tiny frequency

band of visible light. Near-death experiencers who perceive reality

outside the body during temporary ‘death’ describe a very different



form of light and this is supported by the Nag Hammadi texts.

Prime reality beyond the simulation (‘Upper Aeons’ to the Gnostics)

is described as a realm of incredible beauty, bliss, love and harmony

– a realm of ‘watery light’ that is so powerful ‘there are no shadows’.

Our false reality of Archon control, which Gnostics call the ‘Lower

Aeons’, is depicted as a realm with a different kind of ‘light’ and

described in terms of chaos, ‘Hell’, ‘the Abyss’ and ‘Outer Darkness’,

where trapped souls are tormented and manipulated by demons

(relate that to the ‘Covid’ hoax alone). The watery light theme can be

found in near-death accounts and it is not the same as simulation

‘light’ which is electromagnetic or radiation light within the speed of

light – the ‘Lower Aeons’. Simulation ‘light’ is the ‘luminous fire’

associated by Gnostics with the Archons. The Bible refers to

Yaldabaoth as ‘that old serpent, called the Devil, and Satan, which

deceiveth the whole world’ (Revelation 12:9). I think that making a

simulated copy of prime reality (‘countermimicry’) and changing it

dramatically while all the time manipulating humanity to believe it

to be real could probably meet the criteria of deceiving the whole

world. Then we come to the Cult god Lucifer – the Light Bringer.

Lucifer is symbolic of Yaldabaoth, the bringer of radiation light that

forms the bad copy simulation within the speed of light. ‘He’ is

symbolised by the lighted torch held by the Statue of Liberty and in

the name ‘Illuminati’. Sabbatian-Frankism declares that Lucifer is the

true god and Lucifer is the real god of Freemasonry honoured as

their ‘Great or Grand Architect of the Universe’ (simulation).

I would emphasise, too, the way Archontic technologically-

generated luminous fire of radiation has deluged our environment

since I was a kid in the 1950s and changed the nature of The Field

with which we constantly interact. Through that interaction

technological radiation is changing us. The Smart Grid is designed to

operate with immense levels of communication power with 5G

expanding across the world and 6G, 7G, in the process of

development. Radiation is the simulation and the Archontic

manipulation system. Why wouldn’t the Archon Cult wish to

unleash radiation upon us to an ever-greater extreme to form



Kurzweil’s ‘cloud’? The plan for a synthetic human is related to the

need to cope with levels of radiation beyond even anything we’ve

seen so far. Biological humans would not survive the scale of

radiation they have in their script. The Smart Grid is a technological

sub-reality within the technological simulation to further disconnect

five-sense perception from expanded consciousness. It’s a

technological prison of the mind.

Infusing the ‘spirit of darkness’

A recurring theme in religion and native cultures is the

manipulation of human genetics by a non-human force and most

famously recorded as the biblical ‘sons of god’ (the gods plural in the

original) who interbred with the daughters of men. The Nag

Hammadi Apocryphon of John tells the same story this way:

He [Yaldabaoth] sent his angels [Archons/demons] to the daughters of men, that they might
take some of them for themselves and raise offspring for their enjoyment. And at first they did
not succeed. When they had no success, they gathered together again and they made a plan
together ... And the angels changed themselves in their likeness into the likeness of their
mates, filling them with the spirit of darkness, which they had mixed for them, and with evil ...
And they took women and begot children out of the darkness according to the likeness of
their spirit.

Possession when a discarnate entity takes over a human body is an

age-old theme and continues today. It’s very real and I’ve seen it.

Satanic and secret society rituals can create an energetic environment

in which entities can a�ach to initiates and I’ve heard many stories

of how people have changed their personality a�er being initiated

even into lower levels of the Freemasons. I have been inside three

Freemasonic temples, one at a public open day and two by just

walking in when there was no one around to stop me. They were in

Ryde, the town where I live, Birmingham, England, when I was with

a group, and Boston, Massachuse�s. They all felt the same

energetically – dark, dense, low-vibrational and sinister. Demonic

a�achment can happen while the initiate has no idea what is going

on. To them it’s just a ritual to get in the Masons and do a bit of good



business. In the far more extreme rituals of Satanism human

possession is even more powerful and they are designed to make

possession possible. The hierarchy of the Cult is dictated by the

power and perceived status of the possessing Archon. In this way

the Archon hierarchy becomes the Cult hierarchy. Once the entity

has a�ached it can influence perception and behaviour and if it

a�aches to the extreme then so much of its energy (information)

infuses into the body information field that the hologram starts to

reflect the nature of the possessing entity. This is the Exorcist movie

type of possession when facial features change and it’s known as

shapeshi�ing. Islam’s Jinn are said to be invisible tricksters who

change shape, ‘whisper’, confuse and take human form. These are all

traits of the Archons and other versions of the same phenomenon.

Extreme possession could certainty infuse the ‘spirit of darkness’

into a partner during sex as the Nag Hammadi texts appear to

describe. Such an infusion can change genetics which is also

energetic information. Human genetics is information and the ‘spirit

of darkness’ is information. Mix one with the other and change must

happen. Islam has the concept of a ‘Jinn baby’ through possession of

the mother and by Jinn taking human form. There are many ways

that human genetics can be changed and remember that Archons

have been aware all along of advanced techniques to do this. What is

being done in human society today – and far more – was known

about by Archons at the time of the ‘fallen ones’ and their other

versions described in religions and cultures.

Archons and their human-world Cult are obsessed with genetics

as we see today and they know this dictates how information is

processed into perceived reality during a human life. They needed to

produce a human form that would decode the simulation and this is

symbolically known as ‘Adam and Eve’ who le� the ‘garden’ (prime

reality) and ‘fell’ into Matrix reality. The simulation is not a

‘physical’ construct (there is no ‘physical’); it is a source of

information. Think Wi-Fi again. The simulation is an energetic field

encoded with information and body-brain systems are designed to

decode that information encoded in wave or frequency form which



is transmi�ed to the brain as electrical signals. These are decoded by

the brain to construct our sense of reality – an illusory ‘physical’

world that only exists in the brain or the mind. Virtual reality games

mimic this process using the same sensory decoding system.

Information is fed to the senses to decode a virtual reality that can

appear so real, but isn’t (Figs 18 and 19). Some scientists believe –

and I agree with them – that what we perceive as ‘physical’ reality

only exists when we are looking or observing. The act of perception

or focus triggers the decoding systems which turn waveform

information into holographic reality. When we are not observing

something our reality reverts from a holographic state to a waveform

state. This relates to the same principle as a falling tree not making a

noise unless someone is there to hear it or decode it. The concept

makes sense from the simulation perspective. A computer is not

decoding all the information in a Wi-Fi field all the time and only

decodes or brings into reality on the screen that part of Wi-Fi that it’s

decoding – focusing upon – at that moment.

Figure 18: Virtual reality technology ‘hacks’ into the body’s five-sense decoding system.

Figure 19: The result can be experienced as very ‘real’.



Interestingly, Professor Donald Hoffman at the Department of

Cognitive Sciences at the University of California, Irvine, says that

our experienced reality is like a computer interface that shows us

only the level with which we interact while hiding all that exists

beyond it: ‘Evolution shaped us with a user interface that hides the

truth. Nothing that we see is the truth – the very language of space

and time and objects is the wrong language to describe reality.’ He is

correct in what he says on so many levels. Space and time are not a

universal reality. They are a phenomenon of decoded simulation

reality as part of the process of enslaving our sense of reality. Near-

death experiencers report again and again how space and time did

not exist as we perceive them once they were free of the body – body

decoding systems. You can appreciate from this why Archons and

their Cult are so desperate to entrap human a�ention in the five

senses where we are in the Matrix and of the Matrix. Opening your

mind to expanded states of awareness takes you beyond the

information confines of the simulation and you become aware of

knowledge and insights denied to you before. This is what we call

‘awakening’ – awakening from the Matrix – and in the final chapter I

will relate this to current events.

Where are the ‘aliens’?

A simulation would explain the so-called ‘Fermi Paradox’ named

a�er Italian physicist Enrico Fermi (1901-1954) who created the first

nuclear reactor. He considered the question of why there is such a

lack of extraterrestrial activity when there are so many stars and

planets in an apparently vast universe; but what if the night sky that

we see, or think we do, is a simulated projection as I say? If you

control the simulation and your aim is to hold humanity fast in

essential ignorance would you want other forms of life including

advanced life coming and going sharing information with

humanity? Or would you want them to believe they were isolated

and apparently alone? Themes of human isolation and apartness are

common whether they be the perception of a lifeless universe or the

fascist isolation laws of the ‘Covid’ era. Paradoxically the very



existence of a simulation means that we are not alone when some

force had to construct it. My view is that experiences that people

have reported all over the world for centuries with Reptilians and

Grey entities are Archon phenomena as Nag Hammadi texts

describe; and that benevolent ‘alien’ interactions are non-human

groups that come in and out of the simulation by overcoming

Archon a�empts to keep them out. It should be highlighted, too, that

Reptilians and Greys are obsessed with genetics and technology as

related by cultural accounts and those who say they have been

abducted by them. Technology is their way of overcoming some of

the limitations in their creative potential and our technology-driven

and controlled human society of today is archetypical Archon-

Reptilian-Grey modus operandi. Technocracy is really Archontocracy.

The Universe does not have to be as big as it appears with a

simulation. There is no space or distance only information decoded

into holographic reality. What we call ‘space’ is only the absence of

holographic ‘objects’ and that ‘space’ is The Field of energetic

information which connects everything into a single whole. The

same applies with the artificially-generated information field of the

simulation. The Universe is not big or small as a physical reality. It is

decoded information, that’s all, and its perceived size is decided by

the way the simulation is encoded to make it appear. The entire

night sky as we perceive it only exists in our brain and so where are

those ‘millions of light years’? The ‘stars’ on the ceiling of the

Planetarium looked a vast distance away.

There’s another point to mention about ‘aliens’. I have been

highlighting since the 1990s the plan to stage a fake ‘alien invasion’

to justify the centralisation of global power and a world military.

Nazi scientist Werner von Braun, who was taken to America by

Operation Paperclip a�er World War Two to help found NASA, told

his American assistant Dr Carol Rosin about the Cult agenda when

he knew he was dying in 1977. Rosin said that he told her about a

sequence that would lead to total human control by a one-world

government. This included threats from terrorism, rogue nations,

meteors and asteroids before finally an ‘alien invasion’. All of these



things, von Braun said, would be bogus and what I would refer to as

a No-Problem-Reaction-Solution. Keep this in mind when ‘the aliens

are coming’ is the new mantra. The aliens are not coming – they are

already here and they have infiltrated human society while looking

human. French-Canadian investigative journalist Serge Monast said

in 1994 that he had uncovered a NASA/military operation called

Project Blue Beam which fits with what Werner von Braun predicted.

Monast died of a ‘heart a�ack’ in 1996 the day a�er he was arrested

and spent a night in prison. He was 51. He said Blue Beam was a

plan to stage an alien invasion that would include religious figures

beamed holographically into the sky as part of a global manipulation

to usher in a ‘new age’ of worshipping what I would say is the Cult

‘god’ Yaldabaoth in a one-world religion. Fake holographic asteroids

are also said to be part of the plan which again syncs with von

Braun. How could you stage an illusory threat from asteroids unless

they were holographic inserts? This is pre�y straightforward given

the advanced technology outside the public arena and the fact that

our ‘physical’ reality is holographic anyway. Information fields

would be projected and we would decode them into the illusion of a

‘physical’ asteroid. If they can sell a global ‘pandemic’ with a ‘virus’

that doesn’t exist what will humans not believe if government and

media tell them?

All this is particularly relevant as I write with the Pentagon

planning to release in June, 2021, information about ‘UFO sightings’.

I have been following the UFO story since the early 1990s and the

common theme throughout has been government and military

denials and cover up. More recently, however, the Pentagon has

suddenly become more talkative and apparently open with Air

Force pilot radar images released of unexplained cra� moving and

changing direction at speeds well beyond anything believed possible

with human technology. Then, in March, 2021, former Director of

National Intelligence John Ratcliffe said a Pentagon report months

later in June would reveal a great deal of information about UFO

sightings unknown to the public. He said the report would have

‘massive implications’. The order to do this was included bizarrely



in a $2.3 trillion ‘coronavirus’ relief and government funding bill

passed by the Trump administration at the end of 2020. I would add

some serious notes of caution here. I have been pointing out since

the 1990s that the US military and intelligence networks have long

had cra� – ‘flying saucers’ or anti-gravity cra� – which any observer

would take to be extraterrestrial in origin. Keeping this knowledge

from the public allows cra� flown by humans to be perceived as alien

visitations. I am not saying that ‘aliens’ do not exist. I would be the

last one to say that, but we have to be streetwise here. President

Ronald Reagan told the UN General Assembly in 1987: ‘I

occasionally think how quickly our differences worldwide would

vanish if we were facing an alien threat from outside this world.’

That’s the idea. Unite against a common ‘enemy’ with a common

purpose behind your ‘saviour force’ (the Cult) as this age-old

technique of mass manipulation goes global.

Science moves this way …

I could find only one other person who was discussing the

simulation hypothesis publicly when I concluded it was real. This

was Nick Bostrom, a Swedish-born philosopher at the University of

Oxford, who has explored for many years the possibility that human

reality is a computer simulation although his version and mine are

not the same. Today the simulation and holographic reality

hypothesis have increasingly entered the scientific mainstream. Well,

the more open-minded mainstream, that is. Here are a few of the

ever-gathering examples. American nuclear physicist Silas Beane led

a team of physicists at the University of Bonn in Germany pursuing

the question of whether we live in a simulation. They concluded that

we probably do and it was likely based on a la�ice of cubes. They

found that cosmic rays align with that specific pa�ern. The team

highlighted the Greisen–Zatsepin–Kuzmin (GZK) limit which refers

to cosmic ray particle interaction with cosmic background radiation

that creates an apparent boundary for cosmic ray particles. They say

in a paper entitled ‘Constraints on the Universe as a Numerical

Simulation’ that this ‘pa�ern of constraint’ is exactly what you



would find with a computer simulation. They also made the point

that a simulation would create its own ‘laws of physics’ that would

limit possibility. I’ve been making the same point for decades that

the perceived laws of physics relate only to this reality, or what I

would later call the simulation. When designers write codes to create

computer and virtual reality games they are the equivalent of the

laws of physics for that game. Players interact within the limitations

laid out by the coding. In the same way those who wrote the codes

for the simulation decided the laws of physics that would apply.

These can be overridden by expanded states of consciousness, but

not by those enslaved in only five-sense awareness where simulation

codes rule. Overriding the codes is what people call ‘miracles’. They

are not. They are bypassing the encoded limits of the simulation. A

population caught in simulation perception would have no idea that

this was their plight. As the Bonn paper said: ‘Like a prisoner in a

pitch-black cell we would not be able to see the “walls” of our

prison,’ That’s true if people remain mesmerised by the five senses.

Open to expanded awareness and those walls become very clear. The

main one is the speed of light.

American theoretical physicist James Gates is another who has

explored the simulation question and found considerable evidence

to support the idea. Gates was Professor of Physics at the University

of Maryland, Director of The Center for String and Particle Theory,

and on Barack Obama’s Council of Advisors on Science and

Technology. He and his team found computer codes of digital data

embedded in the fabric of our reality. They relate to on-off electrical

charges of 1 and 0 in the binary system used by computers. ‘We have

no idea what they are doing there’, Gates said. They found within

the energetic fabric mathematical sequences known as error-

correcting codes or block codes that ‘reboot’ data to its original state

or ‘default se�ings’ when something knocks it out of sync. Gates was

asked if he had found a set of equations embedded in our reality

indistinguishable from those that drive search engines and browsers

and he said: ‘That is correct.’ Rich Terrile, director of the Centre for

Evolutionary Computation and Automated Design at NASA’s Jet



Propulsion Laboratory, has said publicly that he believes the

Universe is a digital hologram that must have been created by a form

of intelligence. I agree with that in every way. Waveform information

is delivered electrically by the senses to the brain which constructs a

digital holographic reality that we call the ‘world’. This digital level

of reality can be read by the esoteric art of numerology. Digital

holograms are at the cu�ing edge of holographics today. We have

digital technology everywhere designed to access and manipulate

our digital level of perceived reality. Synthetic mRNA in ‘Covid

vaccines’ has a digital component to manipulate the body’s digital

‘operating system’.

Reality is numbers

How many know that our reality can be broken down to numbers

and codes that are the same as computer games? Max Tegmark, a

physicist at the Massachuse�s Institute of Technology (MIT), is the

author of Our Mathematical Universe in which he lays out how reality

can be entirely described by numbers and maths in the way that a

video game is encoded with the ‘physics’ of computer games. Our

world and computer virtual reality are essentially the same.

Tegmark imagines the perceptions of characters in an advanced

computer game when the graphics are so good they don’t know they

are in a game. They think they can bump into real objects

(electromagnetic resistance in our reality), fall in love and feel

emotions like excitement. When they began to study the apparently

‘physical world’ of the video game they would realise that

everything was made of pixels (which have been found in our

energetic reality as must be the case when on one level our world is

digital). What computer game characters thought was physical

‘stuff’, Tegmark said, could actually be broken down into numbers:

And we’re exactly in this situation in our world. We look around and it doesn’t seem that
mathematical at all, but everything we see is made out of elementary particles like quarks and
electrons. And what properties does an electron have? Does it have a smell or a colour or a
texture? No! ... We physicists have come up with geeky names for [Electron] properties, like



electric charge, or spin, or lepton number, but the electron doesn’t care what we call it, the
properties are just numbers.

This is the illusory reality Gnostics were describing. This is the

simulation. The A, C, G, and T codes of DNA have a binary value –

A and C = 0 while G and T = 1. This has to be when the simulation is

digital and the body must be digital to interact with it. Recurring

mathematical sequences are encoded throughout reality and the

body. They include the Fibonacci sequence in which the two

previous numbers are added to get the next one, as in ... 1, 1, 2, 3, 5,

8, 13, 21, 34, 55, etc. The sequence is encoded in the human face and

body, proportions of animals, DNA, seed heads, pine cones, trees,

shells, spiral galaxies, hurricanes and the number of petals in a

flower. The list goes on and on. There are fractal pa�erns – a ‘never-

ending pa�ern that is infinitely complex and self-similar across all

scales in the as above, so below, principle of holograms. These and

other famous recurring geometrical and mathematical sequences

such as Phi, Pi, Golden Mean, Golden Ratio and Golden Section are

computer codes of the simulation. I had to laugh and give my head a

shake the day I finished this book and it went into the production

stage. I was sent an article in Scientific American published in April,

2021, with the headline ‘Confirmed! We Live in a Simulation’. Two

decades a�er I first said our reality is a simulation and the speed of

light is it’s outer limit the article suggested that we do live in a

simulation and that the speed of light is its outer limit. I le� school at

15 and never passed a major exam in my life while the writer was up

to his eyes in qualifications. As I will explain in the final chapter

knowing is far be�er than thinking and they come from very different

sources. The article rightly connected the speed of light to the

processing speed of the ‘Matrix’ and said what has been in my books

all this time … ‘If we are in a simulation, as it appears, then space is

an abstract property wri�en in code. It is not real’. No it’s not and if

we live in a simulation something created it and it wasn’t us. ‘That

David Icke says we are manipulated by aliens’ – he’s crackers.’



Wow …

The reality that humanity thinks is so real is an illusion. Politicians,

governments, scientists, doctors, academics, law enforcement,

media, school and university curriculums, on and on, are all

founded on a world that does not exist except as a simulated prison

cell. Is it such a stretch to accept that ‘Covid’ doesn’t exist when our

entire ‘physical’ reality doesn’t exist? Revealed here is the

knowledge kept under raps in the Cult networks of

compartmentalised secrecy to control humanity’s sense of reality by

inducing the population to believe in a reality that’s not real. If it

wasn’t so tragic in its experiential consequences the whole thing

would be hysterically funny. None of this is new to Renegade Minds.

Ancient Greek philosopher Plato (about 428 to about 347BC) was a

major influence on Gnostic belief and he described the human plight

thousands of years ago with his Allegory of the Cave. He told the

symbolic story of prisoners living in a cave who had never been

outside. They were chained and could only see one wall of the cave

while behind them was a fire that they could not see. Figures walked

past the fire casting shadows on the prisoners’ wall and those

moving shadows became their sense of reality. Some prisoners began

to study the shadows and were considered experts on them (today’s

academics and scientists), but what they studied was only an illusion

(today’s academics and scientists). A prisoner escaped from the cave

and saw reality as it really is. When he returned to report this

revelation they didn’t believe him, called him mad and threatened to

kill him if he tried to set them free. Plato’s tale is not only a brilliant

analogy of the human plight and our illusory reality. It describes,

too, the dynamics of the ‘Covid’ hoax. I have only skimmed the

surface of these subjects here. The aim of this book is to crisply

connect all essential dots to put what is happening today into its true

context. All subject areas and their connections in this chapter are

covered in great evidential detail in Everything You Need To Know,

But Have Never Been Told and The Answer.

They say that bewildered people ‘can’t see the forest for the trees’.

Humanity, however, can’t see the forest for the twigs. The five senses



see only twigs while Renegade Minds can see the forest and it’s the

forest where the answers lie with the connections that reveals.

Breaking free of perceptual programming so the forest can be seen is

the way we turn all this around. Not breaking free is how humanity

got into this mess. The situation may seem hopeless, but I promise

you it’s not. We are a perceptual heartbeat from paradise if only we

knew.



R

CHAPTER TWELVE

Escaping Wetiko

Life is simply a vacation from the infinite

Dean Cavanagh

enegade Minds weave the web of life and events and see

common themes in the apparently random. They are always

there if you look for them and their pursuit is aided by incredible

synchronicity that comes when your mind is open rather than

mesmerised by what it thinks it can see.

Infinite awareness is infinite possibility and the more of infinite

possibility that we access the more becomes infinitely possible. That

may be stating the apparently obvious, but it is a devastatingly-

powerful fact that can set us free. We are a point of a�ention within

an infinity of consciousness. The question is how much of that

infinity do we choose to access? How much knowledge, insight,

awareness, wisdom, do we want to connect with and explore? If

your focus is only in the five senses you will be influenced by a

fraction of infinite awareness. I mean a range so tiny that it gives

new meaning to infinitesimal. Limitation of self-identity and a sense

of the possible limit accordingly your range of consciousness. We are

what we think we are. Life is what we think it is. The dream is the

dreamer and the dreamer is the dream. Buddhist philosophy puts it

this way: ‘As a thing is viewed, so it appears.’ Most humans live in

the realm of touch, taste, see, hear, and smell and that’s the limit of

their sense of the possible and sense of self. Many will follow a

religion and speak of a God in his heaven, but their lives are still



dominated by the five senses in their perceptions and actions. The

five senses become the arbiter of everything. When that happens all

except a smear of infinity is sealed away from influence by the rigid,

unyielding, reality bubbles that are the five-sense human or

Phantom Self. Archon Cult methodology is to isolate consciousness

within five-sense reality – the simulation – and then program that

consciousness with a sense of self and the world through a deluge of

life-long information designed to instil the desired perception that

allows global control. Efforts to do this have increased dramatically

with identity politics as identity bubbles are squeezed into the

minutiae of five-sense detail which disconnect people even more

profoundly from the infinite ‘I’.

Five-sense focus and self-identity are like a firewall that limits

access to the infinite realms. You only perceive one radio or

television station and no other. We’ll take that literally for a moment.

Imagine a vast array of stations giving different information and

angles on reality, but you only ever listen to one. Here we have the

human plight in which the population is overwhelmingly confined

to CultFM. This relates only to the frequency range of CultFM and

limits perception and insight to that band – limits possibility to that

band. It means you are connecting with an almost imperceptibly

minuscule range of possibility and creative potential within the

infinite Field. It’s a world where everything seems apart from

everything else and where synchronicity is rare. Synchronicity is

defined in the dictionary as ‘the happening by chance of two or more

related or similar events at the same time‘. Use of ‘by chance’ betrays

a complete misunderstanding of reality. Synchronicity is not ‘by

chance’. As people open their minds, or ‘awaken’ to use the term,

they notice more and more coincidences in their lives, bits of ‘luck’,

apparently miraculous happenings that put them in the right place

at the right time with the right people. Days become peppered with

‘fancy meeting you here’ and ‘what are the chances of that?’ My

entire life has been lived like this and ever more so since my own

colossal awakening in 1990 and 91 which transformed my sense of

reality. Synchronicity is not ‘by chance’; it is by accessing expanded



realms of possibility which allow expanded potential for

manifestation. People broadcasting the same vibe from the same

openness of mind tend to be drawn ‘by chance’ to each other

through what I call frequency magnetism and it’s not only people. In

the last more than 30 years incredible synchronicity has also led me

through the Cult maze to information in so many forms and to

crucial personal experiences. These ‘coincidences’ have allowed me

to put the puzzle pieces together across an enormous array of

subjects and situations. Those who have breached the bubble of five-

sense reality will know exactly what I mean and this escape from the

perceptual prison cell is open to everyone whenever they make that

choice. This may appear super-human when compared with the

limitations of ‘human’, but it’s really our natural state. ‘Human’ as

currently experienced is consciousness in an unnatural state of

induced separation from the infinity of the whole. I’ll come to how

this transformation into unity can be made when I have described in

more detail the force that holds humanity in servitude by denying

this access to infinite self.

The Wetiko factor

I have been talking and writing for decades about the way five-sense

mind is systematically barricaded from expanded awareness. I have

used the analogy of a computer (five-sense mind) and someone at

the keyboard (expanded awareness). Interaction between the

computer and the operator is symbolic of the interaction between

five-sense mind and expanded awareness. The computer directly

experiences the Internet and the operator experiences the Internet

via the computer which is how it’s supposed to be – the two working

as one. Archons seek to control that point where the operator

connects with the computer to stop that interaction (Fig 20). Now the

operator is banging the keyboard and clicking the mouse, but the

computer is not responding and this happens when the computer is

taken over – possessed – by an appropriately-named computer ‘virus’.

The operator has lost all influence over the computer which goes its

own way making decisions under the control of the ‘virus’. I have



just described the dynamic through which the force known to

Gnostics as Yaldabaoth and Archons disconnects five-sense mind

from expanded awareness to imprison humanity in perceptual

servitude.

Figure 20: The mind ‘virus’ I have been writing about for decades seeks to isolate five-sense
mind (the computer) from the true ‘I’. (Image by Neil Hague).

About a year ago I came across a Native American concept of

Wetiko which describes precisely the same phenomenon. Wetiko is

the spelling used by the Cree and there are other versions including

wintiko and windigo used by other tribal groups. They spell the

name with lower case, but I see Wetiko as a proper noun as with

Archons and prefer a capital. I first saw an article about Wetiko by

writer and researcher Paul Levy which so synced with what I had

been writing about the computer/operator disconnection and later

the Archons. I then read his book, the fascinating Dispelling Wetiko,

Breaking the Spell of Evil. The parallels between what I had concluded

long before and the Native American concept of Wetiko were so

clear and obvious that it was almost funny. For Wetiko see the

Gnostic Archons for sure and the Jinn, the Predators, and every

other name for a force of evil, inversion and chaos. Wetiko is the

Native American name for the force that divides the computer from



the operator (Fig 21). Indigenous author Jack D. Forbes, a founder of

the Native American movement in the 1960s, wrote another book

about Wetiko entitled Columbus And Other Cannibals – The Wetiko

Disease of Exploitation, Imperialism, and Terrorism which I also read.

Forbes says that Wetiko refers to an evil person or spirit ‘who

terrorizes other creatures by means of terrible acts, including

cannibalism’. Zulu shaman Credo Mutwa told me that African

accounts tell how cannibalism was brought into the world by the

Chitauri ‘gods’ – another manifestation of Wetiko. The distinction

between ‘evil person or spirit’ relates to Archons/Wetiko possessing

a human or acting as pure consciousness. Wetiko is said to be a

sickness of the soul or spirit and a state of being that takes but gives

nothing back – the Cult and its operatives perfectly described. Black

Hawk, a Native American war leader defending their lands from

confiscation, said European invaders had ‘poisoned hearts’ – Wetiko

hearts – and that this would spread to native societies. Mention of

the heart is very significant as we shall shortly see. Forbes writes:

‘Tragically, the history of the world for the past 2,000 years is, in

great part, the story of the epidemiology of the wetiko disease.’ Yes,

and much longer. Forbes is correct when he says: ‘The wetikos

destroyed Egypt and Babylon and Athens and Rome and

Tenochtitlan [capital of the Aztec empire] and perhaps now they will

destroy the entire earth.’ Evil, he said, is the number one export of a

Wetiko culture – see its globalisation with ‘Covid’. Constant war,

mass murder, suffering of all kinds, child abuse, Satanism, torture

and human sacrifice are all expressions of Wetiko and the Wetiko

possessed. The world is Wetiko made manifest, but it doesn’t have to

be. There is a way out of this even now.



Figure 21: The mind ‘virus’ is known to Native Americans as ‘Wetiko’. (Image by Neil Hague).

Cult of Wetiko

Wetiko is the Yaldabaoth frequency distortion that seeks to a�ach to

human consciousness and absorb it into its own. Once this

connection is made Wetiko can drive the perceptions of the target

which they believe to be coming from their own mind. All the

horrors of history and today from mass killers to Satanists,

paedophiles like Jeffrey Epstein and other psychopaths, are the

embodiment of Wetiko and express its state of being in all its

grotesqueness. The Cult is Wetiko incarnate, Yaldabaoth incarnate,

and it seeks to facilitate Wetiko assimilation of humanity in totality

into its distortion by manipulating the population into low

frequency states that match its own. Paul Levy writes:

‘Holographically enforced within the psyche of every human being

the wetiko virus pervades and underlies the entire field of

consciousness, and can therefore potentially manifest through any

one of us at any moment if we are not mindful.’ The ‘Covid’ hoax

has achieved this with many people, but others have not fallen into

Wetiko’s frequency lair. Players in the ‘Covid’ human catastrophe

including Gates, Schwab, Tedros, Fauci, Whi�y, Vallance, Johnson,

Hancock, Ferguson, Drosten, and all the rest, including the

psychopath psychologists, are expressions of Wetiko. This is why



they have no compassion or empathy and no emotional consequence

for what they do that would make them stop doing it. Observe all

the people who support the psychopaths in authority against the

Pushbackers despite the damaging impact the psychopaths have on

their own lives and their family’s lives. You are again looking at

Wetiko possession which prevents them seeing through the lies to

the obvious scam going on. Why can’t they see it? Wetiko won’t let

them see it. The perceptual divide that has now become a chasm is

between the Wetikoed and the non-Wetikoed.

Paul Levy describes Wetiko in the same way that I have long

described the Archontic force. They are the same distorted

consciousness operating across dimensions of reality: ‘… the subtle

body of wetiko is not located in the third dimension of space and

time, literally existing in another dimension … it is able to affect

ordinary lives by mysteriously interpenetrating into our three-

dimensional world.’ Wetiko does this through its incarnate

representatives in the Cult and by weaving itself into The Field

which on our level of reality is the electromagnetic information field

of the simulation or Matrix. More than that, the simulation is Wetiko

/ Yaldabaoth. Caleb Scharf, Director of Astrobiology at Columbia

University, has speculated that ‘alien life’ could be so advanced that

it has transcribed itself into the quantum realm to become what we

call physics. He said intelligence indistinguishable from the fabric of

the Universe would solve many of its greatest mysteries:

Perhaps hyper-advanced life isn’t just external. Perhaps it’s already all around. It is embedded
in what we perceive to be physics itself, from the root behaviour of particles and fields to the
phenomena of complexity and emergence ... In other words, life might not just be in the
equations. It might BE the equations [My emphasis].

Scharf said it is possible that ‘we don’t recognise advanced life

because it forms an integral and unsuspicious part of what we’ve

considered to be the natural world’. I agree. Wetiko/Yaldabaoth is the

simulation. We are literally in the body of the beast. But that doesn’t

mean it has to control us. We all have the power to overcome Wetiko



influence and the Cult knows that. I doubt it sleeps too well because

it knows that.

Which Field?

This, I suggest, is how it all works. There are two Fields. One is the

fierce electromagnetic light of the Matrix within the speed of light;

the other is the ‘watery light’ of The Field beyond the walls of the

Matrix that connects with the Great Infinity. Five-sense mind and the

decoding systems of the body a�ach us to the Field of Matrix light.

They have to or we could not experience this reality. Five-sense mind

sees only the Matrix Field of information while our expanded

consciousness is part of the Infinity Field. When we open our minds,

and most importantly our hearts, to the Infinity Field we have a

mission control which gives us an expanded perspective, a road

map, to understand the nature of the five-sense world. If we are

isolated only in five-sense mind there is no mission control. We’re on

our own trying to understand a world that’s constantly feeding us

information to ensure we do not understand. People in this state can

feel ‘lost’ and bewildered with no direction or radar. You can see

ever more clearly those who are influenced by the Fields of Big

Infinity or li�le five-sense mind simply by their views and behaviour

with regard to the ‘Covid’ hoax. We have had this division

throughout known human history with the mass of the people on

one side and individuals who could see and intuit beyond the walls

of the simulation – Plato’s prisoner who broke out of the cave and

saw reality for what it is. Such people have always been targeted by

Wetiko/Archon-possessed authority, burned at the stake or

demonised as mad, bad and dangerous. The Cult today and its

global network of ‘anti-hate’, ‘anti-fascist’ Woke groups are all

expressions of Wetiko a�acking those exposing the conspiracy,

‘Covid’ lies and the ‘vaccine’ agenda.

Woke as a whole is Wetiko which explains its black and white

mentality and how at one it is with the Wetiko-possessed Cult. Paul

Levy said: ‘To be in this paradigm is to still be under the thrall of a

two-valued logic – where things are either true or false – of a



wetikoized mind.’ Wetiko consciousness is in a permanent rage,

therefore so is Woke, and then there is Woke inversion and

contradiction. ‘Anti-fascists’ act like fascists because fascists and ‘anti-

fascists’ are both Wetiko at work. Political parties act the same while

claiming to be different for the same reason. Secret society and

satanic rituals are a�aching initiates to Wetiko and the cold, ruthless,

psychopathic mentality that secures the positions of power all over

the world is Wetiko. Reframing ‘training programmes’ have the

same cumulative effect of a�aching Wetiko and we have their

graduates described as automatons and robots with a cold,

psychopathic, uncaring demeanour. They are all traits of Wetiko

possession and look how many times they have been described in

this book and elsewhere with regard to personnel behind ‘Covid’

including the police and medical profession. Climbing the greasy

pole in any profession in a Wetiko society requires traits of Wetiko to

get there and that is particularly true of politics which is not about

fair competition and pre-eminence of ideas. It is founded on how

many backs you can stab and arses you can lick. This culminated in

the global ‘Covid’ coordination between the Wetiko possessed who

pulled it off in all the different countries without a trace of empathy

and compassion for their impact on humans. Our sight sense can see

only holographic form and not the Field which connects holographic

form. Therefore we perceive ‘physical’ objects with ‘space’ in

between. In fact that ‘space’ is energy/consciousness operating on

multiple frequencies. One of them is Wetiko and that connects the

Cult psychopaths, those who submit to the psychopaths, and those

who serve the psychopaths in the media operations of the world.

Wetiko is Gates. Wetiko is the mask-wearing submissive. Wetiko is

the fake journalist and ‘fact-checker’. The Wetiko Field is

coordinating the whole thing. Psychopaths, gofers, media

operatives, ‘anti-hate’ hate groups, ‘fact-checkers’ and submissive

people work as one unit even without human coordination because they

are a�ached to the same Field which is organising it all (Fig 22). Paul

Levy is here describing how Wetiko-possessed people are drawn

together and refuse to let any information breach their rigid



perceptions. He was writing long before ‘Covid’, but I think you will

recognise followers of the ‘Covid’ religion oh just a little bit:

People who are channelling the vibratory frequency of wetiko align with each other through
psychic resonance to reinforce their unspoken shared agreement so as to uphold their
deranged view of reality. Once an unconscious content takes possession of certain
individuals, it irresistibly draws them together by mutual attraction and knits them into groups
tied together by their shared madness that can easily swell into an avalanche of insanity.

A psychic epidemic is a closed system, which is to say that it is insular and not open to any
new information or informing influences from the outside world which contradict its fixed,
limited, and limiting perspective.

There we have the Woke mind and the ‘Covid’ mind. Compatible

resonance draws the awakening together, too, which is clearly

happening today.

Figure 22: The Wetiko Field from which the Cult pyramid and its personnel are made
manifest. (Image by Neil Hague).

Spiritual servitude

Wetiko doesn’t care about humans. It’s not human; it just possesses

humans for its own ends and the effect (depending on the scale of



possession) can be anything from extreme psychopathy to

unquestioning obedience. Wetiko’s worst nightmare is for human

consciousness to expand beyond the simulation. Everything is

focussed on stopping that happening through control of

information, thus perception, thus frequency. The ‘education

system’, media, science, medicine, academia, are all geared to

maintaining humanity in five-sense servitude as is the constant

stimulation of low-vibrational mental and emotional states (see

‘Covid’). Wetiko seeks to dominate those subconscious spaces

between five-sense perception and expanded consciousness where

the computer meets the operator. From these subconscious hiding

places Wetiko speaks to us to trigger urges and desires that we take

to be our own and manipulate us into anything from low-vibrational

to psychopathic states. Remember how Islam describes the Jinn as

invisible tricksters that ‘whisper’ and confuse. Wetiko is the origin of

the ‘trickster god’ theme that you find in cultures all over the world.

Jinn, like the Archons, are Wetiko which is terrified of humans

awakening and reconnecting with our true self for then its energy

source has gone. With that the feedback loop breaks between Wetiko

and human perception that provides the energetic momentum on

which its very existence depends as a force of evil. Humans are both

its target and its source of survival, but only if we are operating in

low-vibrational states of fear, hate, depression and the background

anxiety that most people suffer. We are Wetiko’s target because we

are its key to survival. It needs us, not the other way round. Paul

Levy writes:

A vampire has no intrinsic, independent, substantial existence in its own right; it only exists in
relation to us. The pathogenic, vampiric mind-parasite called wetiko is nothing in itself – not
being able to exist from its own side – yet it has a ‘virtual reality’ such that it can potentially
destroy our species …

…The fact that a vampire is not reflected by a mirror can also mean that what we need to see
is that there’s nothing, no-thing to see, other than ourselves. The fact that wetiko is the
expression of something inside of us means that the cure for wetiko is with us as well. The
critical issue is finding this cure within us and then putting it into effect.



Evil begets evil because if evil does not constantly expand and

find new sources of energetic sustenance its evil, its distortion, dies

with the assimilation into balance and harmony. Love is the garlic to

Wetiko’s vampire. Evil, the absence of love, cannot exist in the

presence of love. I think I see a way out of here. I have emphasised

so many times over the decades that the Archons/Wetiko and their

Cult are not all powerful. They are not. I don’t care how it looks even

now they are not. I have not called them li�le boys in short trousers

for effect. I have said it because it is true. Wetiko’s insatiable desire

for power over others is not a sign of its omnipotence, but its

insecurity. Paul Levy writes: ‘Due to the primal fear which

ultimately drives it and which it is driven to cultivate, wetiko’s body

politic has an intrinsic and insistent need for centralising power and

control so as to create imagined safety for itself.’ Yeeeeeees! Exactly!

Why does Wetiko want humans in an ongoing state of fear? Wetiko

itself is fear and it is petrified of love. As evil is an absence of love, so

love is an absence of fear. Love conquers all and especially Wetiko

which is fear. Wetiko brought fear into the world when it wasn’t here

before. Fear was the ‘fall’, the fall into low-frequency ignorance and

illusion – fear is False Emotion Appearing Real. The simulation is

driven and energised by fear because Wetiko/Yaldabaoth (fear) are

the simulation. Fear is the absence of love and Wetiko is the absence

of love.

Wetiko today

We can now view current events from this level of perspective. The

‘Covid’ hoax has generated momentous amounts of ongoing fear,

anxiety, depression and despair which have empowered Wetiko. No

wonder people like Gates have been the instigators when they are

Wetiko incarnate and exhibit every trait of Wetiko in the extreme.

See how cold and unemotional these people are like Gates and his

cronies, how dead of eye they are. That’s Wetiko. Sabbatians are

Wetiko and everything they control including the World Health

Organization, Big Pharma and the ‘vaccine’ makers, national ‘health’



hierarchies, corporate media, Silicon Valley, the banking system, and

the United Nations with its planned transformation into world

government. All are controlled and possessed by the Wetiko

distortion into distorting human society in its image. We are with

this knowledge at the gateway to understanding the world.

Divisions of race, culture, creed and sexuality are diversions to hide

the real division between those possessed and influenced by Wetiko

and those that are not. The ‘Covid’ hoax has brought both clearly

into view. Human behaviour is not about race. Tyrants and

dictatorships come in all colours and creeds. What unites the US

president bombing the innocent and an African tribe commi�ing

genocide against another as in Rwanda? What unites them? Wetiko.

All wars are Wetiko, all genocide is Wetiko, all hunger over centuries

in a world of plenty is Wetiko. Children going to bed hungry,

including in the West, is Wetiko. Cult-generated Woke racial

divisions that focus on the body are designed to obscure the reality

that divisions in behaviour are manifestations of mind, not body.

Obsession with body identity and group judgement is a means to

divert a�ention from the real source of behaviour – mind and

perception. Conflict sown by the Woke both within themselves and

with their target groups are Wetiko providing lunch for itself

through still more agents of the division, chaos, and fear on which it

feeds. The Cult is seeking to assimilate the entirety of humanity and

all children and young people into the Wetiko frequency by

manipulating them into states of fear and despair. Witness all the

suicide and psychological unravelling since the spring of 2020.

Wetiko psychopaths want to impose a state of unquestioning

obedience to authority which is no more than a conduit for Wetiko to

enforce its will and assimilate humanity into itself. It needs us to

believe that resistance is futile when it fears resistance and even

more so the game-changing non-cooperation with its impositions. It

can use violent resistance for its benefit. Violent impositions and

violent resistance are both Wetiko. The Power of Love with its Power

of No will sweep Wetiko from our world. Wetiko and its Cult know

that. They just don’t want us to know.



AI Wetiko

This brings me to AI or artificial intelligence and something else

Wetikos don’t want us to know. What is AI really? I know about

computer code algorithms and AI that learns from data input. These,

however, are more diversions, the expeditionary force, for the real AI

that they want to connect to the human brain as promoted by Silicon

Valley Wetikos like Kurzweil. What is this AI? It is the frequency of

Wetiko, the frequency of the Archons. The connection of AI to the

human brain is the connection of the Wetiko frequency to create a

Wetiko hive mind and complete the job of assimilation. The hive

mind is planned to be controlled from Israel and China which are

both 100 percent owned by Wetiko Sabbatians. The assimilation

process has been going on minute by minute in the ‘smart’ era which

fused with the ‘Covid’ era. We are told that social media is

scrambling the minds of the young and changing their personality.

This is true, but what is social media? Look more deeply at how it

works, how it creates divisions and conflict, the hostility and cruelty,

the targeting of people until they are destroyed. That’s Wetiko. Social

media is manipulated to tune people to the Wetiko frequency with

all the emotional exploitation tricks employed by platforms like

Facebook and its Wetiko front man, Zuckerberg. Facebook’s

Instagram announced a new platform for children to overcome a

legal bar on them using the main site. This is more Wetiko

exploitation and manipulation of kids. Amnesty International

likened the plan to foxes offering to guard the henhouse and said it

was incompatible with human rights. Since when did Wetiko or

Zuckerberg (I repeat myself) care about that? Would Brin and Page

at Google, Wojcicki at YouTube, Bezos at Amazon and whoever the

hell runs Twi�er act as they do if they were not channelling Wetiko?

Would those who are developing technologies for no other reason

than human control? How about those designing and selling

technologies to kill people and Big Pharma drug and ‘vaccine’

producers who know they will end or devastate lives? Quite a

thought for these people to consider is that if you are Wetiko in a

human life you are Wetiko on the ‘other side’ unless your frequency



changes and that can only change by a change of perception which

becomes a change of behaviour. Where Gates is going does not bear

thinking about although perhaps that’s exactly where he wants to go.

Either way, that’s where he’s going. His frequency will make it so.

The frequency lair

I have been saying for a long time that a big part of the addiction to

smartphones and devices is that a frequency is coming off them that

entraps the mind. People spend ages on their phones and sometimes

even a minute or so a�er they put them down they pick them up

again and it all repeats. ‘Covid’ lockdowns will have increased this

addiction a million times for obvious reasons. Addictions to alcohol

overindulgence and drugs are another way that Wetiko entraps

consciousness to a�ach to its own. Both are symptoms of low-

vibrational psychological distress which alcoholism and drug

addiction further compound. Do we think it’s really a coincidence

that access to them is made so easy while potions that can take

people into realms beyond the simulation are banned and illegal? I

have explored smartphone addiction in other books, the scale is

mind-blowing, and that level of addiction does not come without

help. Tech companies that make these phones are Wetiko and they

will have no qualms about destroying the minds of children. We are

seeing again with these companies the Wetiko perceptual

combination of psychopathic enforcers and weak and meek

unquestioning compliance by the rank and file.

The global Smart Grid is the Wetiko Grid and it is crucial to

complete the Cult endgame. The simulation is radiation and we are

being deluged with technological radiation on a devastating scale.

Wetiko frauds like Elon Musk serve Cult interests while occasionally

criticising them to maintain his street-cred. 5G and other forms of

Wi-Fi are being directed at the earth from space on a volume and

scale that goes on increasing by the day. Elon Musk’s (officially)

SpaceX Starlink project is in the process of pu�ing tens of thousands

of satellites in low orbit to cover every inch of the planet with 5G

and other Wi-Fi to create Kurzweil’s global ‘cloud’ to which the



human mind is planned to be a�ached very soon. SpaceX has

approval to operate 12,000 satellites with more than 1,300 launched

at the time of writing and applications filed for 30,000 more. Other

operators in the Wi-Fi, 5G, low-orbit satellite market include

OneWeb (UK), Telesat (Canada), and AST & Science (US). Musk tells

us that AI could be the end of humanity and then launches a

company called Neuralink to connect the human brain to computers.

Musk’s (in theory) Tesla company is building electric cars and the

driverless vehicles of the smart control grid. As frauds and

bullshi�ers go Elon Musk in my opinion is Major League.

5G and technological radiation in general are destructive to

human health, genetics and psychology and increasing the strength

of artificial radiation underpins the five-sense perceptual bubbles

which are themselves expressions of radiation or electromagnetism.

Freedom activist John Whitehead was so right with his ‘databit by

databit, we are building our own electronic concentration camps’.

The Smart Grid and 5G is a means to control the human mind and

infuse perceptual information into The Field to influence anyone in

sync with its frequency. You can change perception and behaviour

en masse if you can manipulate the population into those levels of

frequency and this is happening all around us today. The arrogance

of Musk and his fellow Cult operatives knows no bounds in the way

that we see with Gates. Musk’s satellites are so many in number

already they are changing the night sky when viewed from Earth.

The astronomy community has complained about this and they have

seen nothing yet. Some consequences of Musk’s Wetiko hubris

include: Radiation; visible pollution of the night sky; interference

with astronomy and meteorology; ground and water pollution from

intensive use of increasingly many spaceports; accumulating space

debris; continual deorbiting and burning up of aging satellites,

polluting the atmosphere with toxic dust and smoke; and ever-

increasing likelihood of collisions. A collective public open le�er of

complaint to Musk said:

We are writing to you … because SpaceX is in process of surrounding the Earth with a
network of thousands of satellites whose very purpose is to irradiate every square inch of the



Earth. SpaceX, like everyone else, is treating the radiation as if it were not there. As if the
mitochondria in our cells do not depend on electrons moving undisturbed from the food we
digest to the oxygen we breathe.

As if our nervous systems and our hearts are not subject to radio frequency interference like
any piece of electronic equipment. As if the cancer, diabetes, and heart disease that now
afflict a majority of the Earth’s population are not metabolic diseases that result from
interference with our cellular machinery. As if insects everywhere, and the birds and animals
that eat them, are not starving to death as a result.

People like Musk and Gates believe in their limitless Wetiko

arrogance that they can do whatever they like to the world because

they own it. Consequences for humanity are irrelevant. It’s

absolutely time that we stopped taking this shit from these self-

styled masters of the Earth when you consider where this is going.

Why is the Cult so anti-human?

I hear this question o�en: Why would they do this when it will affect

them, too? Ah, but will it? Who is this them? Forget their bodies.

They are just vehicles for Wetiko consciousness. When you break it

all down to the foundations we are looking at a state of severely

distorted consciousness targeting another state of consciousness for

assimilation. The rest is detail. The simulation is the fly-trap in

which unique sensations of the five senses create a cycle of addiction

called reincarnation. Renegade Minds see that everything which

happens in our reality is a smaller version of the whole picture in

line with the holographic principle. Addiction to the radiation of

smart technology is a smaller version of addiction to the whole

simulation. Connecting the body/brain to AI is taking that addiction

on a giant step further to total ongoing control by assimilating

human incarnate consciousness into Wetiko. I have watched during

the ‘Covid’ hoax how many are becoming ever more profoundly

a�ached to Wetiko’s perceptual calling cards of aggressive response

to any other point of view (‘There is no other god but me’),

psychopathic lack of compassion and empathy, and servile

submission to the narrative and will of authority. Wetiko is the

psychopaths and subservience to psychopaths. The Cult of Wetiko is



so anti-human because it is not human. It embarked on a mission to

destroy human by targeting everything that it means to be human

and to survive as human. ‘Covid’ is not the end, just a means to an

end. The Cult with its Wetiko consciousness is seeking to change

Earth systems, including the atmosphere, to suit them, not humans.

The gathering bombardment of 5G alone from ground and space is

dramatically changing The Field with which the five senses interact.

There is so much more to come if we sit on our hands and hope it

will all go away. It is not meant to go away. It is meant to get ever

more extreme and we need to face that while we still can – just.

Carbon dioxide is the gas of life. Without that human is over.

Kaput, gone, history. No natural world, no human. The Cult has

created a cock and bull story about carbon dioxide and climate

change to justify its reduction to the point where Gates and the

ignoramus Biden ‘climate chief’ John Kerry want to suck it out of the

atmosphere. Kerry wants to do this because his master Gates does.

Wetikos have made the gas of life a demon with the usual support

from the Wokers of Extinction Rebellion and similar organisations

and the bewildered puppet-child that is Greta Thunberg who was

put on the world stage by Klaus Schwab and the World Economic

Forum. The name Extinction Rebellion is both ironic and as always

Wetiko inversion. The gas that we need to survive must be reduced

to save us from extinction. The most basic need of human is oxygen

and we now have billions walking around in face nappies depriving

body and brain of this essential requirement of human existence.

More than that 5G at 60 gigahertz interacts with the oxygen

molecule to reduce the amount of oxygen the body can absorb into

the bloodstream. The obvious knock-on consequences of that for

respiratory and cognitive problems and life itself need no further

explanation. Psychopaths like Musk are assembling a global system

of satellites to deluge the human atmosphere with this insanity. The

man should be in jail. Here we have two most basic of human needs,

oxygen and carbon dioxide, being dismantled.

Two others, water and food, are ge�ing similar treatment with the

United Nations Agendas 21 and 2030 – the Great Reset – planning to



centrally control all water and food supplies. People will not even

own rain water that falls on their land. Food is affected at the most

basic level by reducing carbon dioxide. We have genetic modification

or GMO infiltrating the food chain on a mass scale, pesticides and

herbicides polluting the air and destroying the soil. Freshwater fish

that provide livelihoods for 60 million people and feed hundreds of

millions worldwide are being ‘pushed to the brink’ according the

conservationists while climate change is the only focus. Now we

have Gates and Schwab wanting to dispense with current food

sources all together and replace them with a synthetic version which

the Wetiko Cult would control in terms of production and who eats

and who doesn’t. We have been on the Totalitarian Tiptoe to this for

more than 60 years as food has become ever more processed and full

of chemical shite to the point today when it’s not natural food at all.

As Dr Tom Cowan says: ‘If it has a label don’t eat it.’ Bill Gates is

now the biggest owner of farmland in the United States and he does

nothing without an ulterior motive involving the Cult. Klaus Schwab

wrote: ‘To feed the world in the next 50 years we will need to

produce as much food as was produced in the last 10,000 years …

food security will only be achieved, however, if regulations on

genetically modified foods are adapted to reflect the reality that gene

editing offers a precise, efficient and safe method of improving

crops.’ Liar. People and the world are being targeted with

aluminium through vaccines, chemtrails, food, drink cans, and

endless other sources when aluminium has been linked to many

health issues including dementia which is increasing year a�er year.

Insects, bees and wildlife essential to the food chain are being

deleted by pesticides, herbicides and radiation which 5G is

dramatically increasing with 6G and 7G to come. The pollinating bee

population is being devastated while wildlife including birds,

dolphins and whales are having their natural radar blocked by the

effects of ever-increasing radiation. In the summer windscreens used

to be spla�ered with insects so numerous were they. It doesn’t

happen now. Where have they gone?



Synthetic everything

The Cult is introducing genetically-modified versions of trees, plants

and insects including a Gates-funded project to unleash hundreds of

millions of genetically-modified, lab-altered and patented male

mosquitoes to mate with wild mosquitoes and induce genetic flaws

that cause them to die out. Clinically-insane Gates-funded Japanese

researchers have developed mosquitos that spread vaccine and are

dubbed ‘flying vaccinators’. Gates is funding the modification of

weather pa�erns in part to sell the myth that this is caused by carbon

dioxide and he’s funding geoengineering of the skies to change the

atmosphere. Some of this came to light with the Gates-backed plan

to release tonnes of chalk into the atmosphere to ‘deflect the Sun and

cool the planet’. Funny how they do this while the heating effect of

the Sun is not factored into climate projections focussed on carbon

dioxide. The reason is that they want to reduce carbon dioxide (so

don’t mention the Sun), but at the same time they do want to reduce

the impact of the Sun which is so essential to human life and health.

I have mentioned the sun-cholesterol-vitamin D connection as they

demonise the Sun with warnings about skin cancer (caused by the

chemicals in sun cream they tell you to splash on). They come from

the other end of the process with statin drugs to reduce cholesterol

that turns sunlight into vitamin D. A lack of vitamin D leads to a

long list of health effects and how vitamin D levels must have fallen

with people confined to their homes over ‘Covid’. Gates is funding

other forms of geoengineering and most importantly chemtrails

which are dropping heavy metals, aluminium and self-replicating

nanotechnology onto the Earth which is killing the natural world.

See Everything You Need To Know, But Have Never Been Told for the

detailed background to this.

Every human system is being targeted for deletion by a force that’s

not human. The Wetiko Cult has embarked on the process of

transforming the human body from biological to synthetic biological

as I have explained. Biological is being replaced by the artificial and

synthetic – Archontic ‘countermimicry’ – right across human society.

The plan eventually is to dispense with the human body altogether



and absorb human consciousness – which it wouldn’t really be by

then – into cyberspace (the simulation which is Wetiko/Yaldabaoth).

Preparations for that are already happening if people would care to

look. The alternative media rightly warns about globalism and ‘the

globalists’, but this is far bigger than that and represents the end of

the human race as we know it. The ‘bad copy’ of prime reality that

Gnostics describe was a bad copy of harmony, wonder and beauty to

start with before Wetiko/Yaldabaoth set out to change the simulated

‘copy’ into something very different. The process was slow to start

with. Entrapped humans in the simulation timeline were not

technologically aware and they had to be brought up to intellectual

speed while being suppressed spiritually to the point where they

could build their own prison while having no idea they were doing

so. We have now reached that stage where technological intellect has

the potential to destroy us and that’s why events are moving so fast.

Central American shaman Don Juan Matus said:

Think for a moment, and tell me how you would explain the contradictions between the
intelligence of man the engineer and the stupidity of his systems of belief, or the stupidity of
his contradictory behaviour. Sorcerers believe that the predators have given us our systems of
beliefs, our ideas of good and evil; our social mores. They are the ones who set up our dreams
of success or failure. They have given us covetousness, greed, and cowardice. It is the
predator who makes us complacent, routinary, and egomaniacal.

In order to keep us obedient and meek and weak, the predators engaged themselves in a
stupendous manoeuvre – stupendous, of course, from the point of view of a fighting strategist;
a horrendous manoeuvre from the point of those who suffer it. They gave us their mind. The
predators’ mind is baroque, contradictory, morose, filled with the fear of being discovered any
minute now.

For ‘predators’ see Wetiko, Archons, Yaldabaoth, Jinn, and all the

other versions of the same phenomenon in cultures and religions all

over the world. The theme is always the same because it’s true and

it’s real. We have reached the point where we have to deal with it.

The question is – how?

Don’t fight – walk away



I thought I’d use a controversial subheading to get things moving in

terms of our response to global fascism. What do you mean ‘don’t

fight’? What do you mean ‘walk away’? We’ve got to fight. We can’t

walk away. Well, it depends what we mean by fight and walk away.

If fighting means physical combat we are playing Wetiko’s game and

falling for its trap. It wants us to get angry, aggressive, and direct

hate and hostility at the enemy we think we must fight. Every war,

every ba�le, every conflict, has been fought with Wetiko leading

both sides. It’s what it does. Wetiko wants a fight, anywhere, any

place. Just hit me, son, so I can hit you back. Wetiko hits Wetiko and

Wetiko hits Wetiko in return. I am very forthright as you can see in

exposing Wetikos of the Cult, but I don’t hate them. I refuse to hate

them. It’s what they want. What you hate you become. What you

fight you become. Wokers, ‘anti-haters’ and ‘anti-fascists’ prove this

every time they reach for their keyboards or don their balaclavas. By

walk away I mean to disengage from Wetiko which includes ceasing

to cooperate with its tyranny. Paul Levy says of Wetiko:

The way to ‘defeat’ evil is not to try to destroy it (for then, in playing evil’s game, we have
already lost), but rather, to find the invulnerable place within ourselves where evil is unable to
vanquish us – this is to truly ‘win’ our battle with evil.

Wetiko is everywhere in human society and it’s been on steroids

since the ‘Covid’ hoax. Every shouting match over wearing masks

has Wetiko wearing a mask and Wetiko not wearing one. It’s an

electrical circuit of push and resist, push and resist, with Wetiko

pushing and resisting. Each polarity is Wetiko empowering itself.

Dictionary definitions of ‘resist’ include ‘opposing, refusing to accept

or comply with’ and the word to focus on is ‘opposing’. What form

does this take – se�ing police cars alight or ‘refusing to accept or

comply with’? The former is Wetiko opposing Wetiko while the

other points the way forward. This is the difference between those

aggressively demanding that government fascism must be obeyed

who stand in stark contrast to the great majority of Pushbackers. We

saw this clearly with a march by thousands of Pushbackers against

lockdown in London followed days later by a Woker-hĳacked



protest in Bristol in which police cars were set on fire. Masks were

virtually absent in London and widespread in Bristol. Wetiko wants

lockdown on every level of society and infuses its aggression to

police it through its unknowing stooges. Lockdown protesters are

the ones with the smiling faces and the hugs, The two blatantly

obvious states of being – ge�ing more obvious by the day – are the

result of Wokers and their like becoming ever more influenced by

the simulation Field of Wetiko and Pushbackers ever more

influenced by The Field of a far higher vibration beyond the

simulation. Wetiko can’t invade the heart which is where most

lockdown opponents are coming from. It’s the heart that allows them

to see through the lies to the truth in ways I will be highlighting.

Renegade Minds know that calmness is the place from which

wisdom comes. You won’t find wisdom in a hissing fit and wisdom

is what we need in abundance right now. Calmness is not weakness

– you don’t have to scream at the top of your voice to be strong.

Calmness is indeed a sign of strength. ‘No’ means I’m not doing it.

NOOOO!!! doesn’t mean you’re not doing it even more. Volume

does not advance ‘No – I’m not doing it’. You are just not doing it.

Wetiko possessed and influenced don’t know how to deal with that.

Wetiko wants a fight and we should not give it one. What it needs

more than anything is our cooperation and we should not give that

either. Mass rallies and marches are great in that they are a visual

representation of feeling, but if it ends there they are irrelevant. You

demand that Wetikos act differently? Well, they’re not going to are

they? They are Wetikos. We don’t need to waste our time demanding

that something doesn’t happen when that will make no difference.

We need to delete the means that allows it to happen. This, invariably,

is our cooperation. You can demand a child stop firing a peashooter

at the dog or you can refuse to buy the peashooter. If you provide

the means you are cooperating with the dog being smacked on the

nose with a pea. How can the authorities enforce mask-wearing if

millions in a country refuse? What if the 74 million Pushbackers that

voted for Trump in 2020 refused to wear masks, close their

businesses or stay in their homes. It would be unenforceable. The



few control the many through the compliance of the many and that’s

always been the dynamic be it ‘Covid’ regulations or the Roman

Empire. I know people can find it intimidating to say no to authority

or stand out in a crowd for being the only one with a face on display;

but it has to be done or it’s over. I hope I’ve made clear in this book

that where this is going will be far more intimidating than standing

up now and saying ‘No’ – I will not cooperate with my own

enslavement and that of my children. There might be consequences

for some initially, although not so if enough do the same. The

question that must be addressed is what is going to happen if we

don’t? It is time to be strong and unyieldingly so. No means no. Not

here and there, but everywhere and always. I have refused to wear a

mask and obey all the other nonsense. I will not comply with

tyranny. I repeat: Fascism is not imposed by fascists – there are never

enough of them. Fascism is imposed by the population acquiescing

to fascism. I will not do it. I will die first, or my body will. Living

meekly under fascism is a form of death anyway, the death of the

spirit that Martin Luther King described.

Making things happen

We must not despair. This is not over till it’s over and it’s far from

that. The ‘fat lady’ must refuse to sing. The longer the ‘Covid’ hoax

has dragged on and impacted on more lives we have seen an

awakening of phenomenal numbers of people worldwide to the

realisation that what they have believed all their lives is not how the

world really is. Research published by the system-serving University

of Bristol and King’s College London in February, 2021, concluded:

‘One in every 11 people in Britain say they trust David Icke’s take on

the coronavirus pandemic.’ It will be more by now and we have

gathering numbers to build on. We must urgently progress from

seeing the scam to ceasing to cooperate with it. Prominent German

lawyer Reiner Fuellmich, also licenced to practice law in America, is

doing a magnificent job taking the legal route to bring the

psychopaths to justice through a second Nuremberg tribunal for

crimes against humanity. Fuellmich has an impressive record of



beating the elite in court and he formed the German Corona

Investigative Commi�ee to pursue civil charges against the main

perpetrators with a view to triggering criminal charges. Most

importantly he has grasped the foundation of the hoax – the PCR

test not testing for the ‘virus’ – and Christian Drosten is therefore on

his charge sheet along with Gates frontman Tedros at the World

Health Organization. Major players must be not be allowed to inflict

their horrors on the human race without being brought to book. A

life sentence must follow for Bill Gates and the rest of them. A group

of researchers has also indicted the government of Norway for

crimes against humanity with copies sent to the police and the

International Criminal Court. The lawsuit cites participation in an

internationally-planned false pandemic and violation of

international law and human rights, the European Commission’s

definition of human rights by coercive rules, Nuremberg and Hague

rules on fundamental human rights, and the Norwegian

constitution. We must take the initiative from hereon and not just

complain, protest and react.

There are practical ways to support vital mass non-cooperation.

Organising in numbers is one. Lockdown marches in London in the

spring in 2021 were mass non-cooperation that the authorities could

not stop. There were too many people. Hundreds of thousands

walked the London streets in the centre of the road for mile a�er

mile while the Face-Nappies could only look on. They were

determined, but calm, and just did it with no histrionics and lots of

smiles. The police were impotent. Others are organising group

shopping without masks for mutual support and imagine if that was

happening all over. Policing it would be impossible. If the store

refuses to serve people in these circumstances they would be faced

with a long line of trolleys full of goods standing on their own and

everything would have to be returned to the shelves. How would

they cope with that if it kept happening? I am talking here about

moving on from complaining to being pro-active; from watching

things happen to making things happen. I include in this our

relationship with the police. The behaviour of many Face-Nappies



•

•

•

•

has been disgraceful and anyone who thinks they would never find

concentration camp guards in the ‘enlightened’ modern era have

had that myth busted big-time. The period and se�ing may change –

Wetikos never do. I watched film footage from a London march in

which a police thug viciously kicked a protestor on the floor who

had done nothing. His fellow Face-Nappies stood in a ring

protecting him. What he did was a criminal assault and with a

crowd far outnumbering the police this can no longer be allowed to

happen unchallenged. I get it when people chant ‘shame on you’ in

these circumstances, but that is no longer enough. They have no

shame those who do this. Crowds needs to start making a citizen’s

arrest of the police who commit criminal offences and brutally a�ack

innocent people and defenceless women. A citizen’s arrest can be

made under section 24A of the UK Police and Criminal Evidence

(PACE) Act of 1984 and you will find something similar in other

countries. I prefer to call it a Common Law arrest rather than

citizen’s for reasons I will come to shortly. Anyone can arrest a

person commi�ing an indictable offence or if they have reasonable

grounds to suspect they are commi�ing an indictable offence. On

both counts the a�ack by the police thug would have fallen into this

category. A citizen’s arrest can be made to stop someone:

 

Causing physical injury to himself or any other person

Suffering physical injury

Causing loss of or damage to property

Making off before a constable can assume responsibility for him

 

A citizen’s arrest may also be made to prevent a breach of the

peace under Common Law and if they believe a breach of the peace

will happen or anything related to harm likely to be done or already

done in their presence. This is the way to go I think – the Common

Law version. If police know that the crowd and members of the

public will no longer be standing and watching while they commit



their thuggery and crimes they will think twice about acting like

Brownshirts and Blackshirts.

Common Law – common sense

Mention of Common Law is very important. Most people think the

law is the law as in one law. This is not the case. There are two

bodies of law, Common Law and Statute Law, and they are not the

same. Common Law is founded on the simple premise of do no

harm. It does not recognise victimless crimes in which no harm is

done while Statute Law does. There is a Statute Law against almost

everything. So what is Statute Law? Amazingly it’s the law of the sea

that was brought ashore by the Cult to override the law of the land

which is Common Law. They had no right to do this and as always

they did it anyway. They had to. They could not impose their will on

the people through Common Law which only applies to do no harm.

How could you stitch up the fine detail of people’s lives with that?

Instead they took the law of the sea, or Admiralty Law, and applied

it to the population. Statute Law refers to all the laws spewing out of

governments and their agencies including all the fascist laws and

regulations relating to ‘Covid’. The key point to make is that Statute

Law is contract law. It only applies between contracting corporations.

Most police officers don’t even know this. They have to be kept in

the dark, too. Long ago when merchants and their sailing ships

began to trade with different countries a contractual law was

developed called Admiralty Law and other names. Again it only

applied to contracts agreed between corporate entities. If there is no

agreed contract the law of the sea had no jurisdiction and that still

applies to its new alias of Statute Law. The problem for the Cult when

the law of the sea was brought ashore was an obvious one. People

were not corporations and neither were government entities. To

overcome the la�er they made governments and all associated

organisations corporations. All the institutions are private

corporations and I mean governments and their agencies, local

councils, police, courts, military, US states, the whole lot. Go to the



Dun and Bradstreet corporate listings website for confirmation that

they are all corporations. You are arrested by a private corporation

called the police by someone who is really a private security guard

and they take you to court which is another private corporation.

Neither have jurisdiction over you unless you consent and contract

with them. This is why you hear the mantra about law enforcement

policing by consent of the people. In truth the people ‘consent’ only

in theory through monumental trickery.

Okay, the Cult overcame the corporate law problem by making

governments and institutions corporate entities; but what about

people? They are not corporations are they? Ah ... well in a sense,

and only a sense, they are. Not people exactly – the illusion of

people. The Cult creates a corporation in the name of everyone at the

time that their birth certificate is issued. Note birth/ berth certificate

and when you go to court under the law of the sea on land you stand

in a dock. These are throwbacks to the origin. My Common Law

name is David Vaughan Icke. The name of the corporation created

by the government when I was born is called Mr David Vaughan

Icke usually wri�en in capitals as MR DAVID VAUGHAN ICKE.

That is not me, the living, breathing man. It is a fictitious corporate

entity. The trick is to make you think that David Vaughan Icke and

MR DAVID VAUGHAN ICKE are the same thing. They are not. When

police charge you and take you to court they are prosecuting the

corporate entity and not the living, breathing, man or woman. They

have to trick you into identifying as the corporate entity and

contracting with them. Otherwise they have no jurisdiction. They do

this through a language known as legalese. Lawful and legal are not

the same either. Lawful relates to Common Law and legal relates to

Statute Law. Legalese is the language of Statue Law which uses

terms that mean one thing to the public and another in legalese.

Notice that when a police officer tells someone why they are being

charged he or she will say at the end: ‘Do you understand?’ To the

public that means ‘Do you comprehend?’ In legalese it means ‘Do

you stand under me?’ Do you stand under my authority? If you say



yes to the question you are unknowingly agreeing to give them

jurisdiction over you in a contract between two corporate entities.

This is a confidence trick in every way. Contracts have to be agreed

between informed parties and if you don’t know that David

Vaughan Icke is agreeing to be the corporation MR DAVID

VAUGHAN ICKE you cannot knowingly agree to contract. They are

deceiving you and another way they do this is to ask for proof of

identity. You usually show them a driving licence or other document

on which your corporate name is wri�en. In doing so you are

accepting that you are that corporate entity when you are not.

Referring to yourself as a ‘person’ or ‘citizen’ is also identifying with

your corporate fiction which is why I made the Common Law point

about the citizen’s arrest. If you are approached by a police officer

you identify yourself immediately as a living, breathing, man or

woman and say ‘I do not consent, I do not contract with you and I do

not understand’ or stand under their authority. I have a Common

Law birth certificate as a living man and these are available at no

charge from commonlawcourt.com. Businesses registered under the

Statute Law system means that its laws apply. There are, however,

ways to run a business under Common Law. Remember all ‘Covid’

laws and regulations are Statute Law – the law of contracts and you

do not have to contract. This doesn’t mean that you can kill someone

and get away with it. Common Law says do no harm and that

applies to physical harm, financial harm etc. Police are employees of

private corporations and there needs to be a new system of non-

corporate Common Law constables operating outside the Statute

Law system. If you go to davidicke.com and put Common Law into

the search engine you will find videos that explain Common Law in

much greater detail. It is definitely a road we should walk.

With all my heart

I have heard people say that we are in a spiritual war. I don’t like the

term ‘war’ with its Wetiko dynamic, but I know what they mean.

Sweep aside all the bodily forms and we are in a situation in which

two states of consciousness are seeking very different realities.

http://commonlawcourt.com/
http://davidicke.com/


Wetiko wants upheaval, chaos, fear, suffering, conflict and control.

The other wants love, peace, harmony, fairness and freedom. That’s

where we are. We should not fall for the idea that Wetiko is all-

powerful and there’s nothing we can do. Wetiko is not all-powerful.

It’s a joke, pathetic. It doesn’t have to be, but it has made that choice

for now. A handful of times over the years when I have felt the

presence of its frequency I have allowed it to a�ach briefly so I could

consciously observe its nature. The experience is not pleasant, the

energy is heavy and dark, but the ease with which you can kick it

back out the door shows that its real power is in persuading us that

it has power. It’s all a con. Wetiko is a con. It’s a trickster and not a

power that can control us if we unleash our own. The con is founded

on manipulating humanity to give its power to Wetiko which

recycles it back to present the illusion that it has power when its

power is ours that we gave away. This happens on an energetic level

and plays out in the world of the seen as humanity giving its power

to Wetiko authority which uses that power to control the population

when the power is only the power the population has handed over.

How could it be any other way for billions to be controlled by a

relative few? I have had experiences with people possessed by

Wetiko and again you can kick its arse if you do it with an open

heart. Oh yes – the heart which can transform the world of perceived

‘ma�er’.

We are receiver-transmi�ers and processors of information, but

what information and where from? Information is processed into

perception in three main areas – the brain, the heart and the belly.

These relate to thinking, knowing, and emotion. Wetiko wants us to

be head and belly people which means we think within the confines

of the Matrix simulation and low-vibrational emotional reaction

scrambles balance and perception. A few minutes on social media

and you see how emotion is the dominant force. Woke is all emotion

and is therefore thought-free and fact-free. Our heart is something

different. It knows while the head thinks and has to try to work it out

because it doesn’t know. The human energy field has seven prime

vortexes which connect us with wider reality (Fig 23). Chakra means



‘wheels of light’ in the Sanskrit language of ancient India. The main

ones are: The crown chakra on top of the head; brow (or ‘third eye’)

chakra in the centre of the forehead; throat chakra; heart chakra in

the centre of the chest; solar plexus chakra below the sternum; sacral

chakra beneath the navel; and base chakra at the bo�om of the spine.

Each one has a particular function or functions. We feel anxiety and

nervousness in the belly where the sacral chakra is located and this

processes emotion that can affect the colon to give people ‘the shits’

or make them ‘shit scared’ when they are nervous. Chakras all play

an important role, but the Mr and Mrs Big is the heart chakra which

sits at the centre of the seven, above the chakras that connect us to

the ‘physical’ and below those that connect with higher realms (or at

least should). Here in the heart chakra we feel love, empathy and

compassion – ‘My heart goes out to you’. Those with closed hearts

become literally ‘heart-less’ in their a�itudes and behaviour (see Bill

Gates). Native Americans portrayed Wetiko with what Paul Levy

calls a ‘frigid, icy heart, devoid of mercy’ (see Bill Gates).

Figure 23: The chakra system which interpenetrates the human energy field. The heart chakra
is the governor – or should be.

Wetiko trembles at the thought of heart energy which it cannot

infiltrate. The frequency is too high. What it seeks to do instead is

close the heart chakra vortex to block its perceptual and energetic

influence. Psychopaths have ‘hearts of stone’ and emotionally-

damaged people have ‘heartache’ and ‘broken hearts’. The

astonishing amount of heart disease is related to heart chakra



disruption with its fundamental connection to the ‘physical’ heart.

Dr Tom Cowan has wri�en an outstanding book challenging the

belief that the heart is a pump and making the connection between

the ‘physical’ and spiritual heart. Rudolph Steiner who was way

ahead of his time said the same about the fallacy that the heart is a

pump. What? The heart is not a pump? That’s crazy, right?

Everybody knows that. Read Cowan’s Human Heart, Cosmic Heart

and you will realise that the very idea of the heart as a pump is

ridiculous when you see the evidence. How does blood in the feet so

far from the heart get pumped horizontally up the body by the

heart?? Cowan explains in the book the real reason why blood

moves as it does. Our ‘physical’ heart is used to symbolise love when

the source is really the heart vortex or spiritual heart which is our

most powerful energetic connection to ‘out there’ expanded

consciousness. That’s why we feel knowing – intuitive knowing – in

the centre of the chest. Knowing doesn’t come from a process of

thoughts leading to a conclusion. It is there in an instant all in one

go. Our heart knows because of its connection to levels of awareness

that do know. This is the meaning and source of intuition – intuitive

knowing.

For the last more than 30 years of uncovering the global game and

the nature of reality my heart has been my constant antenna for

truth and accuracy. An American intelligence insider once said that I

had quoted a disinformer in one of my books and yet I had only

quoted the part that was true. He asked: ‘How do you do that?’ By

using my heart antenna was the answer and anyone can do it. Heart-

centred is how we are meant to be. With a closed heart chakra we

withdraw into a closed mind and the bubble of five-sense reality. If

you take a moment to focus your a�ention on the centre of your

chest, picture a spinning wheel of light and see it opening and

expanding. You will feel it happening, too, and perceptions of the

heart like joy and love as the heart impacts on the mind as they

interact. The more the chakra opens the more you will feel

expressions of heart consciousness and as the process continues, and

becomes part of you, insights and knowings will follow. An open



heart is connected to that level of awareness that knows all is One.

You will see from its perspective that the fault-lines that divide us

are only illusions to control us. An open heart does not process the

illusions of race, creed and sexuality except as brief experiences for a

consciousness that is all. Our heart does not see division, only unity

(Figs 24 and 25). There’s something else, too. Our hearts love to

laugh. Mark Twain’s quote that says ‘The human race has one really

effective weapon, and that is laughter’ is really a reference to the

heart which loves to laugh with the joy of knowing the true nature of

infinite reality and that all the madness of human society is an

illusion of the mind. Twain also said: ‘Against the assault of laughter

nothing can stand.’ This is so true of Wetiko and the Cult. Their

insecurity demands that they be taken seriously and their power and

authority acknowledged and feared. We should do nothing of the

sort. We should not get aggressive or fearful which their insecurity

so desires. We should laugh in their face. Even in their no-face as

police come over in their face-nappies and expect to be taken

seriously. They don’t take themselves seriously looking like that so

why should we? Laugh in the face of intimidation. Laugh in the face

of tyranny. You will see by its reaction that you have pressed all of its

bu�ons. Wetiko does not know what to do in the face of laughter or

when its targets refuse to concede their joy to fear. We have seen

many examples during the ‘Covid’ hoax when people have

expressed their energetic power and the string puppets of Wetiko

retreat with their tail limp between their knees. Laugh – the world is

bloody mad a�er all and if it’s a choice between laughter and tears I

know which way I’m going.



Figure 24: Head consciousness without the heart sees division and everything apart from
everything else.

Figure 25: Heart consciousness sees everything as One.

‘Vaccines’ and the soul

The foundation of Wetiko/Archon control of humans is the

separation of incarnate five-sense mind from the infinite ‘I’ and

closing the heart chakra where the True ‘I’ lives during a human life.

The goal has been to achieve complete separation in both cases. I was

interested therefore to read an account by a French energetic healer

of what she said she experienced with a patient who had been given

the ‘Covid’ vaccine. Genuine energy healers can sense information

and consciousness fields at different levels of being which are

referred to as ‘subtle bodies’. She described treating the patient who

later returned a�er having, without the healer’s knowledge, two

doses of the ‘Covid vaccine’. The healer said:

I noticed immediately the change, very heavy energy emanating from [the] subtle bodies. The
scariest thing was when I was working on the heart chakra, I connected with her soul: it was
detached from the physical body, it had no contact and it was, as if it was floating in a state of
total confusion: a damage to the consciousness that loses contact with the physical body, i.e.
with our biological machine, there is no longer any communication between them.

I continued the treatment by sending light to the heart chakra, the soul of the person, but it
seemed that the soul could no longer receive any light, frequency or energy. It was a very
powerful experience for me. Then I understood that this substance is indeed used to detach
consciousness so that this consciousness can no longer interact through this body that it
possesses in life, where there is no longer any contact, no frequency, no light, no more
energetic balance or mind.



This would create a human that is rudderless and at the extreme

almost zombie-like operating with a fractional state of consciousness

at the mercy of Wetiko. I was especially intrigued by what the healer

said in the light of the prediction by the highly-informed Rudolf

Steiner more than a hundred years ago. He said:

In the future, we will eliminate the soul with medicine. Under the pretext of a ‘healthy point
of view’, there will be a vaccine by which the human body will be treated as soon as possible
directly at birth, so that the human being cannot develop the thought of the existence of soul
and Spirit. To materialistic doctors will be entrusted the task of removing the soul of humanity.

As today, people are vaccinated against this disease or that disease, so in the future, children
will be vaccinated with a substance that can be produced precisely in such a way that people,
thanks to this vaccination, will be immune to being subjected to the ‘madness’ of spiritual life.
He would be extremely smart, but he would not develop a conscience, and that is the true
goal of some materialistic circles.

Steiner said the vaccine would detach the physical body from the

etheric body (subtle bodies) and ‘once the etheric body is detached

the relationship between the universe and the etheric body would

become extremely unstable, and man would become an automaton’.

He said ‘the physical body of man must be polished on this Earth by

spiritual will – so the vaccine becomes a kind of arymanique

(Wetiko) force’ and ‘man can no longer get rid of a given

materialistic feeling’. Humans would then, he said, become

‘materialistic of constitution and can no longer rise to the spiritual’. I

have been writing for years about DNA being a receiver-transmi�er

of information that connects us to other levels of reality and these

‘vaccines’ changing DNA can be likened to changing an antenna and

what it can transmit and receive. Such a disconnection would clearly

lead to changes in personality and perception. Steiner further

predicted the arrival of AI. Big Pharma ‘Covid vaccine’ makers,

expressions of Wetiko, are testing their DNA-manipulating evil on

children as I write with a view to giving the ‘vaccine’ to babies. If it’s

a soul-body disconnector – and I say that it is or can be – every child

would be disconnected from ‘soul’ at birth and the ‘vaccine’ would

create a closed system in which spiritual guidance from the greater

self would play no part. This has been the ambition of Wetiko all



along. A Pentagon video from 2005 was leaked of a presentation

explaining the development of vaccines to change behaviour by their

effect on the brain. Those that believe this is not happening with the

‘Covid’ genetically-modifying procedure masquerading as a

‘vaccine’ should make an urgent appointment with Naivety

Anonymous. Klaus Schwab wrote in 2018:

Neurotechnologies enable us to better influence consciousness and thought and to understand
many activities of the brain. They include decoding what we are thinking in fine levels of
detail through new chemicals and interventions that can influence our brains to correct for
errors or enhance functionality.

The plan is clear and only the heart can stop it. With every heart that

opens, every mind that awakens, Wetiko is weakened. Heart and

love are far more powerful than head and hate and so nothing like a

majority is needed to turn this around.

Beyond the Phantom

Our heart is the prime target of Wetiko and so it must be the answer

to Wetiko. We are our heart which is part of one heart, the infinite

heart. Our heart is where the true self lives in a human life behind

firewalls of five-sense illusion when an imposter takes its place –

Phantom Self; but our heart waits patiently to be set free any time we

choose to see beyond the Phantom, beyond Wetiko. A Wetikoed

Phantom Self can wreak mass death and destruction while the love

of forever is locked away in its heart. The time is here to unleash its

power and let it sweep away the fear and despair that is Wetiko.

Heart consciousness does not seek manipulated, censored,

advantage for its belief or religion, its activism and desires. As an

expression of the One it treats all as One with the same rights to

freedom and opinion. Our heart demands fairness for itself no more

than for others. From this unity of heart we can come together in

mutual support and transform this Wetikoed world into what reality

is meant to be – a place of love, joy, happiness, fairness, justice and

freedom. Wetiko has another agenda and that’s why the world is as



it is, but enough of this nonsense. Wetiko can’t stay where hearts are

open and it works so hard to keep them closed. Fear is its currency

and its food source and love in its true sense has no fear. Why would

love have fear when it knows it is All That Is, Has Been, And Ever Can

Be on an eternal exploration of all possibility? Love in this true sense

is not the physical a�raction that passes for love. This can be an

expression of it, yes, but Infinite Love, a love without condition, goes

far deeper to the core of all being. It is the core of all being. Infinite

realty was born from love beyond the illusions of the simulation.

Love infinitely expressed is the knowing that all is One and the

swi�ly-passing experience of separation is a temporary

hallucination. You cannot disconnect from Oneness; you can only

perceive that you have and withdraw from its influence. This is the

most important of all perception trickery by the mind parasite that is

Wetiko and the foundation of all its potential for manipulation.

If we open our hearts, open the sluice gates of the mind, and

redefine self-identity amazing things start to happen. Consciousness

expands or contracts in accordance with self-identity. When true self

is recognised as infinite awareness and label self – Phantom Self – is

seen as only a series of brief experiences life is transformed.

Consciousness expands to the extent that self-identity expands and

everything changes. You see unity, not division, the picture, not the

pixels. From this we can play the long game. No more is an

experience something in and of itself, but a fleeting moment in the

eternity of forever. Suddenly people in uniform and dark suits are no

longer intimidating. Doing what your heart knows to be right is no

longer intimidating and consequences for those actions take on the

same nature of a brief experience that passes in the blink of an

infinite eye. Intimidation is all in the mind. Beyond the mind there is

no intimidation.

An open heart does not consider consequences for what it knows

to be right. To do so would be to consider not doing what it knows to

be right and for a heart in its power that is never an option. The

Renegade Mind is really the Renegade Heart. Consideration of

consequences will always provide a getaway car for the mind and



the heart doesn’t want one. What is right in the light of what we face

today is to stop cooperating with Wetiko in all its forms and to do it

without fear or compromise. You cannot compromise with tyranny

when tyranny always demands more until it has everything. Life is

your perception and you are your destiny. Change your perception

and you change your life. Change collective perception and we

change the world.

Come on people … One human family, One heart, One goal …

FREEEEEEDOM!

We must se�le for nothing less.



T

Postscript

he big scare story as the book goes to press is the ‘Indian’

variant and the world is being deluged with propaganda about

the ‘Covid catastrophe’ in India which mirrors in its lies and

misrepresentations what happened in Italy before the first lockdown

in 2020.

The New York Post published a picture of someone who had

‘collapsed in the street from Covid’ in India in April, 2021, which

was actually taken during a gas leak in May, 2020. Same old, same

old. Media articles in mid-February were asking why India had been

so untouched by ‘Covid’ and then as their vaccine rollout gathered

pace the alleged ‘cases’ began to rapidly increase. Indian ‘Covid

vaccine’ maker Bharat Biotech was funded into existence by the Bill

and Melinda Gates Foundation (the pair announced their divorce in

May, 2021, which is a pity because they so deserve each other). The

Indian ‘Covid crisis’ was ramped up by the media to terrify the

world and prepare people for submission to still more restrictions.

The scam that worked the first time was being repeated only with far

more people seeing through the deceit. Davidicke.com and

Ickonic.com have sought to tell the true story of what is happening

by talking to people living through the Indian nightmare which has

nothing to do with ‘Covid’. We posted a le�er from ‘Alisha’ in Pune

who told a very different story to government and media mendacity.

She said scenes of dying people and overwhelmed hospitals were

designed to hide what was really happening – genocide and

starvation. Alisha said that millions had already died of starvation

during the ongoing lockdowns while government and media were

lying and making it look like the ‘virus’:

http://davidicke.com/
http://ickonic.com/


Restaurants, shops, gyms, theatres, basically everything is shut. The cities are ghost towns.
Even so-called ‘essential’ businesses are only open till 11am in the morning. You basically
have just an hour to buy food and then your time is up.

Inter-state travel and even inter-district travel is banned. The cops wait at all major crossroads
to question why you are traveling outdoors or to fine you if you are not wearing a mask.

The medical community here is also complicit in genocide, lying about hospitals being full
and turning away people with genuine illnesses, who need immediate care. They have even
created a shortage of oxygen cylinders.

This is the classic Cult modus operandi played out in every country.

Alisha said that people who would not have a PCR test not testing

for the ‘virus’ were being denied hospital treatment. She said the

people hit hardest were migrant workers and those in rural areas.

Most businesses employed migrant workers and with everything

closed there were no jobs, no income and no food. As a result

millions were dying of starvation or malnutrition. All this was

happening under Prime Minister Narendra Modi, a 100-percent

asset of the Cult, and it emphasises yet again the scale of pure anti-

human evil we are dealing with. Australia banned its people from

returning home from India with penalties for trying to do so of up to

five years in jail and a fine of £37,000. The manufactured ‘Covid’

crisis in India was being prepared to justify further fascism in the

West. Obvious connections could be seen between the Indian

‘vaccine’ programme and increased ‘cases’ and this became a

common theme. The Seychelles, the most per capita ‘Covid

vaccinated’ population in the world, went back into lockdown a�er a

‘surge of cases’.

Long ago the truly evil Monsanto agricultural biotechnology

corporation with its big connections to Bill Gates devastated Indian

farming with genetically-modified crops. Human rights activist

Gurcharan Singh highlighted the efforts by the Indian government

to complete the job by destroying the food supply to hundreds of

millions with ‘Covid’ lockdowns. He said that 415 million people at

the bo�om of the disgusting caste system (still going whatever they

say) were below the poverty line and struggled to feed themselves

every year. Now the government was imposing lockdown at just the



time to destroy the harvest. This deliberate policy was leading to

mass starvation. People may reel back at the suggestion that a

government would do that, but Wetiko-controlled ‘leaders’ are

capable of any level of evil. In fact what is described in India is in the

process of being instigated worldwide. The food chain and food

supply are being targeted at every level to cause world hunger and

thus control. Bill Gates is not the biggest owner of farmland in

America for no reason and destroying access to food aids both the

depopulation agenda and the plan for synthetic ‘food’ already being

funded into existence by Gates. Add to this the coming hyper-

inflation from the suicidal creation of fake ‘money’ in response to

‘Covid’ and the breakdown of container shipping systems and you

have a cocktail that can only lead one way and is meant to. The Cult

plan is to crash the entire system to ‘build back be�er’ with the Great

Reset.

‘Vaccine’ transmission

Reports from all over the world continue to emerge of women

suffering menstrual and fertility problems a�er having the fake

‘vaccine’ and of the non-’vaccinated’ having similar problems when

interacting with the ‘vaccinated’. There are far too many for

‘coincidence’ to be credible. We’ve had menopausal women ge�ing

periods, others having periods stop or not stopping for weeks,

passing clots, sometimes the lining of the uterus, breast

irregularities, and miscarriages (which increased by 400 percent in

parts of the United States). Non-‘vaccinated’ men and children have

suffered blood clots and nose bleeding a�er interaction with the

‘vaccinated’. Babies have died from the effects of breast milk from a

‘vaccinated’ mother. Awake doctors – the small minority –

speculated on the cause of non-’vaccinated’ suffering the same

effects as the ‘vaccinated’. Was it nanotechnology in the synthetic

substance transmi�ing frequencies or was it a straight chemical

bioweapon that was being transmi�ed between people? I am not

saying that some kind of chemical transmission is not one possible

answer, but the foundation of all that the Cult does is frequency and



this is fertile ground for understanding how transmission can

happen. American doctor Carrie Madej, an internal medicine

physician and osteopath, has been practicing for the last 20 years,

teaching medical students, and she says a�ending different meetings

where the agenda for humanity was discussed. Madej, who operates

out of Georgia, did not dismiss other possible forms of transmission,

but she focused on frequency in search of an explanation for

transmission. She said the Moderna and Pfizer ‘vaccines’ contained

nano-lipid particles as a key component. This was a brand new

technology never before used on humanity. ‘They’re using a

nanotechnology which is pre�y much li�le tiny computer bits …

nanobots or hydrogel.’ Inside the ‘vaccines’ was ‘this sci-fi kind of

substance’ which suppressed immune checkpoints to get into the

cell. I referred to this earlier as the ‘Trojan horse’ technique that

tricks the cell into opening a gateway for the self-replicating

synthetic material and while the immune system is artificially

suppressed the body has no defences. Madej said the substance

served many purposes including an on-demand ability to ‘deliver

the payload’ and using the nano ‘computer bits’ as biosensors in the

body. ‘It actually has the ability to accumulate data from your body,

like your breathing, your respiration, thoughts, emotions, all kinds

of things.’

She said the technology obviously has the ability to operate

through Wi-Fi and transmit and receive energy, messages,

frequencies or impulses. ‘Just imagine you’re ge�ing this new

substance in you and it can react to things all around you, the 5G,

your smart device, your phones.’ We had something completely

foreign in the human body that had never been launched large scale

at a time when we were seeing 5G going into schools and hospitals

(plus the Musk satellites) and she believed the ‘vaccine’ transmission

had something to do with this: ‘… if these people have this inside of

them … it can act like an antenna and actually transmit it outwardly

as well.’ The synthetic substance produced its own voltage and so it

could have that kind of effect. This fits with my own contention that

the nano receiver-transmi�ers are designed to connect people to the



Smart Grid and break the receiver-transmi�er connection to

expanded consciousness. That would explain the French energy

healer’s experience of the disconnection of body from ‘soul’ with

those who have had the ‘vaccine’. The nanobots, self-replicating

inside the body, would also transmit the synthetic frequency which

could be picked up through close interaction by those who have not

been ‘vaccinated’. Madej speculated that perhaps it was 5G and

increased levels of other radiation that was causing the symptoms

directly although interestingly she said that non-‘vaccinated’

patients had shown improvement when they were away from the

‘vaccinated’ person they had interacted with. It must be remembered

that you can control frequency and energy with your mind and you

can consciously create energetic barriers or bubbles with the mind to

stop damaging frequencies from penetrating your field. American

paediatrician Dr Larry Palevsky said the ‘vaccine’ was not a ‘vaccine’

and was never designed to protect from a ‘viral’ infection. He called

it ‘a massive, brilliant propaganda of genocide’ because they didn’t

have to inject everyone to get the result they wanted. He said the

content of the jabs was able to infuse any material into the brain,

heart, lungs, kidneys, liver, sperm and female productive system.

‘This is genocide; this is a weapon of mass destruction.’ At the same

time American colleges were banning students from a�ending if

they didn’t have this life-changing and potentially life-ending

‘vaccine’. Class action lawsuits must follow when the consequences

of this college fascism come to light. As the book was going to press

came reports about fertility effects on sperm in ‘vaccinated’ men

which would absolutely fit with what I have been saying and

hospitals continued to fill with ‘vaccine’ reactions. Another question

is what about transmission via blood transfusions? The NHS has

extended blood donation restrictions from seven days a�er a ‘Covid

vaccination’ to 28 days a�er even a sore arm reaction.

I said in the spring of 2020 that the then touted ‘Covid vaccine’

would be ongoing each year like the flu jab. A year later Pfizer CEO,

the appalling Albert Bourla, said people would ‘likely’ need a

‘booster dose’ of the ‘vaccine’ within 12 months of ge�ing ‘fully



vaccinated’ and then a yearly shot. ‘Variants will play a key role’, he

said confirming the point. Johnson & Johnson CEO Alex Gorsky also

took time out from his ‘vaccine’ disaster to say that people may need

to be vaccinated against ‘Covid-19’ each year. UK Health Secretary,

the psychopath Ma� Hancock, said additional ‘boosters’ would be

available in the autumn of 2021. This is the trap of the ‘vaccine

passport’. The public will have to accept every last ‘vaccine’ they

introduce, including for the fake ‘variants’, or it would cease to be

valid. The only other way in some cases would be continuous testing

with a test not testing for the ‘virus’ and what is on the swabs

constantly pushed up your noise towards the brain every time?

‘Vaccines’ changing behaviour

I mentioned in the body of the book how I believed we would see

gathering behaviour changes in the ‘vaccinated’ and I am already

hearing such comments from the non-‘vaccinated’ describing

behaviour changes in friends, loved ones and work colleagues. This

will only increase as the self-replicating synthetic material and

nanoparticles expand in body and brain. An article in the Guardian in

2016 detailed research at the University of Virginia in Charlo�esville

which developed a new method for controlling brain circuits

associated with complex animal behaviour. The method, dubbed

‘magnetogenetics’, involves genetically-engineering a protein called

ferritin, which stores and releases iron, to create a magnetised

substance – ‘Magneto’ – that can activate specific groups of nerve

cells from a distance. This is claimed to be an advance on other

methods of brain activity manipulation known as optogenetics and

chemogenetics (the Cult has been developing methods of brain

control for a long time). The ferritin technique is said to be non-

invasive and able to activate neurons ‘rapidly and reversibly’. In

other words, human thought and perception. The article said that

earlier studies revealed how nerve cell proteins ‘activated by heat

and mechanical pressure can be genetically engineered so that they

become sensitive to radio waves and magnetic fields, by a�aching

them to an iron-storing protein called ferritin, or to inorganic



paramagnetic particles’. Sensitive to radio waves and magnetic

fields? You mean like 5G, 6G and 7G? This is the human-AI Smart

Grid hive mind we are talking about. The Guardian article said:

… the researchers injected Magneto into the striatum of freely behaving mice, a deep brain
structure containing dopamine-producing neurons that are involved in reward and motivation,
and then placed the animals into an apparatus split into magnetised and non-magnetised
sections.

Mice expressing Magneto spent far more time in the magnetised areas than mice that did not,
because activation of the protein caused the striatal neurons expressing it to release
dopamine, so that the mice found being in those areas rewarding. This shows that Magneto
can remotely control the firing of neurons deep within the brain, and also control complex
behaviours.

Make no mistake this basic methodology will be part of the ‘Covid

vaccine’ cocktail and using magnetics to change brain function

through electromagnetic field frequency activation. The Pentagon is

developing a ‘Covid vaccine’ using ferritin. Magnetics would explain

changes in behaviour and why videos are appearing across the

Internet as I write showing how magnets stick to the skin at the

point of the ‘vaccine’ shot. Once people take these ‘vaccines’

anything becomes possible in terms of brain function and illness

which will be blamed on ‘Covid-19’ and ‘variants’. Magnetic field

manipulation would further explain why the non-‘vaccinated’ are

reporting the same symptoms as the ‘vaccinated’ they interact with

and why those symptoms are reported to decrease when not in their

company. Interestingly ‘Magneto’, a ‘mutant’, is a character in the

Marvel Comic X-Men stories with the ability to manipulate magnetic

fields and he believes that mutants should fight back against their

human oppressors by any means necessary. The character was born

Erik Lehnsherr to a Jewish family in Germany.

Cult-controlled courts

The European Court of Human Rights opened the door for

mandatory ‘Covid-19 vaccines’ across the continent when it ruled in

a Czech Republic dispute over childhood immunisation that legally



enforced vaccination could be ‘necessary in a democratic society’.

The 17 judges decided that compulsory vaccinations did not breach

human rights law. On the face of it the judgement was so inverted

you gasp for air. If not having a vaccine infused into your body is not

a human right then what is? Ah, but they said human rights law

which has been specifically wri�en to delete all human rights at the

behest of the state (the Cult). Article 8 of the European Convention

on Human Rights relates to the right to a private life. The crucial

word here is ‘except’:

There shall be no interference by a public authority with the exercise of this right EXCEPT
such as is in accordance with the law and is necessary in a democratic society in the interests
of national security, public safety or the economic wellbeing of the country, for the prevention
of disorder or crime, for the protection of health or morals, or for the protection of the rights
and freedoms of others [My emphasis].

No interference except in accordance with the law means there are no

‘human rights’ except what EU governments decide you can have at

their behest. ‘As is necessary in a democratic society’ explains that

reference in the judgement and ‘in the interests of national security,

public safety or the economic well-being of the country, for the

prevention of disorder or crime, for the protection of health or

morals, or for the protection of the rights and freedoms of others’

gives the EU a coach and horses to ride through ‘human rights’ and

sca�er them in all directions. The judiciary is not a check and

balance on government extremism; it is a vehicle to enforce it. This

judgement was almost laughably predictable when the last thing the

Cult wanted was a decision that went against mandatory

vaccination. Judges rule over and over again to benefit the system of

which they are a part. Vaccination disputes that come before them

are invariably delivered in favour of doctors and authorities

representing the view of the state which owns the judiciary. Oh, yes,

and we have even had calls to stop pu�ing ‘Covid-19’ on death

certificates within 28 days of a ‘positive test’ because it is claimed the

practice makes the ‘vaccine’ appear not to work. They are laughing

at you.



The scale of madness, inhumanity and things to come was

highlighted when those not ‘vaccinated’ for ‘Covid’ were refused

evacuation from the Caribbean island of St Vincent during massive

volcanic eruptions. Cruise ships taking residents to the safety of

another island allowed only the ‘vaccinated’ to board and the rest

were le� to their fate. Even in life and death situations like this we

see ‘Covid’ stripping people of their most basic human instincts and

the insanity is even more extreme when you think that fake

‘vaccine’-makers are not even claiming their body-manipulating

concoctions stop ‘infection’ and ‘transmission’ of a ‘virus’ that

doesn’t exist. St Vincent Prime Minister Ralph Gonsalves said: ‘The

chief medical officer will be identifying the persons already

vaccinated so that we can get them on the ship.’ Note again the

power of the chief medical officer who, like Whi�y in the UK, will be

answering to the World Health Organization. This is the Cult

network structure that has overridden politicians who ‘follow the

science’ which means doing what WHO-controlled ‘medical officers’

and ‘science advisers’ tell them. Gonsalves even said that residents

who were ‘vaccinated’ a�er the order so they could board the ships

would still be refused entry due to possible side effects such as

‘wooziness in the head’. The good news is that if they were woozy

enough in the head they could qualify to be prime minister of St

Vincent.

Microchipping freedom

The European judgement will be used at some point to justify moves

to enforce the ‘Covid’ DNA-manipulating procedure. Sandra Ro,

CEO of the Global Blockchain Business Council, told a World

Economic Forum event that she hoped ‘vaccine passports’ would

help to ‘drive forced consent and standardisation’ of global digital

identity schemes: ‘I’m hoping with the desire and global demand for

some sort of vaccine passport – so that people can get travelling and

working again – [it] will drive forced consent, standardisation, and

frankly, cooperation across the world.’ The lady is either not very

bright, or thoroughly mendacious, to use the term ‘forced consent’.



You do not ‘consent’ if you are forced – you submit. She was

describing what the plan has been all along and that’s to enforce a

digital identity on every human without which they could not

function. ‘Vaccine passports’ are opening the door and are far from

the end goal. A digital identity would allow you to be tracked in

everything you do in cyberspace and this is the same technique used

by Cult-owned China to enforce its social credit system of total

control. The ultimate ‘passport’ is planned to be a microchip as my

books have warned for nearly 30 years. Those nice people at the

Pentagon working for the Cult-controlled Defense Advanced

Research Projects Agency (DARPA) claimed in April, 2021, they

have developed a microchip inserted under the skin to detect

‘asymptomatic Covid-19 infection’ before it becomes an outbreak

and a ‘revolutionary filter’ that can remove the ‘virus’ from the

blood when a�ached to a dialysis machine. The only problems with

this are that the ‘virus’ does not exist and people transmi�ing the

‘virus’ with no symptoms is brain-numbing bullshit. This is, of

course, not a ruse to get people to be microchipped for very different

reasons. DARPA also said it was producing a one-stop ‘vaccine’ for

the ‘virus’ and all ‘variants’. One of the most sinister organisations

on Planet Earth is doing this? Be�er have it then. These people are

insane because Wetiko that possesses them is insane.

Researchers from the Salk Institute in California announced they

have created an embryo that is part human and part monkey. My

books going back to the 1990s have exposed experiments in top

secret underground facilities in the United States where humans are

being crossed with animal and non-human ‘extraterrestrial’ species.

They are now easing that long-developed capability into the public

arena and there is much more to come given we are dealing with

psychiatric basket cases. Talking of which – Elon Musk’s scientists at

Neuralink trained a monkey to play Pong and other puzzles on a

computer screen using a joystick and when the monkey made the

correct move a metal tube squirted banana smoothie into his mouth

which is the basic technique for training humans into unquestioning

compliance. Two Neuralink chips were in the monkey’s skull and



more than 2,000 wires ‘fanned out’ into its brain. Eventually the

monkey played a video game purely with its brain waves.

Psychopathic narcissist Musk said the ‘breakthrough’ was a step

towards pu�ing Neuralink chips into human skulls and merging

minds with artificial intelligence. Exactly. This man is so dark and

Cult to his DNA.

World Economic Fascism (WEF)

The World Economic Forum is telling you the plan by the statements

made at its many and various events. Cult-owned fascist YouTube

CEO Susan Wojcicki spoke at the 2021 WEF Global Technology

Governance Summit (see the name) in which 40 governments and

150 companies met to ensure ‘the responsible design and

deployment of emerging technologies’. Orwellian translation:

‘Ensuring the design and deployment of long-planned technologies

will advance the Cult agenda for control and censorship.’ Freedom-

destroyer and Nuremberg-bound Wojcicki expressed support for

tech platforms like hers to censor content that is ‘technically legal but

could be harmful’. Who decides what is ‘harmful’? She does and

they do. ‘Harmful’ will be whatever the Cult doesn’t want people to

see and we have legislation proposed by the UK government that

would censor content on the basis of ‘harm’ no ma�er if the

information is fair, legal and provably true. Make that especially if it

is fair, legal and provably true. Wojcicki called for a global coalition

to be formed to enforce content moderation standards through

automated censorship. This is a woman and mega-censor so self-

deluded that she shamelessly accepted a ‘free expression’ award –

Wojcicki – in an event sponsored by her own YouTube. They have no

shame and no self-awareness.

You know that ‘Covid’ is a scam and Wojcicki a Cult operative

when YouTube is censoring medical and scientific opinion purely on

the grounds of whether it supports or opposes the Cult ‘Covid’

narrative. Florida governor Ron DeSantis compiled an expert panel

with four professors of medicine from Harvard, Oxford, and

Stanford Universities who spoke against forcing children and



vaccinated people to wear masks. They also said there was no proof

that lockdowns reduced spread or death rates of ‘Covid-19’. Cult-

gofer Wojcicki and her YouTube deleted the panel video ‘because it

included content that contradicts the consensus of local and global

health authorities regarding the efficacy of masks to prevent the

spread of Covid-19’. This ‘consensus’ refers to what the Cult tells the

World Health Organization to say and the WHO tells ‘local health

authorities’ to do. Wojcicki knows this, of course. The panellists

pointed out that censorship of scientific debate was responsible for

deaths from many causes, but Wojcicki couldn’t care less. She would

not dare go against what she is told and as a disgrace to humanity

she wouldn’t want to anyway. The UK government is seeking to pass

a fascist ‘Online Safety Bill’ to specifically target with massive fines

and other means non-censored video and social media platforms to

make them censor ‘lawful but harmful’ content like the Cult-owned

Facebook, Twi�er, Google and YouTube. What is ‘lawful but

harmful’ would be decided by the fascist Blair-created Ofcom.

Another WEF obsession is a cyber-a�ack on the financial system

and this is clearly what the Cult has planned to take down the bank

accounts of everyone – except theirs. Those that think they have

enough money for the Cult agenda not to ma�er to them have got a

big lesson coming if they continue to ignore what is staring them in

the face. The World Economic Forum, funded by Gates and fronted

by Klaus Schwab, announced it would be running a ‘simulation’

with the Russian government and global banks of just such an a�ack

called Cyber Polygon 2021. What they simulate – as with the ‘Covid’

Event 201 – they plan to instigate. The WEF is involved in a project

with the Cult-owned Carnegie Endowment for International Peace

called the WEF-Carnegie Cyber Policy Initiative which seeks to

merge Wall Street banks, ‘regulators’ (I love it) and intelligence

agencies to ‘prevent’ (arrange and allow) a cyber-a�ack that would

bring down the global financial system as long planned by those that

control the WEF and the Carnegie operation. The Carnegie

Endowment for International Peace sent an instruction to First World



War US President Woodrow Wilson not to let the war end before

society had been irreversibly transformed.

The Wuhan lab diversion

As I close, the Cult-controlled authorities and lapdog media are

systematically pushing ‘the virus was released from the Wuhan lab’

narrative. There are two versions – it happened by accident and it

happened on purpose. Both are nonsense. The perceived existence of

the never-shown-to-exist ‘virus’ is vital to sell the impression that

there is actually an infective agent to deal with and to allow the

endless potential for terrifying the population with ‘variants’ of a

‘virus’ that does not exist. The authorities at the time of writing are

going with the ‘by accident’ while the alternative media is

promoting the ‘on purpose’. Cable news host Tucker Carlson who

has questioned aspects of lockdown and ‘vaccine’ compulsion has

bought the Wuhan lab story. ‘Everyone now agrees’ he said. Well, I

don’t and many others don’t and the question is why does the system

and its media suddenly ‘agree’? When the media moves as one unit

with a narrative it is always a lie – witness the hour by hour

mendacity of the ‘Covid’ era. Why would this Cult-owned

combination which has unleashed lies like machine gun fire

suddenly ‘agree’ to tell the truth??

Much of the alternative media is buying the lie because it fits the

conspiracy narrative, but it’s the wrong conspiracy. The real

conspiracy is that there is no virus and that is what the Cult is

desperate to hide. The idea that the ‘virus’ was released by accident

is ludicrous when the whole ‘Covid’ hoax was clearly long-planned

and waiting to be played out as it was so fast in accordance with the

Rockefeller document and Event 201. So they prepared everything in

detail over decades and then sat around strumming their fingers

waiting for an ‘accidental’ release from a bio-lab? What?? It’s crazy.

Then there’s the ‘on purpose’ claim. You want to circulate a ‘deadly

virus’ and hide the fact that you’ve done so and you release it down

the street from the highest-level bio-lab in China? I repeat – What??



You would release it far from that lab to stop any association being

made. But, no, we’ll do it in a place where the connection was certain

to be made. Why would you need to scam ‘cases’ and ‘deaths’ and

pay hospitals to diagnose ‘Covid-19’ if you had a real ‘virus’? What

are sections of the alternative media doing believing this crap?

Where were all the mass deaths in Wuhan from a ‘deadly pathogen’

when the recovery to normal life a�er the initial propaganda was

dramatic in speed? Why isn’t the ‘deadly pathogen’ now circulating

all over China with bodies in the street? Once again we have the

technique of tell them what they want to hear and they will likely

believe it. The alternative media has its ‘conspiracy’ and with

Carlson it fits with his ‘China is the danger’ narrative over years.

China is a danger as a global Cult operations centre, but not for this

reason. The Wuhan lab story also has the potential to instigate

conflict with China when at some stage the plan is to trigger a

Problem-Reaction-Solution confrontation with the West. Question

everything – everything – and especially when the media agrees on a

common party line.

Third wave … fourth wave … fifth wave …

As the book went into production the world was being set up for

more lockdowns and a ‘third wave’ supported by invented ‘variants’

that were increasing all the time and will continue to do so in public

statements and computer programs, but not in reality. India became

the new Italy in the ‘Covid’ propaganda campaign and we were told

to be frightened of the new ‘Indian strain’. Somehow I couldn’t find

it within myself to do so. A document produced for the UK

government entitled ‘Summary of further modelling of easing of

restrictions – Roadmap Step 2’ declared that a third wave was

inevitable (of course when it’s in the script) and it would be the fault

of children and those who refuse the health-destroying fake ‘Covid

vaccine’. One of the computer models involved came from the Cult-

owned Imperial College and the other from Warwick University

which I wouldn’t trust to tell me the date in a calendar factory. The

document states that both models presumed extremely high uptake



of the ‘Covid vaccines’ and didn’t allow for ‘variants’. The document

states: ‘The resurgence is a result of some people (mostly children)

being ineligible for vaccination; others choosing not to receive the

vaccine; and others being vaccinated but not perfectly protected.’

The mendacity takes the breath away. Okay, blame those with a

brain who won’t take the DNA-modifying shots and put more

pressure on children to have it as ‘trials’ were underway involving

children as young as six months with parents who give insanity a

bad name. Massive pressure is being put on the young to have the

fake ‘vaccine’ and child age consent limits have been systematically

lowered around the world to stop parents intervening. Most

extraordinary about the document was its claim that the ‘third wave’

would be driven by ‘the resurgence in both hospitalisations and

deaths … dominated by those that have received two doses of the vaccine,

comprising around 60-70% of the wave respectively’. The predicted

peak of the ‘third wave’ suggested 300 deaths per day with 250 of

them fully ‘vaccinated’ people. How many more lies do acquiescers

need to be told before they see the obvious? Those who took the jab

to ‘protect themselves’ are projected to be those who mostly get sick

and die? So what’s in the ‘vaccine’? The document went on:

It is possible that a summer of low prevalence could be followed by substantial increases in
incidence over the following autumn and winter. Low prevalence in late summer should not
be taken as an indication that SARS-CoV-2 has retreated or that the population has high
enough levels of immunity to prevent another wave.

They are telling you the script and while many British people

believed ‘Covid’ restrictions would end in the summer of 2021 the

government was preparing for them to be ongoing. Authorities were

awarding contracts for ‘Covid marshals’ to police the restrictions

with contracts starting in July, 2021, and going through to January

31st, 2022, and the government was advertising for ‘Media Buying

Services’ to secure media propaganda slots worth a potential £320

million for ‘Covid-19 campaigns’ with a contract not ending until

March, 2022. The recipient – via a list of other front companies – was

reported to be American media marketing giant Omnicom Group



Inc. While money is no object for ‘Covid’ the UK waiting list for all

other treatment – including life-threatening conditions – passed 4.5

million. Meantime the Cult is seeking to control all official ‘inquiries’

to block revelations about what has really been happening and why.

It must not be allowed to – we need Nuremberg jury trials in every

country. The cover-up doesn’t get more obvious than appointing

ultra-Zionist professor Philip Zelikow to oversee two dozen US

virologists, public health officials, clinicians, former government

officials and four American ‘charitable foundations’ to ‘learn the

lessons’ of the ‘Covid’ debacle. The personnel will be those that

created and perpetuated the ‘Covid’ lies while Zelikow is the former

executive director of the 9/11 Commission who ensured that the

truth about those a�acks never came out and produced a report that

must be among the most mendacious and manipulative documents

ever wri�en – see The Trigger for the detailed exposure of the almost

unimaginable 9/11 story in which Sabbatians can be found at every

level.

Passive no more

People are increasingly challenging the authorities with amazing

numbers of people taking to the streets in London well beyond the

ability of the Face-Nappies to stop them. Instead the Nappies choose

situations away from the mass crowds to target, intimidate, and seek

to promote the impression of ‘violent protestors’. One such incident

happened in London’s Hyde Park. Hundreds of thousands walking

through the streets in protest against ‘Covid’ fascism were ignored

by the Cult-owned BBC and most of the rest of the mainstream

media, but they delighted in reporting how police were injured in

‘clashes with protestors’. The truth was that a group of people

gathered in Hyde Park at the end of one march when most had gone

home and they were peacefully having a good time with music and

chat. Face-Nappies who couldn’t deal with the full-march crowd

then waded in with their batons and got more than they bargained

for. Instead of just standing for this criminal brutality the crowd

used their numerical superiority to push the Face-Nappies out of the



park. Eventually the Nappies turned and ran. Unfortunately two or

three idiots in the crowd threw drink cans striking two officers

which gave the media and the government the image they wanted to

discredit the 99.9999 percent who were peaceful. The idiots walked

straight into the trap and we must always be aware of potential

agent provocateurs used by the authorities to discredit their targets.

This response from the crowd – the can people apart – must be a

turning point when the public no longer stand by while the innocent

are arrested and brutally a�acked by the Face-Nappies. That doesn’t

mean to be violent, that’s the last thing we need. We’ll leave the

violence to the Face-Nappies and government. But it does mean that

when the Face-Nappies use violence against peaceful people the

numerical superiority is employed to stop them and make citizen’s

arrests or Common Law arrests for a breach of the peace. The time

for being passive in the face of fascism is over.

We are the many, they are the few, and we need to make that count

before there is no freedom le� and our children and grandchildren

face an ongoing fascist nightmare.

COME ON PEOPLE – IT’S TIME.

 

One final thought …

The power of love

A force from above

Cleaning my soul

Flame on burn desire

Love with tongues of fire

Purge the soul

Make love your goal



I’ll protect you from the hooded claw

Keep the vampires from your door

When the chips are down I’ll be around

With my undying, death-defying

Love for you

Envy will hurt itself

Let yourself be beautiful

Sparkling love, flowers

And pearls and pre�y girls

Love is like an energy

Rushin’ rushin’ inside of me

This time we go sublime

Lovers entwine, divine, divine,

Love is danger, love is pleasure

Love is pure – the only treasure

I’m so in love with you

Purge the soul

Make love your goal

The power of love

A force from above

Cleaning my soul

The power of love

A force from above

A sky-scraping dove



Flame on burn desire

Love with tongues of fire

Purge the soul

Make love your goal

Frankie Goes To Hollywood
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Appendix

Cowan-Kaufman-Morell Statement on Virus Isolation

(SOVI)

Isolation: The action of isolating; the fact or condition of being

isolated or standing alone; separation from other things or persons;

solitariness

Oxford English Dictionary

he controversy over whether the SARS-CoV-2 virus has ever

been isolated or purified continues. However, using the above

definition, common sense, the laws of logic and the dictates of

science, any unbiased person must come to the conclusion that the

SARS-CoV-2 virus has never been isolated or purified. As a result, no

confirmation of the virus’ existence can be found. The logical,

common sense, and scientific consequences of this fact are:

 

the structure and composition of something not shown to exist

can’t be known, including the presence, structure, and function of

any hypothetical spike or other proteins;

the genetic sequence of something that has never been found can’t

be known;

“variants” of something that hasn’t been shown to exist can’t be

known;

it’s impossible to demonstrate that SARS-CoV-2 causes a disease

called Covid-19.



1

2

 

In as concise terms as possible, here’s the proper way to isolate,

characterize and demonstrate a new virus. First, one takes samples

(blood, sputum, secretions) from many people (e.g. 500) with

symptoms which are unique and specific enough to characterize an

illness. Without mixing these samples with ANY tissue or products

that also contain genetic material, the virologist macerates, filters

and ultracentrifuges i.e. purifies the specimen. This common virology

technique, done for decades to isolate bacteriophages1 and so-called

giant viruses in every virology lab, then allows the virologist to

demonstrate with electron microscopy thousands of identically sized

and shaped particles. These particles are the isolated and purified

virus.

These identical particles are then checked for uniformity by

physical and/or microscopic techniques. Once the purity is

determined, the particles may be further characterized. This would

include examining the structure, morphology, and chemical

composition of the particles. Next, their genetic makeup is

characterized by extracting the genetic material directly from the

purified particles and using genetic-sequencing techniques, such as

Sanger sequencing, that have also been around for decades. Then

one does an analysis to confirm that these uniform particles are

exogenous (outside) in origin as a virus is conceptualized to be, and

not the normal breakdown products of dead and dying tissues.2 (As

of May 2020, we know that virologists have no way to determine

whether the particles they’re seeing are viruses or just normal break-

down products of dead and dying tissues.)3

 

Isolation, characterization and analysis of bacteriophages from the haloalkaline lake Elmenteita,
KenyaJuliah Khayeli Akhwale et al, PLOS One, Published: April 25, 2019.
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0215734 – accessed 2/15/21

“Extracellular Vesicles Derived From Apoptotic Cells: An Essential Link Between Death and
Regeneration,” Maojiao Li1 et al, Frontiers in Cell and Developmental Biology, 2020 October 2.
https://www.frontiersin.org/articles/10.3389/fcell.2020.573511/full – accessed 2/15/21

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0215734
http://www.frontiersin.org/articles/10.3389/fcell.2020.573511/full


3 “The Role of Extraellular Vesicles as Allies of HIV, HCV and SARS Viruses,” Flavia Giannessi, et al,
Viruses, 2020 May

 

If we have come this far then we have fully isolated, characterized,

and genetically sequenced an exogenous virus particle. However, we

still have to show it is causally related to a disease. This is carried

out by exposing a group of healthy subjects (animals are usually

used) to this isolated, purified virus in the manner in which the

disease is thought to be transmi�ed. If the animals get sick with the

same disease, as confirmed by clinical and autopsy findings, one has

now shown that the virus actually causes a disease. This

demonstrates infectivity and transmission of an infectious agent.

None of these steps has even been a�empted with the SARS-CoV-2

virus, nor have all these steps been successfully performed for any

so-called pathogenic virus. Our research indicates that a single study

showing these steps does not exist in the medical literature.

Instead, since 1954, virologists have taken unpurified samples

from a relatively few people, o�en less than ten, with a similar

disease. They then minimally process this sample and inoculate this

unpurified sample onto tissue culture containing usually four to six

other types of material – all of which contain identical genetic

material as to what is called a “virus.” The tissue culture is starved

and poisoned and naturally disintegrates into many types of

particles, some of which contain genetic material. Against all

common sense, logic, use of the English language and scientific

integrity, this process is called “virus isolation.” This brew

containing fragments of genetic material from many sources is then

subjected to genetic analysis, which then creates in a computer-

simulation process the alleged sequence of the alleged virus, a so

called in silico genome. At no time is an actual virus confirmed by

electron microscopy. At no time is a genome extracted and

sequenced from an actual virus. This is scientific fraud.



The observation that the unpurified specimen — inoculated onto

tissue culture along with toxic antibiotics, bovine fetal tissue,

amniotic fluid and other tissues — destroys the kidney tissue onto

which it is inoculated is given as evidence of the virus’ existence and

pathogenicity. This is scientific fraud.

From now on, when anyone gives you a paper that suggests the

SARS-CoV-2 virus has been isolated, please check the methods

sections. If the researchers used Vero cells or any other culture

method, you know that their process was not isolation. You will hear

the following excuses for why actual isolation isn’t done:

1. There were not enough virus particles found in samples from patients to analyze.

2. Viruses are intracellular parasites; they can’t be found outside the cell in this manner.

If No. 1 is correct, and we can’t find the virus in the sputum of sick

people, then on what evidence do we think the virus is dangerous or

even lethal? If No. 2 is correct, then how is the virus spread from

person to person? We are told it emerges from the cell to infect

others. Then why isn’t it possible to find it?

Finally, questioning these virology techniques and conclusions is

not some distraction or divisive issue. Shining the light on this truth

is essential to stop this terrible fraud that humanity is confronting.

For, as we now know, if the virus has never been isolated, sequenced

or shown to cause illness, if the virus is imaginary, then why are we

wearing masks, social distancing and pu�ing the whole world into

prison?

Finally, if pathogenic viruses don’t exist, then what is going into

those injectable devices erroneously called “vaccines,” and what is

their purpose? This scientific question is the most urgent and

relevant one of our time.



We are correct. The SARS-CoV2 virus does not exist.

Sally Fallon Morell, MA

Dr. Thomas Cowan, MD

Dr. Andrew Kaufman, MD
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Before you go …

For more detail, background and evidence about the subjects in

Perceptions of a Renegade Mind – and so much more – see my

others books including And The Truth Shall Set You Free; The

Biggest Secret; Children of the Matrix; The David Icke Guide to the

Global Conspiracy; Tales from the Time Loop; The Perception

Deception; Remember Who You Are; Human Race Get Off Your

Knees; Phantom Self; Everything You Need To Know But Have Never

Been Told, The Trigger and The Answer.

You can subscribe to the fantastic new Ickonic media platform

where there are many hundreds of hours of cu�ing-edge

information in videos, documentaries and series across a whole

range of subjects which are added to every week. This includes

my 90 minute breakdown of the week’s news every Friday to

explain why events are happening and to what end.
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